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ABSTRACT

Electronic excitons are bound electron-hole states that @agenerated when light interacts
with matter. Such excitations typically entangle with phorons and rapidly decohere; the
resulting electronic state dynamics become di usive as agelt. However, if the exciton-
phonon coupling can be reduced, it may be possible to congttiexcitonic wave packets that
0 er a means of e ciently transmitting information and energy. This thesis is a combined
theory/computation investigation to design condensed mé&r systems which support the
requisite coherent transport.

Under the idealizing assumption that exciton-phonon entagment could be completely
suppressed, the majority of this thesis focuses on the crigat and manipulation of exciton
wave packets in quasi-one-dimensional systems. While eadie sould be a silicon quantum
dot, the actual implementation focused on organic moleculassemblies for the sake of com-
putational simplicity, ease of experimental implementatin, potential for coherent transport,
and promise because of reduced structural uncertainty. Adar design was derived to cre-
ate exciton wave packets with tunable shape and speed. Quant interference was then
exploited to manipulate these packets to block, pass, andev dissociate excitons based on
their energies. These developments allow exciton packetstie considered within the arena
of quantum information science.

The concept of controllable excitonic wave packets was s@osiently extended to consider
molecular designs that allow photons with orbital angular mmentum to be absorbed to cre-
ate excitons with a quasi-angular momentum of their own. It as shown that a well-de ned
measure of topological charge is conserved in such lightdtea interactions. Signi cantly,
it was also discovered that such molecules allow photon arlgumomenta to be combined
and later emitted. This amounts to a new way of up/down conveing photonic angular

momentum without relying on nonlinear optical materials. he associated excitations were



dubbed twisted excitons Twisted exciton packets can be manipulated as they travelogvn
molecular chains, and this has applications in quantum infoation science as well.

In each setting considered, exciton dynamics were initiglistudied using a simple tight-
binding formalism. This misses the actual many-body inteions and multiple energy
levels associated real systems. To remedy this, | adapted existing time-domain Density
Functional Theory code and applied it to study the dynamics foexciton wave packets on
guasi-one-dimensional systems. This required the use o§lmperformance computing and
the construction of a number of key auxiliary codes. Estalsihing the requisite methodology
constituted a substantial part of the entire thesis. Surpsingly, this e ort uncovered a
computational issue associated with Rabi oscillations th&ad been incorrectly characterized
in the literature. My research elucidated the actual probl® and a solution was found. This
new methodology was an integral part of the overall computatnal analysis.

The thesis then takes up the a detailed consideration of thegspect for creating systems
that support a strong measure of transport coherence. Whilehpgsical implementations
include molecular assemblies, solid-state superlatticesd even optical lattices, | decided to
focus on assemblies of nanometer-sized silicon quantumsidEirst principles computational
analysis was used to quantify reorganization within indidual dots and excitonic coupling
between dots. Quantum dot functionalizations were idented that make it plausible to
maintain a measure of excitonic coherence even at room temgieres. Attention was then
turned to the use of covalently bonded bridge material to joi quantum dots in a way that
facilitates e cient exciton transfer. Both carbon and silicon structures were considered
by considering the way in which subunits might be best broughogether. This resulted
in a set of design criteria which were then evaluated using st-principles, excited state
analyses. It was found that e cient exciton transfer is inded possible. When coupled to
the previous quantum dot functionalizations, the notion tlat quantum dot materials could

support partially coherent exciton wave packets was deteiimed to be quite reasonable.
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conduction state after absorption of photon. The bound stat of
electron and hole, an exciton, is formed. (b) Excitons can kesated as
two limiting cases, Frenkel excitons (left) and Wannier-Mtt excitons
(right). Black dots represent the unit cells in a solid-stag lattice or
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Excitonic Superpositions.An electron is excited due to
photo-absorption, but quantum mechanics can only predicthie
probability amplitude for this occurring at any given site. Exciton
superpositions, the collection of all such probability ampudes, can
themselves be viewed as physical objects, Coulombicallyunal
electron-hole quasi-particles that spread over severates. In both
panels, black dots represent unit cells or molecules. Theryang sizes of
green dots (electrons) and red dots (holes) indicate the grability of
nding that particle on a given site. (a) two-dimensional s#ing, (b)
one-dimensional setting. . . . . . . . .. ... ...
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Mean Position of Exciton in Coherent and Incoherent TransfersThe
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Example Systems Studied from First-Principles Theorya) An example
of silicon quantum dots considered in this thesis. (b) An exapte of
bridged silicon quantum dots dimer. (c) 5-site benzene maldar chain
and 7-site methane molecular chain. (d) A single site 5-ari,

molecular array. (e) 8-site 3-armH, system. . . ... ... .. ... ...

Molecular Systems Explored by TB(a) The N-site molecular chain
constructed from N equally separated molecules (red dot) fia nearest
neighbor coupling e . (b) The N-arm molecular ring constructed from
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The N-site chain constructed from N-arm molecular rings has aeest
neighbor site coupling st and nearest neighbor arm couplingam, -
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Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 3.3

Excited-State Populations as a Function of Ground-State Population
During Rabi Oscillation. Red is the population of one-electron
excitations and green is population of two-electron excit@ns. The

maximum value of the one-electron population is equal to® . . . . . .

Period of Rabi Oscillation from TDKS and TDNKS. The upper panel is
resonant Rabi oscillation from TDKS and the lower panel is sonant
Rabi oscillation from TDNKS. The population of ground statePgs
(green), one-electron excited stat@;.(purple) and two-electron excited
state Py(red) are shown. . . . .. .. ... ... .. .o

Rabi Oscillation Period versus Detuning EnergyDelta. The analytical
prediction (black line) for the Rabi oscillation period is ompared with

numerical results from TDKS (red triangles) and TDNKS (blue a@cles). .

Material Settings for Quasi-1D Exciton Dynamics (a) Possible
implementations include inorganic quantum-well superléites (top),
Rydberg atoms in optical lattices (second), atoms in stromg coupled
optical cavities (third), and organic molecular chains (bttom). (b)

Finite chain lattice of interest with photon absorption only at left-most
site. (c) Ring lattice construct used to design laser pulses. Sitesear
shown in red with structured excitons in blue. . . . . .. .. ... ...

Dispersion Relations on a Finite Lattice The dispersion relation of

Eq. 3.20 is plotted for three value of hopping parameter. When

2 > 1 (red), there exist positive temporal frequencies with negjve
counterparts leading to the generation of multiple excitoss When

2 1 (blue, green), single exciton packets will be generated. .. . . . .

Quantum Interference Evanescencelhe nite lattice of Fig. 1(b) is
excited with a (non-physical) laser pulse composed of onlizg second
term, E , of Eq.3.21. The resulting disturbance is dominated by an
exponential decay of the maximum exciton occupancy that dasite
attains for the rst few sites nearest to the excitation souce. Here

N =200, =2 ,and =10:0. The central wavenumber of the packet
is labeled for each simulation set, and the straight lines arexponential
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Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Quantum Interference Evanescencelhe nite lattice of Fig. 1(b) is
excited with each of the terms of Eq. 3.21 separately. (a) Laspulse
consists of only the rst term in Eq. 3.21. The central wavenmber of
the ring exciton isko = 2:19 which is also the phase di erence between
adjacent sites since the characteristic length is the latte spacinga.

(b) Laser pulse consists of only the second term in Eq. 3.21h&
amplitude of adjacent sites are out of phase by, and this is the source
of the exponential decay shown in Fig. Figure 3.3. For both plst

N =200, =2 and =10:0. .. ... ... .. ...,

Fourier Transform of Dipole Moment for a Single Methane MoleculeA
Fourier Transform (FT) of the dipole moment versus time aftera delta
kick polarized in x direction is applied to determine the loest

excitation energy, 10.05eV.. . . . . . ... Lo Lo

Rabi Oscillation in Methane Dimer. A set of gaussian-shaped laser

pulses, Eq. 3.36, were applied to the left site of methane damto

determine the energy best able to create a clean exciton distion.

The laser was polarized along x direction withr = 0:5V=A, eV,
=1:97fs, and t, = 9:87fs. The optimum value was found to be

~l =9:6 eV and the associated oscillations are shown. The red (gnge

line is the exciton occupation on the right (left) site. The sosurfaces of

electron (green) and hole (red) density at 008=Bohr® are shown

underneath these curves. . . . . . . . . . ..

Oscillation in an N-Site Chain. The initial condition of Eq. 3.39 was
applied to a 15-site chain to generate the oscillation patte shown.

Oscillation in Trimer. A gaussian laser pulse polarized along x

2
direction, E4(t) = F cos(t )e%éL with strength F = 0:5V=A,
~l =9:6 eV, =1:97fs, andt, =9:87 fs, is applied on middle site of
the trimer. Oscillation between even and odd sites result&ed
indicates the exciton number on middle site, orange is exoit number
on either side, green denotes the exciton number on left sitend blue
line is exciton number onrightsite. . . . . .. .. ... ... ......

Evolution of a Laser-Induced Exciton Wave PackefThe nite lattice of
Fig. Figure 3.1(b) is excited with a laser pulse at left. The rest is an
exciton (green) that is plotted for several time slices al@hwith the
original exciton (black) of Fig. Figure 3.1(c). HereN = 200, site energy
=2 and the exciton footprint has a standard deviation = 10:0a.
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Tunable Exciton SpeedThe nite lattice of Fig. Figure 3.1(b) is excited

with twice the real part of the laser pulse of Eq. 3.17 for a raye of

central wavenumbers. The numerically measured exciton ss (green)

are compared with the speed predicted from the continuum gtisrsion
relation (black). The speed was changed by over a factor ofevin the
simulations carried out. HereN =200, =2 and =10:0a. ... ... 51

Exciton Annihilation. A exciton wave packet (green) travels to the

right on the nite lattice of Fig. 1(b). The same exciton (blak) is
considered on the superimposed ring geometry of Fig. 1(c). i§hs
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Control Over Wave Packet CharacterThe nite lattice of Fig. 1(b) is
excited with a laser pulse at left de ned by Eq. 15. This creas a

triplet of overlapping Gaussian excitations (green) plogd for several

time slices along with the original ring wave packet (blackdf Fig. 1(c).
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faster than its neighbors. HereN =200, =2 and =10:0a. The
central wavenumbers of the ring exciton are, from left to rigf,

koa = 2:03, kpa = 1:59, andkpa = 2:03. Units of time are~=. . . .. .. 53

5-Site Benzene ChainUncontrolled laser-generated exciton wave

packet moves down a chain of 5 co-facial benzene moleculeke Green

and red are the isosurfaces with value 0.002 electrons pernBbfor

electron and hole densities respectively. . . . . ... ... .. ....... 54

20-Site Methane Chain.Laser pulse shape and composition is modi ed

SO as to vary exciton speed on a 20-site chain of methane males.
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Figure 4.1

Figure 4.2

Excitonic Stop and Pass Bands(a) A region of homogeneous sites
(white, left) is joined to a superlattice composed of alterting
crystalline layers (light/dark gray, right). (b) The eigenvalues of the
stand-alone superlattice (black lines) are plotted alongith those of the
entire system (green lines). An exciton is constructed thasicomposed
of eigenvalues lying in a stop band (projection magnitudes imagenta)
or a pass band (projection magnitudes in brown) of the supaeittice.
(c) The stop band exciton (real part in magenta, absolute valueni
black) is plotted for three times to show that it is re ected d the phase
boundary. (d) The pass band exciton (real part in brown, absolute
value in black) is plotted for three times to show that it is lagely
transmitted at the phase boundary. HereN =400, ;= |,

2a=0:5, =15 and =30:0a. There are 5 and 15 sites in the
superlattice, and the central wavenumbers of the exciton ar
ko = 2:36=a(panel c) ko =2:15=a(paneld). . ... ............ 56

Exciton Dissociation using Quantum InterferenceLeft panels show
snapshots of a density plot of the probability distributionof the exciton
along the chain. The green trajectory line is a guide to the ey Right
panels depict the same dynamics representing the electrdmle)
probability projections in green (red) and the correspondg wave
packet velocity for times shown at left (top to bottom). HereN = 100,
0=2, =2, 9,=00, %=2, 3,=16, =214, is
the same for both bands, = 10:4a and the Coulomb interactions have
been turned o |the simplest setting for dissociation. There are 5 sites
in each layer of phase 2, and the central wavenumber of the giexciton
ISKo=1:63=a . . . . . . . e 58

Tight-Binding Implementation of Topological Charge OperationsTwo

laser pulses, each with PTC of 1, are sequentially absorbed &

molecular assembly resulting in an ETC of 2. Subsequent ploot
emissionhasaPTCof 2. . . .. .. .. ... .. . .. .. ... ... ... 65

Addition and Subtraction of Topological Charge on a 7-Arm Molecule.
Case 1. Laser energy is the di erence between the second amsit
eigenstates and results in a photon absorption. Case 2. Lasaergy is
the di erence between the second and third eigenstates andsults in a
photon emission. In both cases the laser is applied througitahe
entire simulation shown. Bottom panel shows phase progress
between neighboring arms for both cases as detailed in thexteThe
color legends of the top panels identify the populations oheh ETC
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provided with two topological charges resulting in +2. Subsequent
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A Twisted Exciton Wave Packet.The illustration shows a Gaussian
excitonic wave packet traveling down a chain of moleculestwiC; or
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Figure 5.6 Phase Maps for Traveling Exciton Wave Packeflop panel: =0.
Bottom panel: = 0:75. The thick black lines are from the
theoretical predictions of Equations 5.9 and 5.10. . . . . . ... .. ... 99

Figure 5.7  Visualization of Twisted Exciton Transfer on 20-site 3-armH, System.
(a) The rst site of a 20-site 3-arm chain got excited by a spirtaser
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CHAPTER 1
INTRODUCTION

This dissertation is a collection of my research work as refged in manuscripts that
are either published, submitted or in preparation. Each chaer is therefore self-contained
and includes its own literature review and motivation. Everso, it is worthwhile to oer a
brief historical perspective on and pedagogical introduan to the sort of exciton dynamics
considered in this dissertation, broadly characterized dseing either energy or information

transfer.
1.1 Excitons

An exciton is a quasi-particle, typically generated as the sailt of a light-matter interac-
tion, Figure 1.1 (a), in which an absorbed photon excites anegltron to a higher energy level.
This leaves the original energy level unoccupied which inances the state and dynamics of
all other electrons. These Coulombic interactions are mosasily viewed as being due to the
presence of &ole (absence of an electron), and the associated dynamics canfi@emed in
terms of the motion of this object. Signi cantly, the hole am promoted electron interact
Coulombically and have a binding energy that may cause theno tstay together in the face
of nite temperature e ects. If so, the pair is collectivelyreferred to as an exciton.

Depending on the magnitude of the dielectric constant, exons in di erent materials
can be treated in two limiting cases, Frenkel excitons and Waier-Mott excitons, and these
are depicted in Figure 1.1 (b). In materials with a small dielgtric constant, charge screening
is very weak and so the electron-hole Coulomb interaction large. Consequently, excitons
have a small e ective radius, typically on the same order ashé size of the unit cell. These
are Frenkel excitons [1], and they are often encountered inahecular settings. On the other
hand, materials with large dielectric constant e ciently screen charges, resulting in a weak

electron-hole Coulomb interaction. Excitons then tend to & larger, covering many lattice



sites or an entire neighborhood of molecules. These are WaarrAViott excitons [2]. Except
where speci cally noted, this thesis focuses on Frenkel eans within quantum dot and

organic molecular settings.

@ ©)
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Figure 1.1: Two Types of Excitons. (a) An electron is excited from valence state to con-
duction state after absorption of photon. The bound state oélectron and hole, an exciton,
is formed. (b) Excitons can be treated as two limiting cases;renkel excitons (left) and
Wannier-Mott excitons (right). Black dots represent the unt cells in a solid-state lattice or
molecules (which need not be ordered) in a molecular asseynbl

The quantum mechanics of light-matter interactions does @ er a precise prediction
about the site on which a photon will be absorbed but, rather, apatially varying probability
amplitude for absorption. When expressed in terms of the etegnic states of all sites{i.e. the
site basigthis amplitude is expressed as a weighted, linear combinah orbitals associated
with the entire assembly. For systems that support Frenkeleitons, such a superposition can
be interpreted as the probability of nding the exciton at eab site in a neighborhood of the
absorption event. Figure 1.2(a) depicts this probability ditribution for a two-dimensional
array. The packet will subsequently spread out even as it eamigles with the intra-site
inter-site vibrational modes. The entanglement will rapity cause phase relationships to be
lost between elements of the superposition and the resultliMbe a statistical mixture of
exciton occupancy probabilities. This thesis focuses oncsuexciton superpositions within a

one-dimensional array, Figure 1.2 (b).



It is also convenient to view the exciton packet in what is refred to as anenergy
representation in which it is described as a superposition of the eigenstatef the entire
system. The actual dynamics of the excitonic superpositiowill not be in uenced by the
representation which is chosen of course. This is simply a tte of mathematical and/or

computational convenience.
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Figure 1.2: Excitonic Superpositions. An electron is excited due to photo-absorption, but
guantum mechanics can only predict the probability amplitde for this occurring at any
given site. Exciton superpositions, the collection of allugh probability amplitudes, can
themselves be viewed as physical objects, Coulombicallyumal electron-hole quasi-particles
that spread over several sites. In both panels, black dotspresent unit cells or molecules.

The varying sizes of green dots (electrons) and red dots (ke) indicate the probability of
nding that particle on a given site. (a) two-dimensional séing, (b) one-dimensional setting.

1.2 Coherent versus Incoherent Exciton Transfers

In this thesis, | explore the possibility of designing quamnim dots and molecular structures
through which excitons can be used to transport the energy dnnformation absorbed from
photons. In this sense, excitons can be viewed as a naturatension of photonics beyond the
di raction limit. If the quantum state can be described as the dyadic product of an electronic

wave function and a phononic wave function|i.e. separable tate|then the reduced density



operator for the electronic state is pure. In this case, therexists a well-de ned phase
relationship between its electronic constituents that resdts in wave-like transport. Such

pure electronic state operators are referred to as beingherent[3]. Once entanglement with

phonons occurs, though, the combined electronic and phonorstate is entangled and the
resulting reduced state operator for the electronic charter is a weighted average of more
than one state operators. Such mixed states are referred te beingincoherent [3].

For example, in the textbook-idealized double-slit exparient [4, 5], particles can be
described as a quantum superposition of the left slit statd.Si and the right slit state
JRSi: (JLSi + jRSi):IO 2. This is a pure state that ultimately results in the generdbn
of an interference pattern. If a detector is added to each slithough, then the superpo-
sition double-slit state will entangle with states of deteors. The entangled state is then
(JLSijLDi + jRSij RDi):IO 2 with jLD i and jRDi being the state of left and right detector,
respectively. The reduced density of this entangled stats (jLSihLSj + jRSihRS))=2, a
mixed state, which implies that the particle will pass throgh either slit with a 50% proba-
bility. This is a maximally mixed state, which is the case of@amplete incoherence, and there
will be no measured interference at all. It has also been showhat if the method used to
determine which slit each particle passes through is not cqhetely reliable, one can still get
a somewhat indistinct interference pattern [6, 7]. This ishe case ofpartial coherence in
which the coherence is not totally lost.

In the case of exciton dynamics, the electron system is theenof interest and it is coupled
to a phonon environment{also called a phonon bath or a phonaeservoir. Immediately after
photon absorption, the excited state of the electron systems well described by a quantum
superposition, Figure 1.2, which is pure and therefore colegit. As time goes on, because
of entanglement between the electron and phonon subsystertise electronic state can no
longer be described by a pure electronic state operator. Ima@ther words, the total wave
function of both the electron and phonon subsystems can noniger be decomposed into

a product of an electron part and a phonon part. While the cohent exciton transfer is



characterized as a wave-like movement, the incoherent exci transfer is characterized as a

random walk. This is illustrated in Figure 1.3.
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Figure 1.3: Coherent and Incoherent Exciton Dynamics.

The major dierence between coherent (wave-like) and incehnent (di usive random-
walk) exciton transfer is shown in Figure 1.4, where the mearopition of an exciton packet is
plotted as a function of time. Itis clear that the coherent egiton transfer (CET) can be much
more e cient than the incoherent exciton transfer often reérred to as Fester resonant exciton
transfer (FRET) [8]. However, any naturally occurring disor@r could cause the coherent
exciton to become trapped [9] thereby reducing the e ciencgf energy/information transfer.
In the actual design of systems, then, some measurepafrtially coherent exciton transfer
is preferred. This is faster than incoherent exciton transef and more robust than coherent
exciton transfer. On the other hand, the easiest way to diréencoherent exciton transport

is to introduce a smaller energy gap along the expected exmsittransfer direction [10].
1.3 Controlled Coherent Exciton Wave Packet Transport

For applications ranging from photovoltaics to quantum inbrmation processing, it is
desirable to control the direction and speed with which exttins move. As mentioned earlier,

incoherent excitons can be directed through a gradient in éhenergy gaps at each site [10].
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Figure 1.4: Mean Position of Exciton in Coherent and Incoherent Transfers.The plot of
mean position of exciton transferring in a one-dimension am of sites.



This is necessarily lossy and does not lend itself to reaivte control. Prior to decohering,
though, the dynamics of exciton wave packets following photabsorption can be viewed along
the lines of the ripples of a water wave when a pebble is drogpmto a pond|i.e. wave-like
motion but with no preferred direction and or ability to control ripple speed or the position of
the centroid. It has been shown that inorganic [1-VI quantum wll superlattices supporthot
excitons[11] that relax through a well-characterized cascade of apal phonon emissions [12].
This allows excitons to be created with a known kinetic eneygthat spread isotropically
within a layer until scattering with phonons. The spatial spead of their uorescence over
time can be precisely measured and shown to correspond to astant speed of motion, just
as illustrated in Figure 1.4. This speed can even be contralléo some extent using the laser
energy. Of course, this is ballistic spreading; the centobiof the exciton does not move in
this quantum ripple phenomenon.

Coherent excitons can also be manipulated via quantum interence though. This al-
lows their direction and speed to be tailored, and demonstiag that this is the case is a
primary objective of this thesis investigation. Quantum iterference also allows the excitons
to be manipulated in situ so that energy/information can be embined, decomposed, and
transferred as desired. It can even be used to dissociateigxas into their electron and hole
constituents. An optical analogy is the the ow of light is within photonic crystals [13].

The methodology can then be used to create on-chip excitomiccuits as an alternative to
photonic crystals. We initially treat excitons as indivisble particles to show how laser pulses
can produce wave packets of prescribed shape and speed. Téisubsequently generalized
to consider exciton dissociation; the physics are richer wh electrons and holes can move
independently [14]. The absorption of photons of our wellesigned laser pulses gives rise
to exciton wave packets with controllable direction, speednd shape. In other words, these
excitons possess the information encoded in a structuredséa pulse after absorption of the

photons.



1.4 Information Transfer via Twisted Excitons

Excitons can also be endowed with a further level of structar In molecular, solid-
state or even mesoscopic systems with the requisite symmgetit is possible to establish a
connection between site eigenstates and light that carriesbital angular momentum [15, 16].
| explore this idea and show that the angular momentum of ligltan be transferred totwisted
excitons as the result of engineered light-matter interactions. Tisi builds on the foundation
of creating controllable excitonic wave packets and so is ataral extension of the initial
considerations of my thesis investigation.

An appreciation for twisted excitons requires that its photaic source be considered
rst. It commonly understood that circularly polarized light carries spin angular momentum
(SAM). However, optical light beams can transport orbital anglar momentum (OAM) as
well, which is often referred to as a vortex because of the g@easingularity at its center[17]
or twisted light because of its twisted wave front. The SAM of 1=2~ but OAM of m-~,
with m ranging from zero to in nity in principle, are conveniently characterized in terms
of photonic topological charge (PTC). This amounts to an ext degree of freedom for car-
rying information. Most recently, PTC with values in excessof 10000 have been experi-
mentally achieved[18]. Applications of twisted lights havdeen reported in many di erent
areas that include classical data transfer [19{22], quamu key distribution[23{25], quantum
entanglement[26{32], and quantum cloning[33].

The ability to generate and control an excitonic analog to twted light has important
implications for quantum information processing. In the snplest setting, the absence and
presence of an exciton can be used as a quantum bit (qubit), aitivector on a Bloch
sphere. This qubit vector can rotate around a xed axis by apging a laser pulse [34{
36]. With two separated laser pulses applied, the qubit veat@an be consecutively rotated
about two di erent axes [37{43], and such unitary operatios form the basis for all quantum
logic gates. Many excitonic devices has also been develop@ananipulate exciton storage

and transfer, such as storage devices[44, 45], eld-gradielevices[46, 47], transistors[48],



integrated transistors[49, 50], exciton conveyer[51], dlirected-transfer devices[10, 52]. Like
most quantum logic, these are all based on a two-dimensiortilbert space. Twisted excitons
can be viewed as extending this space to higher dimensionglamould provide a rich new

frontier to excitonic quantum information processing.
1.5 E cient Excitonic Energy Transport in Partially Coherent Manner

The generation and control of exciton wave packets has beeroduced in the absence of
phonon entanglement. This is a reasonable idealization feystems at su ciently low tem-
peratures and for optical lattice implementation. In nite temperature solid-state, quantum
dot, and molecular assemblies, though, exciton-phonon englement must be given serious
consideration.

Long-lived coherent exciton transfer has been reported iratural photosynthetic com-
plexes via two-dimensional spectroscopy [53{55]. A partitarly di cult issue to resolve is
whether or not such exciton dynamics actually bene t from sme measure of coherence [56{
59]. The complete and systematic characterization of CET i a well-understood absorp-
tion spectrum can be achieved by ultrafast quantum processmmography (QPT) [60]. We
do not weigh in on this issue in particular but, rather, use thg@hotosynthetic setting as a
bio-inspiration for systems design. The active units respsible for excitonic energy transfer
in the natural photosynthetic complexes have the reorgaraion energy and excitonic cou-
pling in the same order [61, 62]. This indicates us to designtiecial systems through which
excitons transfer in the partially coherent manner.

FRET has recently been observed in nanocomposites of colllidjuantum dots (QDs)
integrated into conjugated polymers (CPs) [63] and colload CdTe nanocrystals (NCs) [64].
Systems with well ordered and coupled sites will bene t therpservation of coherence, espe-
cially in low temperature. For example, recently an excitonransfer with coherent time as
long as several hundreds of femtoseconds was reported inda¢l -stacks of self-assembled

perylene bisimides at room temperature[65].



We choose to study the reorganization energy and coupling $fQDs since which seem
particularly promising going forward for many biomedical,display, computing and solar
energy applications. This is because they are environmeltyabenign, resource plentiful and
bene t from decades of industrial know-how. And SiQDs have lea shown to carry out
multiple-exciton generation (MEG), [66{68] e ciently tra nsport excitons,[69] have higher
coupling for same surface-to-surface separation,[69] &nexe of defects[70] and resist oxidation
better[71]; SiQDs encapsulated within an inorganic amorplus matrix[72{74] and within an

organic polymer blend[75{82] for photovoltaic applicatio has been studied.
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CHAPTER 2
COMPUTATIONAL METHODS

Each chapter provides the relevant computational methodogies, but the key tools either
used or developed in the thesis are summarized in this chapt&or the sake of completeness,
an appendix is also provided to give additional details assiated with the Fester equation,

Red eld equations and the Hierarchical Equations of Motion.
2.1 Quantum Liouville Equation

In either SIQDs or molecular chain Figure 2.1 explored in thithesis, the exciton transfer
will be inuenced by the electron-phonon entanglement. Theorresponding Hamiltonian

with electron-phonon entanglement considered is
A= |qph + Iqreorg + |qX-ph + qu; (2.1)

where Preog, Ppn, Bx-pn and Py are the reorganization, phonon, electron-phonon and

Frenkel exciton [83, 84] contributions respectively. Thegre described by

Fpn = ~ BB (2.2)
j
X
Iqreorg = jnj(d) (2.3)
j=1
XX
Hx ph = pl_é A ~1j; Gy (@/ + t\]; ) (2.4)
j=1
X X
F‘X = "jhj + ij qq (25)
j=1 K6 |

(2.6)

where & is the fermionic exciton annihilation operator for a diabat state localized onj ™"

site, fj = /¢ is the associated number operatot, is the site energies)j. is the excitonic

11
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Figure 2.1: Example Systems Studied from First-Principles Theory.(a) An example of
silicon quantum dots considered in this thesis. (b) An examelof bridged silicon quantum
dots dimer. (c) 5-site benzene molecular chain and 7-site thane molecular chain. (d) A
single site 5-armH, molecular array. (e) 8-site 3-armH, system.
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coupling betweerj ™ and k" sites, and £ &1+ = i, ﬁ; is the bosonic phonon annihilation
operator of ™ vibrational mode associated with diabatic state localizedn j" site, which
has frequency! ; and equilibrium amplitude operatorcfy;. . The reorganization energy of
each site is | = i 5~ 6 -

A pure state can be described as a quantum wave function and itime evolution is
described by Shredinger equation. In stead of a wave funoti, the mix state can be described

as a density operator

X
W= wj iih ij; 2.7)

in which w; is the probability of the electron system and reservoir in ate ;. The time

evolution of density operator, Eq. 2.7, is the so called Quamm Liouville equation (QLE) [85],
@y 1 .
@W(t) = - AW (2.8)

A direct solution to the quantum Liouville equation is, excpt in the most idealized of cir-
cumstances, computationally intractable though. Howevehased on the relevant magnitude
of two parameters in the Hamiltonian, the reorganization emgy and the excitonic coupling
J, solvable equations can be developed under certain approstions. After photoexcitation
the system will reorganize into a new equilibrium structureof which the energy change is
referred to as reorganization energy. Reorganization eggris related to the electron-phonon
entanglement by = Rol d!| (" )=("! ), where|(!) is the spectral density. This spectral den-
sity function can be got by tting a superposition of shiftedDrude-Lorentz distributions to
experimental measurement [86]. It is reasonable to consideorganization energy as a mea-
sure of the strength of electron-phonon entanglement. Magmatically, excitonic coupling is
the matrix element between exciton states localized on nesst neighbor sites. It is directly
related to exciton transfer rate. The incoherent transferate is proportional to the square of
excitonic coupling and the coherent rate is linearly proptional to the excitonic coupling.
For the case of incoherent exciton transfer when J, the well known Fester equation

[87, 88] is developed by treating as perturbation. For the case of coherent exciton transfer
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when J, Red eld equation [85, 89] can be derived based on Markov apgimation.

When J which is the case of partially coherent exciton transfer, duto Markov approx-
imation which assumes phonons are maintained in an equiliom distribution at all times,

the Red eld equation fails to correctly describe site-depglent reorganization and its impact
on transport rates and coherence times. These shortcoming® largely remedied by a hi-
erarchical equation of motion (HEOM) approach that covers Ith incoherent and coherent
exciton transfer [90]. More details of Fester equation, Reedld equation and HEOM are

provided in the Appendix.
2.2 Density Functional Theory

DFT, in principle, is an exact ground state theory for many-bdy system. The formal
foundations of DFT are the two Hohenberg-Kohn theorems (HK) [91 which state that
electron density uniquely determines ground state propees and the energy functional is
minimized by correct ground state electron density. The coputationally useful formulation

of DFT is the well-known Kohn-Sham (KS) equations [92]:

h 52

|
5 + ext(V)+ Hatee [ IO+ x[ 1B i(®= i i(¥); (2.9)

where o, Hatree and . are the external, Hartree and exchange-correlation poteati
respectively. The electron density is constructed using ¢hrst N occupied KS orbitals:
= e (2.10)
i=1
Starting from an intial density, by interation of Equation 2.9 and 2.10, accurate KS orbitals

i(¥) and corresponding energies would be got.
2.3 SCF

Many sophisticated methods, such as linear response TD-DFha@Cl, are able to calcu-
late the lowest excitation state. However, these are impractl for large systems since they

are too expensive. Instead, the SCF method is no more compationally expensive than a
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small set of ground state DFT calculations. And so in our reseglr, it is applied to calculate
properties of SiQDs, as shown in Figure 2.1 (a). In fact, this @hod is based on DFT.

In standard SCF,[93, 94] a second iterative analysis is caired out but with the electron
density operator, 4 now constructed using the loweshN -1 orbitals and the (N+1) ™ orbital.
With this change () imposed on the structure of the density, slf-consistent eld (SCF)
iteration is then carried out on Eq. 6.10 as usual, hence theeme SCF. Both accuracy
and the rate of convergence can be improved, though, by perfung this SCF iteration
using a density operator comprised of the lowed\l-1 orbitals and a linear combination
of unoccupied orbitals [95, 96]. This is especially impoma when there is degeneracy at
or near the HOMO or LUMO. Our highly symmetric quantum dots typically exhibit such

degeneracies, so we usetpl N geg i as theN'™ and (N+1)™ Kohn-Sham orbital,

ey | Mg
where Ngeq is the degeneracy of corresponding state. Carrying out ifon process of Eq.
(6.10) with this modi ed density results in the Franck-Condn excitation energy. To calculate
the reorganization energy, a geometry optimization was sséquently performed to obtain

the new equilibrium structure.
2.4 Tight-Binding Paradigm

The Tight-Binding (TB) paradigm is applied to study three mdecular systems, N-site
molecular chain, N-arm molecular ring and N-site N-arm molecall system as shown in Fig-
ure 2.2. Each molecule is considered as a two-level systemgraund statej % and an
excited statej li. Then the TB Hamiltonian for the N-site N-arm molecular system \thout

considering light-matter interaction is
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|40 = |q + ﬁarm;hop + ﬁsite;hop;

%ite %rm
A= "5t
=1 j=1
I’éite %rm
ﬁarm;hop = armqu + H:c:; (211)
=1 <ijj>
I)@ite %rm
|i‘site;hop = spiteﬁ,yﬁ, + H:c:
<;> p=1

(2.12)

K describes the excitation of each arm, with as the excited site energy of each arm,
Nsiie and Nam as number of sites and arms respectively am;iy’\as the creation operator
for armj on site . ﬁarm;hop describes the exciton hopping between arms, with,, as the
coupling between nearest armslqsite;hop describes the exciton hopping between sites, with
fe as the coupling between nearest sites far excited state of each site an<f)py as the

creation operator for excited statep of site

(@) (b)

#N-1 #8
Site #1  #2 #3 #N-1 #N
Tsite
#2 #3 #4 #5
(c) Tarm
Site #1 #2 #3 #N-1 #N

Tsite

Figure 2.2: Molecular Systems Explored by TB(a) The N-site molecular chain constructed
from N equally separated molecules (red dot) has a nearestigi®dor coupling sie. (D)
The N-arm molecular ring constructed from N equally separaiemolecules has a nearest
neighbor coupling am. (¢) The N-site chain constructed from N-arm molecular rings ds
nearest neighbor site couplingsie and nearest neighbor arm couplingam, -
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When Ngie =1, Ho reduces toH  and Bamnop Which are the Hamiltonian for N-arm
molecular ring. WhenNgn, =1, H and lqsite;hop construct the Hamiltonian Iqo for N-site
molecular chain. Both N-arm ring and N-site chain Hamiltonian e used in the study of
energy transfer. The N-arm ring Hamiltonian is also the basid twisted exciton study. The
N-site N-arm Hamiltonian, Equation 2.12, is used to study infanation transfer.

H, together with the light-matter interaction Hamiltonian H; is used to simulate the
exciton generation and transfer. The light-matter interation is introduced through dipole

approximation,
Hi= ~ E&+ Hic:; (2.13)

in which ~ is the transition dipole of a single arm and is the electric eld applied. Here we
just provide the brief introduction of light-matter interaction Hamiltonian. The details of
how it is considered within TB for di erent research purposere provided in corresponding

Chapter.
2.5 Time-Domain Density Functional Theory

The real-time TDDFT has been applied to simulate exciton trasfer within several molec-

ular chains, Figure 2.1 (c) and (d), which is made solvable by Xreformulation

h

i@@ti(r;t) = % 2+ iext(r;t)+ Hartree [ 1(1; 1)
+ o[ I(nt) i(rt) (2.14)
X
(nt) = 2 jnt)j (2.15)

i
where ¢ is the external potential which, in our case, includes potéal from nuclei and an
extra laser eld potential; harree IS the Hartree potential which depends on electron density
and ,. is the exchange-correlation potential which also has a demkence on electron density.

Eg. 2.15 is the spin reduced electron density andN2is the electron number.

17



The time-propagated KS orbitals aref (t)gwith i =1; ; N, which can be expanded
in basis of the ground state KS orbital§ ; = (t =0)g. Then the time-propagated multiple

electron wave function can be expanded as[97]

(D = jat) 2t) N ()i
X\I . .
= Cij i (1 (216)
i6]6 &I
with the multi-electron coe cients Cjj | = c;(t)cy(t) o (t) inwhich ¢ (t) = h nj m(t)i.

Then the coe cient of each determinant ! is easy to get
dy=h Lj(ti: (2.17)
=i i ni means one electron is excited from tha@" occupied KS orbital to the
i™ unoccupied KS orbital.

Since the wave length of laser eld is much larger than the diemsion of N-arm system,

the dipole approximation of light-matter interaction is agplied in our TD-DFT simulations,
Hiaser = ef EF (t)e” t; (2.18)

in which e is the elementary chargeE is the circularly polarized laser eld andF (t) is the

Gaussian envelope é' °=2 * of the laser pulses.
2.6 Time-Dependent Natural Kohn-Sham Formulation

Adapted from a manuscript still in preparation

Xiaoning Zang"?, and Mark T. Lusk!3
2.6.1 Abstract

We have identi ed and resolved a fundamental issue asso@dt with the conventional
Kohn-Sham formulation of Real-Time Time-Dependent DengitFunctional Theory. When-

ever transitions occur between the ground state and excitexdlates or between two excited

1Department of Physics, Colorado School of Mines
2Primary researcher
3Author for correspondence
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states, singly-excited states are incompletely occupiedhis can be explicitly demonstrated
in any setting that approximates a two-level Rabi oscillabn, where it is observed that the
excited state is never more than half-occupied. The incongté occupation is shown to be
accompanied by unphysical computational artifacts that ase in the form of multi-electron
excited states. These, in turn, are shown to be due to the fattiat the standard methodol-
ogy holds xed both the total number of Kohn-Sham orbitals ad the occupation (two) for
each spin-restricted orbital. To resolve this issue, a newrfnulation is proposed in which
the unphysical multi-electron excited states are removechd both the number and occupa-
tions of Kohn-Sham orbitals are allowed to be updated on they. Full Rabi oscillation of
a multi-electron system by Real-Time Time-Dependent Dertgi Functional Theory is then
achieved. The methodology can be applied to any setting inwing the evolution of excited

electronic states.
2.6.2 Introduction

Time-Dependent Density Functional Theory (TD-DFT), the time-evolving analog to
standard DFT, has slowly moved into many facets of physics ardhemistry since its formal
foundation in 1984 with the Runge-Gross (RG) theorem[98]. &3pite its ability to explicitly
time-evolve many-body electronic states, the vast majoyitof TD-DFT applications tend to
be associated with excited state determination in response weak electromagnetic elds.
The external in uence can then be treated as a perturbatiorand only the linear response of
the system is needed to estimate excited state structureshis kind of TD-DFT is referred
to as linear-response (LR) TD-DFT[98, 99], and it has enjoyeshany successes over the last
few decades of service [100{102].

There are many physical settings, though, in which the exteal eld is comparable
to or even greater than the static electric eld due to the nulei. Then the perturbative
approach is no longer valid and the time-explicit Real TimeRT) TD-DFT is appropriate.
The approach is also useful, especially in nonlinear setjs, in considering the evolution of

excited states created from a laser pulse. Of course, a spakttiecomposition of the results
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can always be carried out after the fact to determine frequeg-dependent properties [103,
104]. For instance, RT-TD-DFT can easily calculate the rsterder hyperpolarizabilities that
characterize many second-order nonlinear processes, saslthe second harmonic generation
and optical recti cation [105]. It can also be used to calcate two-photon absorption cross
sections [106].

Aside from the consideration of nonlinear phenomena, the diqit time propagation of
RT-TD-DFT makes it a promising computational tool for simulaing many-body electron and
exciton dynamics[104, 107, 108]. Its application becomeser broader when combined with
molecular dynamics, as in, for instance, Ehrenfest-TD-DFIP9{112] which uses RT-TD-
DFT for electron dynamics and classically describes nucleiotion via Ehrenfest molecular
dynamics.

Light-matter interactions are at the heart of RT-TD-DFT processes, and these are treated
semi-classically. They may involve frozen nuclei, but it ipossible to account for phonon
interactions as well [107, 113, 114]. Either way, the eleotric states are described in terms of
linear combinations of ground-state Kohn-Sham orbitals. Uortunately, this can sometimes
lead to nonphysical predictions in which excited state popations are predicted to be less
than expected, a problem well-known to experts, but not alwe practitioners, in RT-TD-
DFT community. This issue can occur for both spin-restrictecand spin-unrestricted RT-
TD-DFT simulations.

Rabi oscillation with a spin-independent Hamiltonian o ersa particularly simple setting
in which the problem is laid bare. It can be elicited in any atm, molecule or nanostructure
that has a su ciently large interval between its lowest excied state and all other excited
states to make a two-level approximation reasonable. Illumation with a resonant laser
then results in the desired oscillation in ground and excite state populations|i.e. the
excited state occupation fraction cycles between 0 and 1. &tstandard implementation of

RT-TD-DFT, though, exhibits a maximum excited state of only 05.
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One possible source of the Rabi population problem, scrutoed in the literature, is that
the associated dipole moment is not properly captured [115{7]. A di erent perspective is
o ered by Ruggenthaleret al. who suggested that the problem has a classical origin [115].
This view was later questioned by Fukst al. who instead attributed the issue to a lack
of memory (history dependence) in the exchange-correlatidunctionals[116, 118]. More
recently, Bardley et al. have proposed two possible explanations: that there exisas arti -
cial, computational multi-photon process that results in ahree-level Rabi oscillation; or the
mean- eld nature of DFT induces paired electron propagatidi17].

We o er an alternative explanation and go one step further teemedy the problem with a
modest change to the RT-TD-DFT methodology. The source of thgroblem is that the basic
formulation does not preclude a description of the excitedates in terms of multi-electron
excitations. While this may be physically reasonable undeome circumstances, it is also
possible that the formalism will o er a description that inwlves multi-electron excitation
even though such terms are not present in the excited stateseglicted by LR-TD-DFT. We
show that it is an unphysical two-electron excitation that orrupts the Rabi oscillation and
track this back to a more fundamental problem|the xed popul ations and total occupation
number of Kohn-Sham (KS) orbitals. The solution involves aisiple update scheme in which
these populations are updated on the y in what seems to us alsd more natural description
in any case. The formulation is therefore dubbed Time-Depdant Natural Kohn-Sham
(TDNKS) in contrast to the more traditional TDKS approach.

The paper is organized as follows. We rst lay out the convern RT-TD-DFT approach
to describing excited states and show why it does not prediftll resonant Rabi oscillation
in any multi-electron setting. The new TDNKS is explained andsubsequently applied to

study Rabi oscillation for anH, molecule. A full resonant Rabi oscillation is achieved.
2.6.3 Theoretical Analysis

The Kohn-Sham (KS) formulation of TD-DFT leads to a set of sinkg-particle equations

coupled through density,

21



h 2

. @ _ i )
I~@t i(ht) = Zmeoz?' ext(Ft) + Hartree [ ](171)
+ 5[ I(nt) i(nt) (2.19)
X
(nt)y = 2 jnt)~ (2.20)

i

Here (r;t) are the time-dependent Kohn-Sham (KS) orbitals while gy, Hartree » @Nd ¢
are external, Hartree, and exchange-correlation potentglrespectively. Eq. 2.20 is the spin
reduced electron density with the number of KS orbitaldN and occupation 2 for each KS
orbital because of spin up and down. The spin-restricted sitg is natural in the sense that
the Hamiltonian is spin independent. The direct consequenaod this spin restriction is that
the time-propagated multi-electron wave function is alwaya singlet if starting from a singlet
ground state. However, the xed occupation of 2 and xed KS orital number, N, turns out
to be the reason that full excited state occupation is not obined during Rabi oscillations.

The TDNKS formulation is obtained by making a relatively simpe change; the occupation
and total number of orbitals involved are updated as the systn evolves. The spin reduced
density for our scheme is assumed to be

(D)
(nty=" m@)j i(nt)i (2.21)
i
wheren;(t) are the evolving occupations of each orbitaN (t) implies the number of orbitals is
changing during the time-propagation process. Giving thiseformulation upfront facilitates
an explanation of what causes the problem with traditional DKS and how TDNKS resolves
the issue.

The time-propagated orbitals,f (r;t)g, are represented as linear combinations of their

initial forms, denoted asf (r)g:

X
i(nt) = aj (t) ;(r): (2.22)

22



In TDKS, the time-propagated multi-electron wavefunctionis a single determinant, (t) =
Joa(t) 1(b) n (t) n(t)i. During Rabi oscillation, only two states should be involwé the
ground statej of = j 1 1 n ~n1 and one excited state. The excited state is a spin-
adapted Wavefunction,pl—i(j i + ) li), which is usually denoted as'j [i for the sake of
clarity [119]. The notation implies that one electron is exted from the i occupied orbital
to the r'" unoccupied orbital. The time-propagated wavefunction maighen be of the form
(=] 11 i) i) N ni, With = (t) for n 6 i. The time-propagatedi®

spin-up and spin-down orbital are then

(1) = ai(t) i+ar(t) .
i(t) = ai(t) i+ a(t) (2.23)

The time-propagated multi-electron wavefunction can be raritten as[97]

PC0i = A (2.24)
. i ri j i ri . .
J DJ§ +alj oo

p—
+ 2aii Qi

where we only show the time-propagated orbitals. For exanmglthe ground statej oi =
J 11 n niissimplied asj ; i in this contracted representation. The second term of
Eq. 2.24 is the spin-adapted one-electron excitation whiamakes sense. However there is
also a third, unphysical two-electron excitation term,a2 j , i, in which one spin-up and
one spin-down electron are excited from thg" KS orbital to the r'" KS orbital. It is the
consequence of spin restriction|i.e. that the spin-up and pin-down states have same time
propagation as shown in Eq. 2.23. Spin restriction makes dlle terms in Eq. 2.24 singlets,
as they should be, but this can also result in unphysical stas.

The unphysical third term of Eq. 2.24 implies that the excitéon is no longer that of a
simple 2-level system. We can write the one-electrd?,. and two-electronP,. populations

as function of ground statePys population:
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.1 P

p__ 2
1 Py (2.25)

Pie

PZE

As shown in Figure 2.3, the population of the one-electron exation can only reach 05,
consistent with the literature addressing the Rabi populabn problem. However, it is now
clear that the incomplete one-electron occupation is simplone constituent of the total
excitation population; the other piece is the unphysical,wo-electron excitation, and the

sum of these excitation populations and ground state popuian is equal to one.
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Figure 2.3: Excited-State Populations as a Function of Ground-State Population During
Rabi Oscillation. Red is the population of one-electron excitations and greas population
of two-electron excitations. The maximum value of the onelectron population is equal to

0:5.

Since the accompanying two-electron excitation is not phigsl, we propose a reformula-
tion in the construction of the multi-electron wavefunction of Eq. 2.24 which results in only
ground-state and one-electron excited-state contributits. The conventional KS formulation
is based on an incorrect formulation of the electron densiip which unphysical double elec-
tron excitation is the result of enforcing fermionic anti-gmmetry and, at the same time,

restricting the occupations to a xed number. The result ismcorrect occupations in Egs.
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2.19 and 2.20. The new formulation, in terms of natural orbétls, is based on an anatomically

correct electron density. The rst two terms of Eqg. 2.24 can & recast as[119]

X . .
Conl m nl; (2.26)

m;n
where matrix C is symmetric and can be diagonalized by unitary transformain

UYcuU = D: (2.27)

Here D is a diagonal matrix and 2D ?); are the new occupation numbersy;; of Eq. 2.21.

The natural orbitals of Eq. 2.19 and 2.21 are then construateas i(t) = ; ;U;. The
multi-electron wavefunction becomes

. . x . .

jCvi= " Dij i il; (2.28)

i
with D; = (D);i. The name of our new scheme, TDNKS, comes from the truth that &

orbitals in Eq. 2.19 and 2.21 are natural orbitals [120].
2.6.4 Computational Results

Rabi oscillation on anH, molecule is used to compare the results of TDNKS and TDKS
for predicting both population and oscillation period. A sausoidal electric eld is applied,
and if its energy is nearly resonant with the rst excited stée of the molecule, a Rabi
oscillation will ensue. For theH, molecule, the rst excited state should only be a linear
combination of one-electron determinants. This is becautiee symmetry of one-electron and
two-electron determinants are ungerade and gerade, resjpsy, so that the matrix elements
between them is zero [119]. As a result, physically realizabéigenstates will not be a mix
of the two. On the other hand, both spin-up and spin-down el&éons will feel the same
external potential, so they will evolve in step with one andter. This implies that at least a
component of the wavefunction will be described in terms ofvb-electron excitations (with
gerade symmetry). In addition to being unphysical, the norezro population of these states

implies an incomplete single-excited state population irhe TDKS formulation.
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A real-space, real-time TD-DFT implementation is used[121$ used. The requisite simu-
lation box is constructed by adding spheres created aroundah atom with a radius 3 each,
and spaced is discretized in increments ofI®BA. The generalized gradient approximation
(GGA) parametrized by Perdew, Burke, and Ernzerhof (PBE)[12] exchange-correlation po-
tential and Troullier Martins pseudopotential are employd. The simulation time step is set
to be t=0:000658s and the occupation numbem; and number of natural orbitalsN (t)
are updated every 100t, which was chosen because the accuracy is not improved fugth
using smaller steps, and the computation cost is relativelpw. A bond length of Q74A, the
numerically optimized value, is used.

Light-matter interaction is accounted for using the elecic dipole approximation:
H, = d Epcos(t); (2.29)

whered is the transition dipole from ground state to rst excited state andEg is the ampli-
tude of the applied laser. There are only two electrons, sodlground state i ; ;i and the
one-electron excited state i$ 2i = (j ; (i | ri):p 2. For resonant excitation, the laser
with energy 136eV and Eq = 1:03V=A is applied. As shown in Figure 2.4, TDKS could only
generate one-electron population with maximum:B and there is always an accompanying
two-electron excitation. On the other hand, our TDNKS succesully generates full Rabi
oscillation between ground state and rst excited state.

In order to further test the accuracy of the new formulationthe Rabi oscillation period,

T, was also calculated, as a function of detuning, . The analtic expression for this is

T=1= 5= + 2; (230)

plotted in Figure 2.5. The plot also shows the numerically mesared periods predicted by
TDKS and TDNKS. Both give reasonable results for su ciently large detuning, but the
TDKS prediction becomes increasing poor as resonance is eggehed. The accuracy of the

new formulation is good for all values of detuning.
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Figure 2.4: Period of Rabi Oscillation from TDKS and TDNKS. The upper panel is resonant
Rabi oscillation from TDKS and the lower panel is resonant Ra oscillation from TDNKS.
The population of ground statePys (green), one-electron excited stat®s¢(purple) and two-
electron excited stateP,¢(red) are shown.
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Figure 2.5: Rabi Oscillation Period versus Detuning EnergyDelta. The analytical pre-
diction (black line) for the Rabi oscillation period is compred with numerical results from
TDKS (red triangles) and TDNKS (blue circles).
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2.6.5 Conclusions

Real-Time, Time-Domain DFT (RT-TD-DFT) equips researchers wh the ability to
guantify the explicit time evolution of electronic structure in response to light-matter in-
teractions. Because this technique continues to move intoéhmain stream of physics and
chemistry research, it is especially important to addressraumerical issue that often leads to
erroneous conclusions about excited state populations apdbcess rates. This problem has
been known for many years and has been attributed to severausces, but we have shown
that it results from unphysical multi-electron states. Thee, in turn, are created through
the enforcement of a xed population of Kohn-Sham (KS) orbdls and the total number of
orbitals populated.

A modest modi cation to the existing algorithm replaces thestandard KS orbitals with
the natural orbitals[120] of electron density that are upd@d on the y along with the
total occupation number. The lowest excited state is comped exclusively of one-electron
determinants, and the gerade determinants drop out. This me Time-Dependent Natural
Kohn-Sham (TDNKS) formulation was implemented to study the ecited state population
problem in a particular simple setting: Rabi oscillation oran hydrogen molecule subjected
to an oscillatory electric eld. In contrast to the standard approach, TDNKS accurately
predicts a full occupation of the single-electron excitedtage. In addition, the standard
method does not accurately predict the Rabi oscillation pexd near resonance while the
TDNKS method does.

While the Rabi setting makes the issue and its resolution pacdularly clear, the problem
has the potential to give unphysical results in any settingssociated with light-matter inter-
actions. The analysis is necessarily a spin-restricted 8eyy because, with only electric eld
excitation, there is no spin representation in the Hamiltonia. Our conclusions and remedy

are still valid when a time-varying magnetic eld is appliedinstead though.
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CHAPTER 3
ENGINEERING AND MANIPULATING EXCITON WAVE PACKETS

Adapted from a paper under review by
Physical Review B

Xiaoning Zand"®, Simone Montanger8, Lincoln D. Carr* and Mark T. Lusk*”’
3.1 Abstract

When a semiconductor absorbs light, the resulting electrdmele superposition amounts
to a uncontrolled quantum ripple that eventually degeneras into di usion. If the confor-
mation of these excitonic superpositions could be enginedr though, they would constitute
a new means of transporting information and energy. We showat properly designed laser
pulses can be used to create such excitonic wave packets. yican be formed with a pre-
scribed speed, direction and spectral make-up that allowiém to be selectively passed,
rejected or even dissociated using superlattices. Theirhtmrence also provides a handle for
manipulation using active, external controls. Energy andnformation can be conveniently
processed and subsequently removed at a distant site by resiag the original procedure to
produce a stimulated emission. The ability to create, managand remove structured exci-
tons comprises the foundation for opto-excitonic circuitsvith application to a wide range
of quantum information, energy and light- ow technologies.The paradigm is demonstrated

using both Tight-Binding and Time-Domain Density Functioral Theory simulations.
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Figure 3.1: Material Settings for Quasi-1D Exciton Dynamics (a) Possible implementa-
tions include inorganic quantum-well superlattices (top)Rydberg atoms in optical lattices
(second), atoms in strongly coupled optical cavities (thdt), and organic molecular chains
(bottom). (b) Finite chain lattice of interest with photon absorption only at left-most site.

(c) Ring lattice construct used to design laser pulses. Siteseashown in red with structured
excitons in blue.

3.2 Introduction

Although excitons are often thought of in association with dusive energy ows [123],
it is possible to characterize their dynamics prior to a lossf coherence [124]. For instance,
unstructured superpositions have been identi ed using quéum beat spectroscopy [125,
126], hot carrier luminescence spectroscopy [127], enaesspectra splitting [128], two-time
anisotropy decay [129], transport spectroscopy [130] and ibaury-Brown and Twiss interfer-
ometry [131]. Related excitonic Bloch oscillations have be measured using transient degen-
erate four-wave mixing [132]. Superpositions have even hegenerated at precise positions
using high-energy electrons and quanti ed using cathodahinescence [133]. Solar-generated
superpositions have also received theoretical scrutiny aspossible means of increasing the

e ciency of energy transport [134, 135] where partial entagiement with phonons actually
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makes them more robust in the face of disorder [136]. In all thfese settings, though, the fo-
cus is on excitons that do not have a moving center or on the dution of naturally occurring
superpositions.

Itis also possible to create ballistic excitons via photoexration. Inorganic II-VI quantum
well superlattices supporthot excitons[11] that relax through a well-characterized cascade
of optical phonon emissions [12]. This allows excitons to leeeated with a known kinetic
energy that spread isotropically within a layer until scatering with phonons. The spatial
spread of their uorescence over time can be precisely meestl and shown to correspond
to a constant speed of motion. This speed can even be contedllito some extent using the
laser energy. Of course, this is ballistic spreading; therteoid of the exciton does not move
in this quantum ripple phenomenon.

In contrast, it would be desirable to create spatially locaed excitonic wave packets
with a prescribed speed, direction and spectral content. Bhmethodology could then be
used to create opto-excitonic circuits as an alternative tphotonic crystals [13] wherein the
ow of light is controlled while manifested as excitons ingad of via the in uence of local
charge distributions. As with photonics [137], fabricatiormethods could be borrowed from
the semiconductor industry [138], but organic [139] and ojgtl lattice implementations [140]
may also be possible as illustrated in Fig. Figure 3.1(a, b). &itronic and electrochemical
technologies based on exciton dissociation carry this ousing a material heterojunction
with an inherent energy loss, but these excitonic wave padkecan be dissociated using
guantum interference without energy dissipation [14]. Fro the perspective of quantum
information processing, they embody the mathematical foralism of Heisenberg spin packets
and so would be able to store and transport quantum states [14142]. However, the ease
with which excitons can be manipulated adds ready qubit managient to the spin chain
paradigm [143{145]. All of these applications would bene trbm an ability to create excitons

with an engineered structure, and a methodology for doing $® the subject of this work.
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We initially treat excitons as indivisible particles to shav how laser pulses can produce
wave packets of prescribed shape and speed. This is subsatiyeeneralized to consider
exciton dissociation; the physics are richer when electrerand holes can move indepen-
dently [14]. The basic idea of pulse shaping is most easilyptained with a prescribed
electric eld and a two band Tight-Binding (TB) model. Realtime Time-Domain Density
Functional Theory (RT-TDDFT) is then used to allow for multi- electron interactions and
complex superpositions of electron and hole states. Phyalig realizable laser pulses illumi-
nating chains of organic molecules are shown to produce stwreed excitons. This consti-
tutes a proof-of-concept with fewer idealizing assumptien The e ect of beam broadening
and an account of exciton-phonon interactions within an opesystem setting are natural

extensions [146].
3.3 Approach

Attention is restricted to the quasi-one-dimensional seihgs of Fig. Figure 3.1(a) which
can be abstractly viewed as a series of lattice sites as shownFig. Figure 3.1(b). The
system Hamiltonian can be described in either a TB formalisnr avithin the setting of RT-
TDDFT. The former paradigm has the advantage of computationasimplicity and a level of
generality because it covers an entire class of material 8®s rather than a speci ¢ setting.
RT-TDDFT, on the other hand, is used to provide time-explici{ quantitative information
on the dynamics associated with a particular molecular assely. After introducing both
methodologies, we develop two supplementary techniquesatiprove useful in assessing the
results of each method. One is an algorithm for post-procés3y RT-TDDFT data to estimate
the time-evolving electron and hole populations on each sit The second analysis tool
allows TB parameters to be determined directly from RT-TDDFTcalculations. The suite of
computational tools allows us to make quantitative compasons between TB, RT-TDDFT,

and analytical predictions for packet speeds.
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3.3.1 Tight-Binding Model

Excitonic dynamics are considered within two types of TighBinding (TB) settings. The
rst is a single-particle model in which electrons are assugd to be either in a ground state
or in a unique excited state on each lattice site. Within a senalassical approximation for

applied electric elds, the single-particle TB Hamiltonianof interest is thus taken to be:

|q = Q + |qex+ |qlaser;
|q = j ﬁj ;
j
X
B = j €6 +H:c; (3.1)
<i;isg 8j
|qlaser = ~i E OJV +H:c:

j

H is the band o set while H, describes exciton hopping. Roman subscriptsandj denote
lattice sites, <i;j> means a sum over sites that are nearest neighborg, i$ the exciton
annihilation operator for sitej, fi; = @/C\, is the exciton number operator, andq{’}qy]+ = .
The energy of sitgj is , the exciton hopping mobility is j , and the lattice spacing isa.
Phonon and photon coupling are disregarded. The transitiodipoles at each site are given
by ~;, and the spatial variation of the electric eld, E(t), is assumed to be negligible over
the dimensions of interest|i.e. an electric dipole approxmation is assumed.

The Hamiltonian of Eq. 3.2 can also be generalized to allow fdistinct dynamics for
electron and hole. This allows the consideration of both Fn&el and Wannier-Mott and also
makes it possible to study exciton dissociation. The requis Hamiltonian of this two-particle

TB model is:
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B = g + B+ By + By + Blaser;
R = o A
B = s mhy G
Ry = 5 ZJUnAiAZ +H:c; (3.2)
Ry = o Vi A A, + H:C
Pliaser = ~ E ¢?¢ +Hc

j
Here H. describes electron hopping whilél, and Hy are on-site and potentially long-range
Coulomb interactions. Roman subscriptsn and n denote lattice sites, Greek superscripts
and indicate electron band,<m; > means a sum over sites that are nearest neighbocg, *
is the electron annihilation operator for band of siten, h, = &Y€, is the electron number
operator, and ;€Y = mn

Now consider the translational motion of an excitonic wave g#et on the idealized ring
geometry shown in Fig. Figure 3.1(c). The single-particle d&tg of Eq. 3.2 can be used to
design a laser pulse that would generate the same exciton otireear chain. As the exciton
travels around the ring of sites, the occupation ahead of thdisturbance, say at sitej + 1,
is completely determined by the time-varying occupation asite ] because the Hamiltonian
involves only nearest neighbor interactions. If the sitesotthe left of site 1 were hidden,
for instance, the emergence of the exciton at that site andsittravel to the right could be
reasonably interpreted as the response to a boundary condit applied at site 1. This forms
the conceptual basis for a laser-based excitation.

The approach relies on an ability to construct a chain of sigefor which only the rst
component absorbs photons. While this can be accomplished tbgsigning one site to have
a much stronger absorption cross-section than the rest, $ua strategy would imply a low
exciton transport e ciency since inter-site coupling is baed on the same transition dipoles as
single-photon absorption. A more promising proposition i® use a Two-Photon Absorption

(TPA) [147] material for the rst site. The energy of individual photons, only half of the
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optical gap of any isolated site, would then combine to formrmaexciton that can be readily
transferred down the chain.
The rate at which pair of photons are absorbed in TPA is givenyb[148]

1,948 10 1312
En '

(3.3)

TPA —

where is the TPA cross-section in Goppert-Mayer (GM) units,l is the laser intensity in
W=n?, and E, is the photon energy ineV. There now exist organic molecules with tunable
energy levels for which the TPA cross-section is on the ordef 10 GM [149, 150]. To
avoid polaritonic and internal conversion in uences, thigate must be substantially faster
than carbon-carbon molecular vibrations, typically on theorder of 50 THz. TPA absorption
rates that are ten times higher than this can therefore be amved with laser intensities in
the range of 18°W=cm?. This is su ciently low that the induced ponderomotive enegy is
less than 1 meV, so photoionization and the A.C. Stark e ect areot issues. Yet another
means of optically creating a localized exciton would be tcsa a combination of laser pulses
that collectively excite an appropriate superposition ofl@in eigenstates [151], but the TPA
strategy serves to show that single-site sensitivity can kechieved.

The requisite laser pulse can be derived by comparing the ¢éascontribution of Fig. Fig-
ure 3.1(b) with the periodic boundary condition of Fig. Figure3.1(c). In the periodic setting,
the quantum amplitudes of each site are described in the shasis,fj jig, asu; (t) = Hj ( t)i
where j ( t)i is the evolving state of the system for a prescribed initialondition. The
eigenenergies off are ~! j = +2 cosk;a) with wavenumberskja = 2 j=N . Gaussian

wave packets can then be constructed as illustrated in blue Fig. 1(c):

, . 1 X koja o0 1% o
j0)i= - elolre™ =2 ¢jvad : (3.4)
j

Here is the exciton width, the vacuum state jvad, is taken to be that for which all electrons
reside in the valence band,, denotes the position of the packet center, and wavenumbé,
characterizes the continuum group velocity(ky) = 2 sin(kp). Exciton wave packet speed

is estimated by tracking the position of the maximum in the peket envelope.

36



The Schmedinger equation for the ring system can be expressas a set of N coupled

ordinary di erential equations for the quantum amplitudesof each ring site,u; :
{~uy=u; 1+ U+ Uju: (3.5)

An analogous set of equations can be constructed for the nitehain geometry of Fig.
1(b). The e ect of TPA at the exposed end of the chain, combircewith no resonant energy
levels at the other sites, results in photon absorption onlgt the rst site. For simplicity,
the TPA dynamics are replaced by a simple light-matter inteaiction involving a transition
dipole, ~, and applied electric eld, E(t), that are taken to be parallel. The nite chain

amplitudes, g (t), then evolve according to the following equations:

@ = Eq:
~a = Ep+ &+ 0>
~9 = d; 1+ g+ dj«; 1<j<N (3.6)

& = agn 1t o
Here the ground state occupation given by

(1) = hvag ( t)i: (3.7)

The actual electric eld is certainly real-valued, but it isuseful to temporarily pretend that
it is complex. A comparison of Egs. 3.5 and 3.6 suggests thdtet exciton dynamics of the
ring would also be observed on the nite lattice if functionsp(t) and E (t) could be achieved

such that

~q = Eu
Ed = un: (3.8)

Multiplication of the rst equation by ¢, gives

®% = {Eq 16 (3.9)
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Take the conjugate of Eq. 3.8(a) and multiply byq, to obtain:
~p% = { Eoqo: (3.10)

Egs. 3.8(b), 3.9 and 3.10 can now be combined to construct amolition equation for the

probability density of the ground state:

0= 2 Im(uyuy): (3.11)

With the initial condition that ((0) = 1, this can be integrated to give
2 4
o) =1 — Od Im(un ()uy()): (3.12)
The magnitude of the ground state amplitude is themng(t)j = P o(t) = A1).
The phase of the ground state; (t), is obtained by substituting gu(t) = A(t)el O into
Eqgs. 3.8, whereA(t) = P o(b):

{(A+{A")
E =

I
m
c

N

(3.13)

The conjugate of the second equation can be used to elimin&efrom the rst equation to
give a rate equation for the ground state phase:

{~(AA+ {A? )= u Ui (3.14)

This can be simpli ed by noting that AA-= 3 , and using Eq. 3.11 to obtain:

' = —Re(uyuy): (3.15)
-0
With the initial condition of ' (0) = 0, we therefore have that
Z t
()= - d o )Re(uy( )u( )): (3.16)
0

The ground state amplitude,gp(t) = A(t)el | is thus completely determined.
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Eqg. 3.8(b) can then be used to construct a laser pulse that Wwéxcite an exciton on the

nite lattice:

u n(t)
E(t) = — : 3.17
(t) _BW ( )
Still holding aside its arti cially complex nature, any sut applied electric eld must be
composed of temporal frequencies that excite resonant mgdef the lattice. For the nite

chain of Fig. 1(b), the site basis representation of these elgmodes is:
r

2
(m) _ — —  gj (m);iy-
U; N+ 1sm(k i); (3.18)

where superscriptm indicates the mode,j is the lattice site, and the wavenumber of each

mode is:
m
k(M = ; 3.19
N+1 ( )
The associated dispersion relation,
~ M= 42  coskM); (3.20)

indicates that it is possible to have two eigenmodes of di erg wavenumbers that share
a common temporal rate of oscillation. This is illustratedn Fig. Figure 3.2, where mode
k, oscillates with temporal frequency o while modek, oscillates with equivalent temporal
frequency !,. A range of such mode pairs exists provided 2 1. Because it is the
temporal oscillation of the laser that is used to excite eigenodes, this implies that two
exciton wave packets, with central wavenumberk; and k,, may result from a single laser
pulse. Although it may be technologically useful to generatevo energetically equivalent
excitons in this way, we restrict attention to crystals for vhich 2 1 so as to produce
excitons identical to those prescribed on the ring geometry

It would at rst seem that an appropriate laser pulse and pareeter range has been
constructed, but the form of the electric eld is unphysicabecause it is complex valued. A

path forward lies in using a simple decomposition:

E=2E. E: (3.21)
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Figure 3.2: Dispersion Relations on a Finite Lattice The dispersion relation of Eq. 3.20 is
plotted for three value of hopping parameter . When 2 > 1 (red), there exist positive tem-
poral frequencies with negative counterparts leading to ¢hgeneration of multiple excitons.
When 2 1 (blue, green), single exciton packets will be generated.

The rst term is real-valued and is capable of generating a wa packet that is essentially the
same as that of the complex eld. This is because the disturbae generated by the second
term, E , is dominated by what might be referred to agjuantum interference evanescence
(QIE). This QIE dies o exponentially as shown in Fig. Figure 33 for a range of central
wavenumbers. The explanation for this behavior is made clewith the help of Fig. Fig-
ure 3.4. In panel (a), only the rst term in Eq. 3.21 is used to eate temporal plots of the
amplitude for the three sites closest to the laser pulse. Ftre choice of parameters listed in
the gure, the phase di erence between adjacent sites isI® radians. The result is a travel-
ing wave packet with this as its central wavenumber as will beubsequently shown. When
only the second term of Eq. 3.21 is used to create an excitatiadhough, the resulting phase
shift between adjacent sites is as shown graphically in panel (b) of Fig. Figure 3.4. This
generates standing waves and the excitation does not propég. The result is consistent
with the prediction of zero group velocity from Eq. 3.20 withko = and holds true for the
parameter range of interest|i.e. 2 1. It should also be pointed out that the conjugate
electric eld does generate a tiny propagating disturbancthat becomes more prominent as

or the central wavenumber increase. This error is quanti eth subsequent simulations.
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Figure 3.3: Quantum Interference Evanescencelhe nite lattice of Fig. 1(b) is excited with
a (non-physical) laser pulse composed of only the secondnter E , of Eq.3.21. The result-
ing disturbance is dominated by an exponential decay of thearimum exciton occupancy
that each site attains for the rst few sites nearest to the esitation source. HereN = 200,

=2 ,and =10:0. The central wavenumber of the packet is labeled for eachmsilation
set, and the straight lines are exponential ts.

A laser pulse that can be physically implemented to generatn approximation to the

desired wave packet is therefore

Epns(t) = 2Re Z:é? : (3.22)

3.3.2 Real-Time, Time-Domain Density Functional Theory

Real-Time, Time-Domain Density Functional Theory (RT-TDDFT) simulations [98] o er
a more realistic implementation of exciton wave packet enggering. While standard DFT
is a ground state theory, RT-TDDFT allows electron density todynamically respond to
laser irradiation [152, 153]. Inter- and intra-site electin interactions, a manifold of energy
levels, and temporally varying electronic orbitals with a emplex spatial character are all
captured within this computational paradigm which has beesuccessfully applied to study
excited-state electron dynamics[104, 107, 108].

The Kohn-Sham (KS) formulation of time-dependent density unctional theory (RT-

TDDFT) is
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Figure 3.4: Quantum Interference EvanescenceThe nite lattice of Fig. 1(b) is excited
with each of the terms of Eq. 3.21 separately. (a) Laser pulsensists of only the rst term
in Eq. 3.21. The central wavenumber of the ring exciton iky = 2:19 which is also the phase
di erence between adjacent sites since the characteristiength is the lattice spacing,a. (b)
Laser pulse consists of only the second term in Eq. 3.21. Thaglitude of adjacent sites are
out of phase by , and this is the source of the exponential decay shown in Fig.dtire 3.3.
For both plots, N =200, =2 and =10:0.

h
i"'@@{' (i = f"‘/\ext(it)"'AHartree[n](t)
+e[N(t) ()i (3.23)
where
X
nrt)=2  h () ()i (3.24)

i
is the electron density. The ketg ;i are the time dependent Kohn-Sham (TDKS) orbitals,
"ext 1S the external potential that accounts for the light-matte interaction, “yaree IS the
Hartree potential that depends on electron density, and,£ is the exchange-correlation po-

tential that also has a dependence on electron density. EQ..23 gives the spin-reduced

electron density and A is the total number of electrons considered.
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Light-matter interaction is accounted for with a non-relatvistic, semi-classical contribu-
tion to the Hamiltonian:

1
2Me

foa()= 5 P eA(t) © (3.25)

Here P is the many-electron momentum operator and (t) is the vector potential of the
eld, an explicit function of time but not position because te requisite wavelengths (hun-
dreds of nanometers) are much longer than the dimensions betsystem (nanometers). This
term is incorporated into the time-dependent Runge-Grosgaation [98] where exchange and
correlation e ects are accounted for within a density fungbnal formalism. Polarizability,
screening, and time-dependent absorption can then be comationally measured; transition
dipoles are not prescribed, and multi-electron excitatiammay or may not result in travel-
ing wave packets. While vibrational e ects can be included g the Hellmann-Feynman
theorem [154, 155], nuclear positions are kept xed in the oent analysis.

The associated many-body wave functions can be post-prosed to estimate the time-
evolving exciton populations on each site using attachmeiind detachment densities[156].

These can be easily derived from the time-propagated, mukiectron wavefunction:
JOOI=] 1(t) n (D)1 (3.26)
along with individual electron-hole wavefunctions de nedas
JA®Ii=0 a ) i) an(®) i (3.27)

Here one electron is excited from the@™ occupied KS orbital to the i" unoccupied KS

orbital. The time-dependent population of these single exations are
Pat)=jh Li( B)ij% (3.28)
leading to the time dependent, one-particle density matrix

)(\I . . .
=2 ji®ih (V)] (3.29)
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The di erence density, (t), from which attached and detached densities are derivedarc

now be de ned:
t= (@ () (3.30)

This can be described as a matrix in the basis df ,(0)g\-,, a set of KS orbitals that

includes all occupied states along with a su cient number otinoccupied states:

( )mn =h n(0)j (t)j (0)i (3.31)
X
=2 hn@ Mih (1) O 2 mn:

i
The eigenvalues of this matrix can be divided into those thare positive,f n*g, and those
that are negative,fnP g, with corresponding eigenvector§ ~gandf Pg. The attachment

and detachment density are then de ned in terms of these qutties:

A = ni'j fih P
Ix . - .
b = nPj Pih Pj; (3.32)
i
Note that n® = nP becausen’* electrons are excited from) Pi to | Ai.

The attachment and detachment densities, in turn, allow theexciton population oni®"

site to be estimated as
Z

Nx = _( A+ D) (3.33)

Vi

whereV, is the e ective volume associated with site.
This methodology allows exciton wave packets, and in fact @more fundamental electron
and hole constituents, to be tracked over time as they move @a a chain of sites.
RT-TDDFT was implemented using the Octopus code [157] with a rdullier-Martins
pseudopotential and a Perdew, Burke, and Ernzerhof (PBE) ekange-correlation potential
within the Generalized Gradient Approximation. All simulations used a time step of 0.66 as.

The simulation domain was comprised of spheres created andueach atom with a sphere
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radius 2.4A for the benzene molecules and A for methane molecules. Grid sizes of 0.5
(benzene), 0.179 (2-site and 3-site methane chains) and 0.175 (20-site methane chain)

were used.
3.3.3 Linking Tight-Binding and Density Functional Theory Paradigms

In order to make quantitative comparisons between TB and RT-DDFT predictions, the
latter was used to generate the three parameters that chatacize the single-particle TB
Hamiltonian of Eq. 3.2: site energy, , nearest neighbor coulng, , and transition dipole,

. These are nontrivial procedures that are explained below.
3.3.3.1 Site Energy,

Tight-binding calculations are based on a knowledge of thétescentered, diabatic, ex-
citonic energy associated with a chain of methane moleculesof Eq. H1. For weakly
coupled sites, this can be estimated perturbatively provet the coupling energy is known.
It is also possible to estimate this nonperturbatively usig Fragment Energy Di erencing
(FED) [158{160] or Edmison-Ruedenberg (ER) localization B, 162]. These rely on static
DFT analysis, but it is possible to exploit our explicit-time setting to estimate using
RT-TDDFT.

This new methodology begins by identifying the lowest exah energy for a single methane.

The molecule is excited by a laser impulse,

Ex(t) = A (D)% (3.34)
where A is the strength of an impulsive kick to the system, anthe three-fold molecular
degeneracy of the lowest exciton state is broken by oriengjrthe laser along the x-axis as

shown in the inset of Fig. Figure 3.5. The radiation absorbed ev 33 fs generates a time-

varying dipole moment,

()= h( )i Xj(i; (3.35)
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Figure 3.5: Fourier Transform of Dipole Moment for a Single Methane MoleculeA Fourier
Transform (FT) of the dipole moment versus time after a delta ik polarized in x direction
is applied to determine the lowest excitation energy, 10.G5/.

with the spectral prole shown in Fig. Figure 3.5. As indicated m the plot, the lowest
(polarized) excitation energy an isolated methane moleauls 10.05 eV.

This energy was used as a starting point to quantify the siteentered, diabatic, excitonic
energy associated with a chain. To account for the in uencef meighboring sites, it was
deemed su cient to consider a two-site system with the left mlecule excited and the right
molecule serving as a proxy for the remainder of the chain. Aagssian laser pulse was

applied on the left site of the dimer:

(t to)?

E(t) = F cos(t )exp 52

(3.36)

A range of excitation energies;! , were considered around 10.05 eV to determine the value
that gives a clean (single frequency) Rabi oscillation beeaen the sites. As shown in Fig-
ure Figure 3.6, this occurs for-! =9:6 eV, and it was this value of diabatic exciton energy

that was used in our TB analysis for a direct comparison with RTDDFT results.
3.3.3.2 Coupling Between Nearest Sites,

The TB coupling parameter, , can be derived from RT-TDDFT analysis by measuring
the rate of oscillation in site populations due to a prescréx laser pulse. In the simplest case,

a Rabi oscillation can be established in a two-site systemuboscillations associated with
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Figure 3.6: Rabi Oscillation in Methane Dimer. A set of gaussian-shaped laser pulses, Eq.
3.36, were applied to the left site of methane dimer to deteline the energy best able to create
a clean exciton oscillation. The laser was polarized alongiection with F = 0:5V=A, eV,

= 1:97fs, and to = 9:87fs. The optimum value was found to be~! = 9:6 eV and the
associated oscillations are shown. The red (green) line fetexciton occupation on the right
(left) site. The isosurfaces of electron (green) and holee@) density at Q008=Bohr® are
shown underneath these curves.

multiple sites are possible as well. This is relevant sinced coupling between two isolated
sites, each with just one nearest neighbor, is di erent frorthe coupling between sites with
neighbors to both right and left. To this end, we consideredhe TB Hamiltonian for a chain

of sites with identical site energies and hopping parameter

X X
=3 A + ¢'¢ +H:c (3.37)
i <ij>i 6]
Let j' ;i and "; be the associated eigenkets and eigenvalues, respectivelyso de ne an

auxiliary operator,

X
= ¢'¢ +H:c: (3.38)

<i;j>i 6j
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Figure 3.7: Oscillation in an N-Site Chain. The initial condition of Eq. 3.39 was applied to
a 15-site chain to generate the oscillation pattern shown.

and denote the di erence between its maximum and minimum eggvalues as , a function

of number of sites. Now prepare the initial state of the system

i = P e ]l (3.39)
Here the two eigenkets are associated with the maximum and nmmum eigenvalues of |,
respectively. The ensuing dynamics will then exhibit an o#lation in the site populations, as
shown in Fig. Figure 3.7, in which the odd-numbered sites havepapulation that oscillates.

The relationship between coupling, , and the oscillation period, T, is easily derived to be

— 2 ~.
= —: (3.40)

Eq. 3.40 establishes the algorithm with which TB coupling cabe measured in the
RT-TDDFT setting for any number of sites. In the present casesince interactions beyond
nearest neighbor methane molecules are very small, it is stient to estimate the coupling
using just three sites.

A gaussian laser pulse applied to the left site of the dimer stgm of Fig. Figure 3.6
approximates the initial condition of Egq. 3.39 and resultsn oscillations with a period of
8.12 fs. An analogous excitation of the center site of the trien system of Fig. Figure 3.8,
on the other hand, gives an oscillation period of 8.23 fs. UgrEqg. 3.40, these periods
correspond to coupling value of =0:25 eV (dimer) and =0:18 eV (trimer). This re ects

the fact that the two-site system has a di erent electronic gucture between sites that does
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Figure 3.8: Oscillation in Trimer. A gaussian laser pulse polarized along x directioB,(t) =

2
F cos(t )e EEE with strength F = 0:5V=A, ~! =9:6 eV, = 1:97 fs, andty = 9:87 fs,
is applied on middle site of the trimer. Oscillation betweerven and odd sites results. Red
indicates the exciton number on middle site, orange is excitcaumber on either side, green
denotes the exciton number on left site, and blue line is exan number on right site.

the trimer system. The trimer coupling, with neighbor inteactions to either side, is the
one used in the 20-site simulation because it more accurgtek ects the nearest-neighbor

interactions of multi-site chain.
3.3.3.3 Transition Dipole,

We also need to be able to generate a transition dipole strehglirectly from RT-TDDFT
so that it can be used in comparative TB simulations. To makehis link, we used RT-TDDFT
to apply a laser to the rst site of a methane dimer to put it into its lowest excited state.

The transition dipole is then de ned as

. »I - .
(1) = hO)yj rijCi
i
nihPjrj fi: (3.41)
As shown in Fig. Figure 3.6 fort = 18:424 fs, the exciton is localized on left site and with
a total of 0.69 electron-hole pairs. The transition dipoletat = 18:424 fs for one exciton is

then calculated to be 0:014 {0:038g A, whereqis the charge of one electron. This is the
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Figure 3.9: Evolution of a Laser-Induced Exciton Wave PackefThe nite lattice of Fig. Fig-
ure 3.1(b) is excited with a laser pulse at left. The result ian exciton (green) that is plotted
for several time slices along with the original exciton (btk) of Fig. Figure 3.1(c). Here
N = 200, site energy =2 and the exciton footprint has a standard deviation = 10:0a.
The central wavenumber of the ring exciton ik, = 1:58=a. The initial exciton occupation
fraction of the ring is 0.5, although this can be set to any vak.

value used in the comparative TB analysis.
3.4 Tight-Binding Results

The proposed laser pulse methodology can now be tested by @amng excitons pre-
scribed on the ring to those generated by on a chain via an engered pulse of radiation. A
representative result is shown in Fig. Figure 3.9. The excitofor the ring (black) and that
from the laser (green) are essentially indistinguishablerfall time slices shown. A magni ed
view of one time slice (bottom panel) is required to show thatny di erence exists. It can
be quanti ed with a dimensionless RMS error, by taking the derence between the two
amplitudes, (t):

U

X
m®=t =7 0 (3.42)
j=1

The RMS error at the time shown in the bottom panel is s = 0:0042.
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Figure 3.10: Tunable Exciton Speed.The nite lattice of Fig. Figure 3.1(b) is excited with
twice the real part of the laser pulse of Eq. 3.17 for a range oéntral wavenumbers. The
numerically measured exciton speeds (green) are compareidhwhe speed predicted from
the continuum dispersion relation (black). The speed was ahged by over a factor of ve in
the simulations carried out. HereN =200, =2 and = 10:0a.

A series of simulations was generated in this way to numerlbameasure the exciton
speed for a range of laser pulses. The results, plotted in Figigure 3.10, show that the
speeds correspond to those predicted from the continuum pésion relation of Eq. 3.20.
Signi cantly, it is possible to change the exciton speed by ame than a factor of ve through
appropriate tailoring of the laser pulse.

Just as it is possible to create excitonic wave packets, a laseld can be used to remove
them as wellla synchronized version of stimulated emissionTo examine this, suppose that
an exciton is traveling to the right as shown in the upper lefpanel of Fig. Figure 3.11. In
this setting, the right-most site is assumed to have a transdn dipole that is perpendicular
to the rest so that it can be illuminated in isolation by an apfied electric eld. An analysis

analogous to that used to produce Egs. 10, 14 and 15 then delis the requisite laser pulse:

E(t) = l:] :((tt)) (3.43)
Here thejg(t)] = P ~o(t) with ground state density, o(t), given by

0= 2 Im(uguy): (3.44)
The evolving phase of the ground state is

' = —ORe(uluN): (3.45)
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Figure 3.11: Exciton Annihilation. A exciton wave packet (green) travels to the right on
the nite lattice of Fig. 1(b). The same exciton (black) is corsidered on the superimposed
ring geometry of Fig. 1(c). This is used with Eq. 3.43 to desiga laser pulse that will

extract the excitonic energy from the right-most site. Seval time slices show that the

resulting stimulated emission removes the excitonic waveagket. HereN = 200, =2

and = 10:0a. The central wavenumber of the ring exciton ikoa = 2:19.

To produce Fig. Figure 3.11, the initial ground state probabily density was taken to be
0:5 with an initial ground state phase of zero. Note that a tiny reected excitonic packet is
produced as part of the annihilation event. The associatedN®S error is ns = 0:0022 at
the nal time step.

The methodology developed also allows for more complex e¢ations. Any envelope de-
sired can be input as an initial condition within the ring seting with Eg. 3.22 then used to
engineering the requisite laser pulse. For example, waveckats with a non-Gaussian pro le
and composed of multiple bands of wavenumbers can be proddics shown in Fig. Fig-

ure 3.12.
3.5 RT-TDDFT Results

Two types of molecular chains were used to create and exammeiton wave packets in
the many-body, multi-level setting o ered by RT-TDDFT. In both cases, a sensitizing TPA
molecule was not considered explicitly and, instead, the tecular chains were idealized so
that irradiation only occurs at the rst (left-most) site. T he rst analysis, using a short
benzene chain, simply demonstrates that it is possible to mgrate an exciton packet with a
well-de ned speed. Only ve sites (molecules) are consid=t because the associated calcu-

lations are extremely demanding. This is also the motivatiofor using such small molecules,
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Figure 3.12: Control Over Wave Packet CharacterThe nite lattice of Fig. 1(b) is excited

with a laser pulse at left de ned by Eq. 15. This creates a trilet of overlapping Gaussian
excitations (green) plotted for several time slices alongithr the original ring wave packet
(black) of Fig. 1(c). The central packet was intentionally tuned so that it travels slightly

faster than its neighbors. HerdN =200, =2 and =10:0a. The central wavenumbers
of the ring exciton are, from left to right, kpa = 2:03, kpa = 1:59, andkpa = 2:03. Units of
time are ~=.

and the high excitation energy would preclude their use in ahgsical implementation. The
intent here is only to provide a computationally tractable poof of concept.

The second implementation extends the number of sites to tw but required that we
further reduce the size of each molecule to methane. This ah#s su ciently long to quantify

the speed of excitons for a range of engineered laser pulses.
3.5.1 5-Site Benzene Chain

An RT-TDDFT analysis was rst performed on a 5-site co-facial lBnzene molecular
chain, as shown in Fig. Figure 3.13, with a 7.56 Bohr separatidretween sites. No attempt
was made to engineer the laser pulse so as to control the shapel speed of the resulting
exciton packet. Instead, a simple Gaussian shape envelopeats applied to the rst molecule:
Eo cos('t )e#éﬁ. Its energy,~! = 5:39 eV, corresponds to the lowest excitation energy

of a single benzene molecule. A eld strengtky = 0:51 V=A, peak time, t, = 3:29 fs and

53



envelope width = 0:66 fs were used. As is clear from Fig. Figure 3.13, it is possible t

generate a rudimentary exciton packet that moves down the aim, re ects at the end, and

then propagates back to the left.

y
z hole
X P . |

Figure 3.13:5-Site Benzene ChainUncontrolled laser-generated exciton wave packet moves
down a chain of 5 co-facial benzene molecules. The green aed are the isosurfaces with
value 0.002 electrons per Bofirfor electron and hole densities respectively.

3.5.2 20-Site Methane Chain

The second example, and the setting of our primary computatnal results, considers a 20-
site chain of methane molecules for which the orientationpacing and laser intensity were
carefully engineered. TB parameters, distilled from the RITDDFT setting as described
earlier, were used to design a set of laser pulses that woukhgrate excitons with a range of
speeds. These laser pulses were then applied to both TB and-RDDFT paradigms, and
the speeds of the wave packets generated were then estimabgdinearly tting their peak
amplitudes.

The results are shown in Fig. Figure 3.14 along with the analyal group velocity ob-
tained from the dispersion relation of Eq. 3.20. As expectethe TB speeds are in accord
with the analytical group velocity. However, the RT-TDDFT speads are also quite close
to theory. This is remarkable since each molecule o ers a cpiex many-body electronic

environment. The results demonstrate that tunable excitasm can be generated in physical
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systems and o ers a starting point for the consideration of wre realistic atomic settings in
which such a correspondence with TB is not possible. Excita@ngineering can be carried

out using only RT-TDDFT and periodic domains of any dimension
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Figure 3.14:20-Site Methane Chain.Laser pulse shape and composition is modi ed so as to
vary exciton speed on a 20-site chain of methane moleculesli® curve is from dispersion
relation for an in nite chain (Eq. 3.20), hollow blue square are from 20-site TB model, and
lled magenta triangles are from RT-TDDFT simulations.

3.6 Exciton Manipulation

With a methodology now in place for the laser-creation of enggered exciton wave pack-
ets, attention is turned to ways in which they can be manipulad. For a range of excitonic
binding energies, a single-particle TB idealization is reanable and the only new physics is
that it is the quantum interference of excitons, and not eléoons or photons, that is being
used as a handle.

For instance, consider the two-phase material (top schemes in Fig. Figure 3.15) in
which the left phase is composed of a set of homogeneous sited the right phase is a
superlattice of alternating layers with distinct energy gps. An exciton traveling to the right

will exhibit a transmission coe cient that can be anticipated from its central wavenumber.
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Figure 3.15: Excitonic Stop and Pass Bands.(a) A region of homogeneous sites (white,
left) is joined to a superlattice composed of alternating gstalline layers (light/dark gray,
right). (b) The eigenvalues of the stand-alone superlattice (black &) are plotted along
with those of the entire system (green lines). An exciton is ostructed that is composed
of eigenvalues lying in a stop band (projection magnitudes imagenta) or a pass band
(projection magnitudes in brown) of the superlattice.(c) The stop band exciton (real part
in magenta, absolute value in black) is plotted for three tiras to show that it is re ected
at the phase boundary. (d) The pass band exciton (real part in brown, absolute value in
black) is plotted for three times to show that it is largely tansmitted at the phase boundary.
HereN =400, ;= , 5,,=05, 5, =15 and =30:0a. There are 5 and 15 sites
in the superlattice, and the central wavenumbers of the exon are ko = 2:36=a (panel c)
ko = 2:15=a (panel d).

For example, if the exciton is constructed from eigenstatesf the entire system with eigen-
values that lie in a stop band of the superlattice, then it wll be e ectively re ected, as
shown in Fig. Figure 3.15(c). This is because the wave functiam the thin (lighter) layers is
evanescent. On the other hand, an exciton in the same matdraand with same footprint, but
constructed from eigenstates associated with a pass banditeé superlattice, will be largely
transmitted. This is shown in Fig. Figure 3.15(d) and is the ch@e-neutral, excitonic analog
of electron bandpass Itering. A wealth of information fromballistic electron experiments
can be used to optimize their performance [163].

The TB formalism can also be generalized to consider dynamigvith distinct electron
and hole dynamics using the Hamiltonian of Eq. 3.3. This settg has been previously

shown to allow Fano antiresonance to gate and dissociate g&nos [14], but they can also be
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dissociated into coherently linked, nonlocal electron arfible packets using a stop band lter.
This is shown in Fig. Figure 3.16, where the geometry of Fig. Figer3.15(a) is adopted
with the two-particle Hamiltonian of Eq. 3.3.

To demonstrate the idea, an exciton is constructed from stas for which excited electrons
lie in a pass band of the superlattice while ground state eteans (and so holes) lie in a stop
band. As a result, an exciton that encounters the superlattices largely dissociated into
a spatially separated electron and a hole, as shown in Fig. Figu3.16. The right series
of vertically arranged red and green time slices shows theodustion of the electron and
hole probability densities for a Wannier-Mott exciton creted by a laser pulse at the left
end of the chain. The two-dimensional grids at left are for # same time slices but give
additional detail by showing how the exciton is spatially ditributed. Each grid point, (i;j ),
in the NxN array gives the intensity of the exciton componentdr which the electron is
at site i and the hole is at sitej. The exciton is initially created with an isotropic, two-
dimensional distribution of states in the electron-hole gmulation space. The electron and
hole occupations are transmitted at nearly the same speedghlighted with a green light at
a positive 45-degree angle. The packet subsequently bedgimsnteract with the superlattice
when half-way through the chain of sites. This causes the leoto be re ected, seen as a
downward motion of the packet in electron-hole space. Howeyéhe electron is transmitted
so the packet continues to have a left-to-right motion. Theasult is a motion of the packet

along the green-highlighted, negative 45-degree line.
3.7 Exciton Stability

This initial consideration of exciton wave packets has nesgarily focused on their creation
and manipulation, and the important in uences of phonon erdnglement and static/dynamic
disorder have been neglected. In the absence of any phonahsugh, even mild disorder
can cause an exciton to localize [164] provided the systemasger than the relevant local-
ization length. Likewise, interaction with phonons will reult in a loss of coherence [165].

However, a degree of phonon entanglement breaks Anderson lzedion allowing partially
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Figure 3.16: Exciton Dissociation using Quantum Interference Left panels show snapshots
of a density plot of the probability distribution of the exciton along the chain. The green
trajectory line is a guide to the eye. Right panels depict theame dynamics representing
the electron (hole) probability projections in green (redjand the corresponding wave packet
velocity for times shown at left (top to bottom). HereN = 100, %=2, 1=2 |

9. =00, 9%=2, 3,=16, 3 =214, isthe same for both bands, = 10:4a
and the Coulomb interactions have been turned o |the simplest setting for dissociation.
There are 5 sites in each layer of phase 2, and the central waneber of the ring exciton is
ko =1:63=a

coherent excitonic wave packets to propagate through regi® of disorder [136, 166]. Over the
past several years, e orts to understand and exploit this bevior have focused on organic
materials, and photosynthetic complexes in particular, iran e ort to identify naturally oc-
curring, long-lived quantum transport [53, 129]. Such biobical settings, in which coherence
is preserved for tens to hundreds of femtoseconds at room feenature, serve to inspire and
guide the design of engineered materials and much colder f@enature regimes for which
entanglement can be tailored to make propagation robust irhe face of disorder[167].

Even for idealized systems in which disorder and entanglenteare not issues, excitons
will tend to broaden as they move. After all, it is just this digersive nature that allows their
speed to be tailored. The bandwidth of phase velocities isuiotimes the hopping mobility,

, SO decreasing the mobility would reduce dispersion but ahé cost of less tunable exciton
speeds and excitons whose slower speed leaves them moreeptibte to decoherence. A
more practical approach is to increase the spatial footptirof the exciton. This narrows
the energy range, and so speed disparities, of the modes ofolkthey are comprised. This

philosophy was used in producing the results shown in Fig. Figu3.9, where dispersion is
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seen to be quite low.
3.8 Conclusions

Structured exciton wave packets o er the prospect of fabrating opto-excitonic circuits
in which photon energy/information is easily processed antlansmitted as excitons. These
excitons can be selectively gated, subjected to Iters andsen dissociated. A methodology
for creating and manipulating such excitons has been demarded using idealized Tight-
Binding models and also more realistic Time-Domain Densitunctional Theory simulations.

The associated exciton circuit embodies many of the key pregiies of Heisenberg spin
chains [143, 144, 168] that are often considered in assoicatwith quantum information
processing [169]. The focus there tends to be on the high-gtyatransmission of data down
guantum busesand several non-excitonic experimental implementationsf spin chains now
exist [170{173] with particles such as phonons, electronghotons, magnons, and Cooper
pairs. All of ideas associated with such spin chains can be amporated into the current
paradigm [174{177]. It is also intriguing to consider whatmpact exciton wave packets
might have on the design of light-harvesting complexes and @mptimally balancing their
entanglement with phonons.

Perhaps the most controllable setting for initial explorabn of controllable, ballistic exci-
tons is a chain of Rydberg atoms trapped in an optical lattic§l78, 179]. Chains of dressed
Rydberg atoms [140] can now be produced that support excitdike states, and computa-
tional models indicate that it is possible to use pulsed magtic elds to create rudimentary,
traveling superpositions with a degree of localization [1k Strongly coupled optical cavities
with encapsulated excitonic structures o er a comparableetting with the additional bene t
of exquisite control over light/matter coupling [180, 181]

It was assumed that Two-Photon Absorption can be used to exeitisolated end sites
without adversely a ecting excitonic coupling to the rest é the system. The prescribed
electric eld is treated classically, and two-way couplingbetween light and matter [182] is

disregarded because the materials are optically thin [183]The introduction of exciton-
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phonon coupling would result in partially coherent transpd which is more robust in the
face of material imperfections [136, 184] but must be manabm order to preserve the basic
phase relationships between eigenstates. Idealized malac chains, consisting of benzene
and methane sites, were use to demonstrate the possibility oreating and transmitting
exciton wave packets. This is not intended to represent a mmended material choice for
experimental implementation because of the high excitatioenergies, low mobilities, and no
obvious means of creating such a chain.

Exciton-exciton interactions have also been neglected ihis investigation, but they o er
the prospect of incorporating the many nonlinear e ects asgiated with photonic crystals
within a new physical setting. Particularly in this regard,excitonic circuits are analogous to
photonic crystals and coupled optical cavities, where pade-particle interactions are a cen-
tral focus. The structure of excitons can also be broadened include spin engineering. This
has been disregarded here, but it may prove interesting ineating delocalized, entangled
states when lattice interactions result in both transmitte&l and re ected exciton components
or spatially separated electron and hole superpositions.

Excitonic superlattices, and the associated stop/pass bds, can be used to create en-
tangled states between re ected and transmitted exciton pkets or between electron and
hole packets that have been dissociated. Laser pulse engiieg thus opens the door to the
prospect of studying EPR-like phenomena within an excitonisetting.

Finally, more complex protocols could be engineered congitg multi-site excitation,
exciton-exciton interactions, phonon coupling, nite tenperature and higher number of ex-
citons, by means of quantum optimal control methods also cdmmed with RT-TDDFT or

Tensor Network methods [185].
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CHAPTER 4
TWISTED MOLECULAR EXCITONS AS MEDIATORS FOR CHANGING THE
ANGULAR MOMENTUM OF LIGHT

Adapted from a paper under review by
Physical Review A

Xiaoning Zang’®, and Mark T. Lusk®1©
4.1 Abstract

The molecular absorption of photons with angular momentumamn result in twisted exci-
tons with a well-de ned quasi-angular momentum. Although they rpresent di erent physi-
cal properties, these photonic and excitonic quanta can bdobe described in terms of topo-
logical charge, a conserved quantity. Multiple absorptiorvents can be used to create a
wide range of excitonic topological charges. Subsequent ssidn produces photons that
exhibit this same range. The molecule can thus be viewed as &dmator for changing the
orbital angular momentum of light. This sidesteps the needtexploit nonlinear light-matter
interactions based on higher-order susceptibilities. Aght-binding paradigm is used to es-
tablish topological charge conservation and demonstrateWw it can be exploited to combine,
subtract, and change the nature of the angular momentum ofglht. The approach is then
extended to a time-dependent density functional theory sétg where the key results are

shown to hold in a many-body, multi-level setting.
4.2 Introduction

Beams of light can carry quantized angular momentunm g, that are typically referred to

as having a photonic topological charge (PTC) of [15]. Circularly polarized light carries a

8Department of Physics, Colorado School of Mines
9Primary researcher
10 Author for correspondence
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spin angular momentum (SAM) of ~and so has PTC of 1, but beams can also be created
that twist about their axis of propagation [186] causing the to be referred to asvortex
beamsor simply twisted light [187, 188]. At the macro-scale, their interaction with matr
generates torque which can be used to manipulate rings of ate [189] and particles [18, 190],
carry out micro-frabrication [191], provide control for smptronics [192], and for many other
applications as well [193]. At the atomic scale, the absoiipt of such photons can change the
angular momentum state of bound electrons, only recently samed experimentally [194].
The PTC of twisted light also amounts to an additional degreef freedom for carrying infor-
mation content, and PTC values in excess of 1000 have been experimentally realized [18]
. This information perspective on PTC is particularly releant to emerging technologies in
communications, computing and quantum cryptography [16,95{199], classical data trans-
fer [19{22], quantum key distribution[23{25], quantum enanglement[26{32], and quantum
cloning[33].

There are a variety of ways in which photonic angular momentn can be generated.
Linearly polarized light can be transformed to a circular plarization by exploiting material
birefringence in the form of a quarter-wave plate giving it 8M and a topological charge
of 1. Only slightly more complicated to carry out, light beams vth orbital angular mo-
mentum (OAM)|i.e. twisted light|jcan be generated using stan dard optical elements such
as spiral phase plates [200], computer generated holograj281], and spatial light modula-
tors [202].

Beams with SAM can also be converted to those with OAM of the santepological
charge. Staged spiral phase plates [203], birefringent reatls in a variety of geometries [204{
207], liquid crystals [208], g-plates[195], and even metatarials [209{211] have all been
demonstrated to produce such conversions.

Changing the angular momentum of photons that already have topological charge
is less standard though. Such manipulations currently exptohigher-order susceptibilities

to up/down convert OAM along the same lines as is carried out talter the wavelength
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of light. For instance, topological charge doubling via sead harmonic generation (SHG)
has been demonstrated [212, 213], and PTC addition operai® have also been realized
using SHG[214]. Topological charge can even be transferreohi a pump beam to a down-
converted idler beam via optical parametric oscillation (BO) [215, 216]. Along the same
lines, four-wave-mixing (FWM) with atomic vapors can result inoutput beams that have
either the sum of the input PTCs or no PTC at all [217, 218]. In &h of these nonlinear
processes, charge conversion is essentially instantareeand involves two vortex beam inputs
that must illuminate the target material simultaneously. A variation of FWM, applied to
bulk crystals, generates output beams with PTCs that are limar combinations of those of the
input beams [219{221]. Intriguingly, there is a time delay étween pump and probe implying
that PTC is being temporarily stored in the electronic struture of the bulk crystal, but the
nature of this structure was not elucidated.

Here we consider an alternative means of manipulating PTC thaxploits the properties
of a special type of molecular exciton. The requisite strugtes have a discrete rotational
symmetry group of eitherCy or Cyy, with respect to the propagation direction of light. Such
N-arm molecules have been previously identi ed as having etanic states that can relax by
emitting photons with PTC [15, 16]. We extend this work by rg introducing the notion
of an Excitonic Topological Charge(ETC) that can be generated with azimuthally polarized
light [32, 222]. The resulting electronic state of the moleé will be referred to as awisted
exciton. Since both spin and circularly polarized vortex beams canebdecomposed into
a linear combination of radial and azimuthal vector vorticd223], they can create twisted
excitons too. The idea is then generalized to consider thegsential excitation of molecules
with pulses of light that carry either SAM or OAM. It is shown that the sum of PTC and
ETC is conserved in such processes resulting in a simple &ligein which ETC can be raised
and lowered using photons. Subsequent emission, either sfameous or stimulated, produces
photons with the accumulated topological charge of the exons. In this way, the excitons

play the role of an angular momentum bank in which photonic @rge can be deposited and
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withdrawn in di erent increments. This is illustrated in Figure 4.1.

Figure 4.1: Tight-Binding Implementation of Topological Charge Operations. Two laser
pulses, each with PTC of 1, are sequentially absorbed by a moular assembly resulting in
an ETC of 2. Subsequent photon emission has a PTC of 2.

Within a linear setting, the fact that the real momentum of absrbed photons is trans-
ferred to crystal momentum is a foundational plank of soligtate physics [224]. An analogous
discrete-space application of Noether's First Theorem hassal be used to show that real an-
gular momentum can be transferred to crystal angular momemin [225]. This provides a
conceptual basis for understanding the topological chargdgebra that can be carried out
with molecules. In the molecular setting, periodicity is amuthal and lattice points are as-
sociated with identical molecular arms. ETC quanti es the nolecular analog of crystalline
angular momentum.

We rst use a tight binding (TB) paradigm to show that topological charge is conserved
in the molecular setting. This paradigm is used to demonstta topological charge algebra
using sequential laser pulses. The associated Hamiltonias subsequently replaced with
one that does not rely on prescribed transition dipoles anaif which electron excitations

are treated as many-body events with exchange energies arairelation e ects included.
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Twisted excitons are no longer just superpositions of twavel excitations on each molecular
arm, but topological charge conservation emerges none-less. This Time-Domain Density
Functional Theory (TD-DFT) setting is used to simulate the dynamics of topological charge
transfer between photonic and excitonic manifestations,nd simple charge additions and
subtractions are once again demonstrated. In both TB and TIDFT settings, the underlying
processes are linear in the sense that only rst-order eleictdipole interactions are necessary.
This is in contrast to the nonlinear optics strategy for conerting up/down converting angular

momentum using higher order susceptibilities.
4.3 Tight-Binding Paradigm

First consider a molecular Hamiltonian in the absence of lighhatter coupling. The
requisiteCy or Cy, symmetry is provided by an N-arm molecule in which arm supports two
energy levels: ground statg ! %i and excited statgj !'i. The tight-binding (TB) Hamiltonian
is taken to be

X X
Mo = AO + ( &6 + Hic) (4.1)
i=1 <ij>
Here is the excited state energy of each arm, is the coupling between nearest arms, and

q‘/ is the creation operator for armj. It is straightforward to show [15] that the ground state

isjOi = Qszlj 1% while the N excited states are

N e
Vgl = —P——Jqi (4.2)
= N
with " = e?™N and jgi = j i1 Qr':'quj m0% . The ETC, ¢, is an integer ranging from

(N +1)to 3(N 1). The corresponding energies are

2
Eqo= +2 cos ’\?e ; (4.3)

with p= g forg Oandp= g+ N for g < 0. A hollow E will be used to distinguish

exciton energy from electric eld,E.
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Now introduce semi-classical light-matter coupling via twélamiltonians: H; that governs
light-mediated interactions between the ground state andaeh molecular eigenstate, whilél,
governs the analogous laser interactions that can causensitions between eigenstates. The
angular momentum of incident electric elds may be manifest as a circular polarization, a
vector vortex, or linear polarization with a scalar vortex put we restrict attention to the rst
two types. An electric dipole approximation is made, and theidcrete rotational symmetry
ensures that a rotation of the molecule about its axis by 2N maps one dipole into the
next. Under these conditions, the details of electric eld sucture and dipole orientations are
irrelevant, and the light-matter interactions are well-cgtured by the following Hamiltonians,

which are functions of the topological charge of the incidefight, o:

X .
Ri(q) = oE " @0 Ve + Hic
X
Ra(q) = nopE " P D i G+ HiC (4.4)

m
j

The mod function returns its argument moduloN and use has been made of the fact that

" emod(i) 1) = %0 1) The scalars, ,E and ,,E, represent the inner product of electric

hop
transition dipole moments with a time-dependent electric eld.

The total Hamiltonian, H (q,) = Fo+ H1(q)+ H2(qp), is then applied to the Schedinger
equation with solutions assumed to be of the form

X
JODI= Ao+ An(t)jeni : (4.5)

n=1
This results in a set ofN + 1 coupled ODE's that can be solved numerically for a presdred

electric eld and initial state. The evolving state can thenbe projected onto each excitonic
eigenstate to determine the population of each topologicaeharge state,q., as a function of

time:

o (8) = Jh( 1) v(a)ij? = An(t)—PW— : (4.6)
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4.3.1 Conservation of Topological Charge

Within the TB setting, conservation of energy implies conseation of topological charge
in association with light-matter interactions. To see this suppose that the molecule is
initially in eigenstate jv, i, where subscriptl . indicates an initial ETC of I. A beam with
PTC of q,, is incident on the molecule, and the molecule is excited mteigenstatejve,i
as a result. Subscriptsp and e delineate photonic and excitonic manifestations whilé&
is the ETC of the nal state. A necessary condition for this tansition to occur is that
Hie := hve,jH jvi.i & 0. Assuming that |, 6 F., Equations 4.2 and 4.4 imply that

X w (i DFe X , X no(k Dle
Hie = hopE | —BW—h?.j | "0 1)qpc¥nod(j)+lcl ) —pﬁ—rﬂd (4.7)

which can be easily reduced to

En Fe X . En|e X '
He = — % no (o De 6 Fe) hop "0 Dlerd Fo) - (4 8)

N : N :
j j

The following cyclic sum orthogonality property of periodi exponentials is then useful:
Ml = N (4.9)
i
It is applied to both terms in Equation 4.8 to give

HiE = opE" ™ lewrFe  nopE"'® terau: (4.10)

Energy conservation implies that exactly one of the two Kroecker delta functions will

be nonzero. We therefore have the following statements ofptwlogical charge conservation:

E|e < EFe ! e+ Q):Fe
E, > Er, ! le= Fet @ (4.11)

If the initial exciton energy is lower than that of the nal state, crystal angular momentum
will be removed by the light. The converse is also true. Sindke sign of the PTC can

be either positive or negative, this allows for a number of wa in which photonic angular
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momentum quanta can be used to manipulate the level of exaite angular momentum. It
also o ers a strategy for withdrawing angular momentum fronthe molecule in a range of

denominations. This is next illustrated in two applicatiors.
4.3.2 Tight-Binding Implementations of Topological Charge Conserva tion

As a rst proof-of-concept, a 7-arm molecule with an ETC of 2is subjected to windowed,
continuous wave (CW), azimuthally polarized lasers with angar momenta of 1, and the

following scalar waveform:
E(t) = EoSin (Ef, Ej)t=~: (4.12)

As usual, | and F, are the initial and nal topological charges of the exciton wh corre-
sponding energiess,, and Eg_, given by Equation 4.3. All TB simulations used the following
parameters in atomic units:Eq =2 104 ,=1; =1 ; =0:067 and a radial distance
to the center of each arm of 0.6. Hereg hop 1S the strength of the transition dipole.
Proportional changes to these parameters do not a ect the salts of course. The top plots
of Figure 4.2 show how the eigenstate populations evolve asumdtion of time, and the
associated charge conservations are listed above each .plot

The bottom plot is a composite of results from both simulatins which shows the phase
relationship between two adjacent arms before and after aligation of the laser pulses. The
horizontal axis was obtained by rigidly translating sectins of the plots of amplitude versus
time so that they appear in the same time interval. Then time &s mapped into phase
through multiplication with the associated frequencies ofight. In this form, the phase
relation between two arms can be easily measured by compayithe amplitude of one arm
(solid) with its neighbor (dashed).

The initial phase progression should be 47, from Equation 4.2, and this is con rmed
in the black and dashed black curves. The addition of PTC refis in a 1o ETC and the
measured phase between the red and dashed red curves exhillite expected progression

of 2=7. Likewise, the subtraction of PTC leaves the molecule witB, and the anticipated
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phase progression of 6§ 7 between arms, shown in blue and dashed blue.

Figure 4.2: Addition and Subtraction of Topological Charge on a 7-Arm MoleculeCase

1. Laser energy is the di erence between the second and rsigenstates and results in a
photon absorption. Case 2. Laser energy is the dierence beten the second and third
eigenstates and results in a photon emission. In both casémtlaser is applied throughout
the entire simulation shown. Bottom panel shows phase praggsion between neighboring
arms for both cases as detailed in the text. The color legend&the top panels identify the

populations of each ETC state.

A second TB simulation, Figure 4.3, carries out a sequence dfacge addition and sub-
traction that starts and ends in the ground state (GS). The sae 7-arm molecule is subjected
to three windowed, CW laser pulses. The rst lasert{ t;) hasPTC =1, and an energy
equal to that of the eigenstate for arETC = 1.. The second lasertg t;) has the same
PTC but with an energy equal to the di erence of excitonic chage states one and two.
The PTC of the third laser is 2, with an energy equal to that of the eigenstate for which

ETC = 2.. The topological charge balances associated with each lasee given in the gure
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to more easily interpret the data plotted. These plots alsoh®w how the excitonic energy
evolves as a function of time, becoming asymptotic to the apgpriate eigenenergies after

each laser pulse is applied.
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Figure 4.3: PTC Doubling. 7-arm molecule initially in ground state is subjected to a se-
guence of 3 lasers. The excitonic state populations evolveaccordance with conservation
of topological charge as noted at the top of the plot. Twoplphotons are absorbed and one
2, photon is emitted. The color legend identi es the populatios of each ETC state.

4.4 Charge Transfers with Time-Domain Density Functional Theory

Many of the idealizations associated with the TB paradigm cabe removed by reconsid-
ering the light-matter dynamics using Time-Domain Densityrunctional Theory (TD-DFT).
Unlike standard ground state Density Functional Theory (DFT) TD-DFT captures the non-
equilibrium response of material to an externally appliediime-varying electric eld. Such
real-time simulations are made possible through Runge-G® (RG) reformulation of the
time-dependent Schmdinger equation [98]. A methodologyas developed so that TD-DFT
can be used to quantify topological charge transfers as da¢al in the Methods section.

TD-DFT calculations are computationally intense and amounto carrying out a standard

DFT calculation for a series of very small time steps. Once agausing atomic units, the
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requisite time step for the calculations of this study, in pdicular, is 0:027 au for simulations
covering approximately 2067 au in total. To reduce the compational cost in this initial
proof-of-concept, a ring of radially alignedH, molecules was used as an idealized N-arm
system. The ring was given a radius of:8 Bohr with the H-H bond lengths taken to be 4
Bohr. For each simulation, a computational domain was constcted as the sum of spheres
of radius 57 Bohr around each atom. This domain was discretized with a aping of 028
Bohr. The generalized gradient approximation (GGA) parameized by Perdew, Burke, and
Ernzerhof (PBE)[122] was adopted to account for exchangedwcorrelation, and a Troullier-
Martins pseudopotential was used. Since the wavelength afskr eld is much larger than
the dimension of the N-arm system, a point dipole approximain of light-matter interaction
is applied in our TD-DFT simulations.

Because the limitations on the type of external eld that carbe inputted to OCTOPUS,
an approximation scheme was used to create twisted light. &g cally, it was taken to have
N piecewise homogeneous components. Transition dipolesnirthe ground state were found
to be maximal on each arm and so the associated eld componsmnwere constructed to be
arm-centered. In contrast, the transition dipoles betweeitwo excited states were maximal
at the midpoints between arms, so the associated externallcecomponents were centered
between the arms.

A 5-arm con guration of H, dimers was considered all of the TD-DFT simulations.
Casida's perturbative TD-DFT methodology [226] was rst peformed to obtain excitation
energies. This was necessary in order to design laser pulggth the frequency need to
excite a given excitonic state. The energies, dominant deteinants, and the corresponding
topological charges of the rst ve excited states are givein Table 4.1.

The determinants listed in Table 4.1 are those that dominateach excited state, repre-
senting approximately 90% of the respective wavefunctiopproximating an excited state
with only a single determinant makes it possible to nd the ppulation of ETC states,

Equation 4.19, as detailed in the Methods section.
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Table 4.1: Dominant determinant, [, and topological charge,q, of the rst ve low-

est excited states as calculated from Casida perturbationithin TD-DFT. Here [ is the
spin-adapted singlet so that one electron is excited fromi" occupied KS orbital to theit™
unoccupied KS orbital. Energies are in Hartrees (Ha).

Excited State 1 2 3 4 5
Energy (Ha) 0.37 0.37 0.39 0.39 041
Determinant S 8 S S 6
Percents (%) 97 97 94 94 91
(08 2 1 0

It was found that the more realistic many-body setting is sti able to carry out topological
charge algebra. Three cases were considered which eachlveva sequence of two laser pulses.

The following radial vector vortex eld, with a Gaussian enelope, was utilized:
E(t) = Eoe '® d'le 02 g: (4.13)

As with the TB analyses, conservation of energy determines wefter or not the PTC is
added to or subtracted from the molecular assembly.

First consider a scenario in which a 0.367 Ha laser pulse d, is used to create one of the
two lowest-energy twisted excitons, 2, of Table 4.1. A second laser pulse, with an energy
equal to the di erence between that of the rst and second extonic states, 0.0220 Ha, is
subsequently applied as shown in Figure 4.4. This requiresaththe photon be absorbed
since there is no excitonic state between the ground and rstxcited energy levels. The
associated statement of charge conservation is thu2. + 1, = 1.. In contrast, nothing
happens if the 2 state is subjected to the same laser energy but of the opp@sBAM since
this would be violate topological charge conservation. Thewer-right panel of Figure 4.4
demonstrates this.

As is clear in the gure, the second laser needs to be much stger than the rst because
the transition dipole between excited states is in the midfen region, where the relevant state
densities are small, while the transition dipoles from thergund state are located in the arms

where the relevant state densities are much larger.
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Figure 4.4: TD-DFT Charge Manipulation: 2.+1,= 1. Upper panel shows sequenced
laser pulses of 0.367 Ha and 0.0220 Ha, respectively. The sysie initially given a charge
of 2, using a laser of the same charge. Application of second laséthveharge 1, transfers
the system to a charge of 1. (lower-left panel). The same laser, but with a charge of 1,
does not cause the state to evolve (lower-right panel). Enep parameters ard to = 272; =
272;' =0:367.Epx =0:0030@ and ftg = 1360; =272;! =0:022Q0E, = 0:030@ in atomic

units, respectively.
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A second case shows how ETC can be either increased or de@éas response to the
application of pulses with identical PTC. The system is rstgiven a charge of d and, in
both cases, a second laser pulse with a PTC ofl, is then applied. In the evolution shown
at lower-right, the energy of the second pulse is equal to th erence between the states
1. and Q,, 0.0158 Ha (Table 4.1). This results in the absorption of a phan because the 0
state is of higher energy with the charge balance equation bf+( 1), = 0.. On the other
hand, tuning the second pulse to an energy of 0.0257 Ha caudas $ystem to transition to
the 2, state because this is the energy di erence between thg dnd Z states (Table 4.1). In
this case a photon is emitted because the &tate is of lower energy, and the charge balance
isl ( 1)=2

The oscillation in the population of the 1 state (blue curve) is an artifact associated
with the single-determinant approximation in concert withour piecewise homogeneous con-
struction of the incident beam. This eld approximation resllts in a larger contribution
of the non-primary determinant, and the arti cial oscillation in population is an indicator
that there is the relative weighting of these determinantssi time dependent. In contrast,
the analogous curve associated with circularly polarizeight (Figure 4.8) shows no such
oscillation because the non-primary determinants make abat no contribution.

A third scenario, shown in Figure 4.6, demonstrates how phatc charges of opposite
sign can be emitted from the same initial ETC state. The syste is placed its highest
energy state, Q, after application of an appropriate laser pulse. A secondder with PTC of

1, stimulates photon emission and changes the system to an ETE ol.. The associated
statement of charge conservation is0 (+1), = 1. On the other hand, illuminating the
system with a PTC of 1, also stimulates photon emission but changes the system to an
ETC of +1.. The associated statement of charge conservation is 0( 1), = +1 .

All the cases considered so far have focused on excitonic ¢geaarithmetic. When pur-
posed as a photonic charge converter, though, it is importamo be able to transfer the

nal charge into a photonic state. Such an operation, alreadconsidered in within the TB
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Figure 4.5: TD-DFT Charge Manipulation: 1o+ ( 1), = O (left) and 1. ( 1), = 2¢
(right). Upper panels shows two laser sequences. In both pesses, the parameters for rst
laser arefty =272; =27:2;! =0:390 Ey = 0:00300. The parameters for second lasers are
(left): fto =1090; =136;! =0:0158E, = 0:050Q and (right): fto = 1090, =218;! =
0:0257 Eo = 0:050Q in atomic units.
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Figure 4.6: TD-DFT Photonic Charge Emissions:0. (+1)p, = 1le(leftyand O ( 1), =1¢
(right). Upper panels shows two laser sequences. Lower panshow that the system is
initially given a 0. charge which is subsequently changed tol. (left) by emission of 1
or to +1. by emission of 1,. The parameters for rst laser arefty = 272, =27:2;! =
0:405 Eo = 0:0030@ and those for the second laser afé, = 1360, =272;! =0:0158E( =

0:030@y in atomic units.
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setting, is shown to hold in for TD-DFT as well in Figure 4.7. Thesystem is rst given a
2. charge which is then changed to 1. using a second laser. Taken together, these rst
two steps can be viewed as PTC addition: 2,+1, = 1.. A third laser then stimulates

the emission of photonic charge of 1, leaving the system in its ground state. The overall

photonic arithmetic is therefore 2,+1,= 1.
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Figure 4.7: Photonic Charge Conversion: 2,+1,= 1,. Upper panels shows two laser se-
guences. Lower panel shows the system is excited int@, state by the rstlaser. Subsequent
absorption of a +1, photon then transfers the system into 1. state. This ETC is converted
to PTC with a third laser which brings system back to its groun state after the photon is
emitted. The laser parameters are: (rst)fty = 272; = 27:2;! = 0:367.Eq = 0:0010@®;

(second)fty = 1090; = 272;! = 0:0257E; = 0:030Qy; and (third)ft, = 1905 =
27:2;' =0:390 Eo =0:0010@ in atomic units.
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The excited state excitonic populations are small becausery weak and short lasers are
applied in all TD-DFT simulations. This is a pragmatic step t&ken to avoid the population
of extraneous eigenstates that result from stronger or loaglaser pulses. This is purely a
computational issue that results because the vector vortdxeams were approximated with
ve piecewise-homogeneous components|a computational wk-around to the limitations
of the input elds allowed by the OCTOPUS TD-DFT software. The result is unphysical
light-matter interactions in the regions between each armhat can be remedied by dividing
the region into more than ve piecewise-homogeneous compmoits. Then stronger and/or

longer laser illumination can be applied to increase the pajfation of twisted excitons.
4.4.1 Spin Beams

As an alternative to applying twisted light, photonic topolaggical charge can be inputted in
the form of spin angular momentuml|i.e. using circularly polarized light. Twisted excitons
can also be used to convert photons with spin angular momemtuto those with angular
orbital to momentum. This just amounts to a change of basis fadescribing the molecular
dipoles since circularly polarized light can be mathematdly decomposed into a combination

of radial and azimuthal vector vortices[223]:

po(e f8)=Pel(a (o) (4.14)
Herefg;€0 and f&;e g are the basis vectors in Cartesian and polar representati&nIn
the 5-arm H, system, only the radial vortex components are absorbed. Sdguent photon
emission would be in the form of a vector vortex, though, so éhmolecular assembly serves
to convert light from spin to orbital angular momentum (STOQ. Since multiple photons
can be absorbed, pulses of circularly polarized light can bead to generate vector vortices
with an arbitrary topological charge.
The STOC concept is demonstrated in Figure 4.8, where a seqoerof +1,s and 1,5 spin
laser pulses are applied. The photonic subscrips highlights the spin nature of light whilepv

subscripts indicate that the photonic charge is in the formfoa vector vortex. The rst laser
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pulse causes photon absorption and the following charge servation relation: GS+1 s = 1e.

The second laser, of opposite spin, results in photon em@si 1o ( 1)ps = +2 .

0.038 ‘ ‘ ‘
o 1t laser 2nd |9ser ]
© [ ]
25 ol A ANE
328 \/
= 1
< f

-0.038 L

GS+1,=1, 1,-(1,)=2,
O lo T i‘_t".‘ T T T T T T T T T T

Population

0 413 826 1240 1653 2067
Time (au)

Figure 4.8: Spin-to-Orbital Conversion: +1,s ( 1)ps = +2 .. Upper panels shows two
laser sequences. Lower panel shows the system is sequéytmbvided with two topological
charges resulting in +2. Subsequent emission would produce a #2photon. The laser
parameters are: (rst) fto = 272; =81:5;! = 0:390Eq = 0:0030®; and (second)fty =
136Q =109;! =0:0257% E, =0:0020@ in atomic units.

Figure 4.8 shows that the strength of rst laser is the same atose used for the vortex
beams of Figure 4.4, Figure 4.5, and Figure 4.6, but the duratiaa three times longer. This
allows a much larger population of proper excited states wibut involvement of extraneous
eigenstates. As compared with Figure 4.5, we now have a very sttopopulation of the 1

state (blue curve). This con rms that the origin of the oscilations in our former TD-DFT
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simulations is actually the approximation of vector vortexwith ve piecewise-homogeneous

components.
45 Conclusions

Beams of light can transfer their angular momentum quanta tahe quasi-angular mo-
mentum associated with the electronic structure of moleces with Cy or Cyn point group
symmetry. Strictly speaking, this is a transformation of ral angular momentum into a molec-
ular analog to the crystal angular momentum of solid-state lysics. Topological charge is
then a convenient bookkeeping scheme since it is conserveduch light-matter interactions.
In concert with conservation of energy, it is possible to deg processes in which sequential
laser pulses are used to increase or decrease the excitonfotogical charge. Subsequent
emission results in photons with a di erent orbital angulammomentum than the input beams.
These molecules can be used to convert either spin polarizedvortex beams into vector
vortex beams with a range of angular momentum values. Unlikeisting approaches, this
molecular strategy o ers a means of manipulating the angutanomentum of light which
does not rely on the nonlinear optical properties of a mediag crystal.

Topological charge conservation can be elucidated usingngile Tight-Binding Hamil-
tonians, a setting in which it is straightforward to demonstate charge algebra. However,
Time-Domain DFT gives consistent results within a many-elémn setting with the e ects
of electron correlation and exchange accounted for.

The level of Tight-Binding analysis employed does not reqg@ any details of the molecular
structure beyond point group, and the Time-Domain DFT analyss adopted, as a compu-
tational expedient, molecular arms composed of hydrogennaers. There exist a panoply
of molecules which exhibitCy or Cyn symmetry, though, and several examples are shown
in Figure 4.9. These may radiate outward as chiral spoke, suels triphenylphosphene or
hexaphenylbenzene, be in a planar, non-spoke arrangemeuntts as cyclohexane, or even
be in a three-dimensional band such as cycloparaphenyle22{{230]. Another intriguing

possibility is to functionalize inert sca olds that have the requisite point symmetry.
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Figure 4.9: Molecules withCy or Cyn Symmetry.
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In the present work, stimulated emission causes photons t@ lgenerated that have the
polarization of the stimulating beam. However, it is clear tht charge conversions may also
culminate in spontaneous emission. The resulting photondlithen exhibit a vector vortex
in the far eld with radial and azimuthal components that depend upon the orientation of

the electric dipoles of each arm.
4.6 Methods

Real-time simulations are made possible through the Rung&oss (RG) reformulation

of time-dependent Schredinger equation [98]:

h

i
3 2t w0 e [JED+ ([ D (RD: @419)

. @
i—= i(gt) =
ot
Here the spin-reduced electronic density,(¥;t), is expressed in terms of the time-dependent
Kohn-Sham (TDKS) orbitals, (¥;t), as
>(\| - .2
(rt)y= Ji(nt)i= (4.16)
i
These orbitals, in turn, can be represented in the basis ofélr counterparts at time zero,
i, SO that the time-propagated multi-electron wavefunctionis constructed from a linear
combination of determinants built from these initial orbitals[97]:
XCC L’(OCC ) )
(D= co(t)] goi + (1) hi: (4.17)

a i

Ketj 4l =] 1 2 3 4 si isthe ground state andj gi =j 1 i si 1S a determinant
with the a" occupied Kohn-Sham (KS) orbital replaced by thé"™ unoccupied orbital. The
rst summation is over all occupied KS orbitals, ve occupid KS orbitals in the case of
5-arm H, system, and the second summation is over all unoccupied KS®uals. In our case,
because the frequency of laser is chosen to only access tls¢ ve lowest excited states, the
only unoccupied KS orbital is the sixth as shown in Table 4.1.

If it was possible to express Equation 4.17 in form of Equatio}.2, the associated excitonic

charge could be determined directly. Such a simple expansiof j ( t)i in basis ofjgi does
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not exist, though, since it is a many-body wavefunction. Tl is remedied, albeit in an
approximate way, by working only with the dominant determirant for which only lowest
unoccupied molecular orbital (LUMO) is involved in Equation4.17. This makes it possible
to combine the determinants corresponding to each ETC subspef mgwith m=0;1;2
as in Equation 4.18, allowing the ETC ofj ( t)i to be obtained via KS orbitals using the
method detailed below.

In all simulations, twisted excitons are a constructed as ankear combination of corre-
sponding pairs of degenerate excited states, consistentiwihe TB model. Focusing on the
5-arm system, if a laser withPTC = 0, is applied, then the resulting excited state can be
approximated with a determinant involving only 8. Likewise, the application ofPTC = 1
results in excited states that can be approximated with deteninants involving only $ and

S, and PTC = 2 yields states that are well-approximated with only § and &. The
time-propagated wavefunction for each ETC subspacéfg, f 1g andf 2g can therefore

be expressed, respectively, as:

i) 6 2 3 4 sl (4.18)
j 1) 2 S) 3 6 4 s
j12 3C(t) 4 St) s 6

HOIR
S(t)j 5+ ()i 3
D) i+ )] si

The only di erence among these three equations is that the gund state determinant
is modi ed as follows: ; replaced bycf(t) s; » and s are replaced bycS(t) » c5(t) s;
and 5, 4and s are replaced bycd(t) 4 c§(t) s and . The ground state determinant
] 1 2 3 4 siisthe Q state of course. These replacement orbitals must therefdre respon-
sible for the ETC of excited states. Figure 4.10 gives the isg$ace and decomposition in the
basis ofg, with j 2f1; ;5g of all the relevant KS orbitals. As shown in 4.18, the LUMO
is symmetrically distributed across all ve arms. Therefog ¢ will not introduce a phase
di erence among arms in the right side of Equation 4.18. Thisnplies that c§(t) » c5(t) s

and c&(t) 4 c§(t) 5 will introduce a phase dependence corresponding tol, and 2,
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LUMO, KS, HOMO-3, KS , HOMO-1, KS ,
0.63|e,) 0.05|e,)
1 ' 1

0.20le.) 0.19),y 037162 0.37les

-0.52le;) -0.51ley  0.60|esy -0.60e,

HOMO-4, KS , HOMO-2, KS , HOMO, KS,
0.45|e,) 0.08le -0.63ley
0.45|e,) 0.45|e;) -0.60ley  0.60jes) 0.51ley 0.51lew

0.45lep 0.45le,)  -0.37ley 0.37|e,) -0.20|es) -0.20|e,)

Figure 4.10: Decomposition of KS Orbitals of 5-ArmH, System. The ve occupied KS
orbitals have been expressed in the basis of arm wavefunasojeg i, with their coe cients
labeled on the corresponding arms. The red (blue) isosuréscindicate positive (negative)
values of the wavefunctions. The LUMO is given in order to showhat it is symmetric.

HOMO = highest occupied molecular orbital.
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respectively. The population of each twisted exciton states therefore given by:

Po. = 2jci(1)j?

P = 2jhv 4jd(t) 2 &(t) sij?

PL = 2jvici(t) 2 () sij?

P o = 2jhw 5jcd(t) 4 c3(t) sij?

Po = 2jvicd(t) 4 () sijZ (4.19)
Herejv,i is the eigenstate associated with an ETC af, from Equation 4.2, and the factor

of two in each expression accounts for the fact that the eleoh spin can be either up or

down.
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CHAPTER 5
TOPOLOGICAL CHARGE TRANSPORT WITH TWISTED EXCITONS

Adapted from a manuscript still in preparation

Xiaoning Zang“*?, and Mark T. Lusk!%13
5.1 Abstract

A chain of appropriately designed molecules can absorb lighith angular momentum.
Extended excitonic states are thus created that have both aeN-de ned quasi-angular mo-
mentum and a longitudinal wave number. Like its photonic caoterpart, this form of angular
momentum can be described in terms of topological charge, anserved quantity. In a man-
ner analogous to that previously explored for a single molde, the topological charge of
these molecular chains can be changed using a laser eld. éam combinations of their ex-
tended excitonic states with the same topological chargeuba range of longitudinal waves
numbers, can be used to construct twisted exciton wave patke These wave packets transfer
angular momentum down the chain of molecules leading to sggient emission of a twisted
photon at the far end. Such packets can be created and annihidd using laser pulses, and
the topological charge of twisted exciton packets can be miagtl during transit via lasers.
This opens the possibility of creating excitonic circuitsn which information, encoded in the
topological charge of light, is converted into an excitonizvave packet that can be manipu-
lated, transported, and then re-emitted. A tight-binding ®tting is used to demonstrate the
key ideas. The approach is then extended to a time-dependesénsity functional theory
setting to quantify the evolution of twisted exciton wave pakets in a many-body, multi-level

setting.

1 Department of Physics, Colorado School of Mines
2Primary researcher
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5.2 Introduction

The conversion of light into excitons allows information ath energy to be readily ma-
nipulated, transported, and re-emitted as photons[231, 2B This adds to a number of
other building blocks to create excitonic circuits for the tansfer of energy and information.
These include devices for storage [44, 45], manipulationing electrostatic elds[46, 47], gat-
ing architectures[14], excitonic transistors[48{50], taced-based exciton conveyors[51], and
environmentally-assisted directed-transfer devices[182].

In a temporally parallel but unrelated front of research, twsted light [17] has received a
great deal of attention because its orbital angular momenta (OAM) can serve as an extra
degree of freedom for carrying information. Current applations along these lines include
classical data transfer [19{22], quantum key distributiof23{25], quantum entanglement[26{
32], and quantum cloning[33]. Often referred to as photontopological charge (PTC) car-
riers [15], beams of twisted light with over 10,000 such anigm momentum quanta have
now been experimentally realized[18]. They can be genemtey a variety of means, such
as spatial light modulators[233, 234], spiral phase pla{@85], g-plates[204, 208, 236, 237],
homogeneous uniaxial birefringent crystals[205{207, 2389], molecular assemblies [15, 240]
and metasurfaces[209, 210, 241].

Intriguingly, it may be possible to combine the advantagesfa@onverting light to excitons
with the ability of light to hold information in the form of a t opological charge as shown
in Figure 5.1. Photons with angular momentum can be converteidito twisted excitonsin
a process that conserves topological charge [232]. Muléphbsorption events can be used
to create a wide range of excitonic topological charges (E)Cand subsequent emission
produces photons that exhibit this same range. This basic mwoept was explored for only
stand-alone molecules, though, leaving open the questidmdether or not traveling excitonic
wave packets can be generated on a chain of such moleculessolf such packets could be
manipulated in the same way as their generic counterparts thithe additional prospect of

changing the topological charge as well [231].
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This issue is explored in the present work. A combination oheory and computational
simulation is used to show that it is indeed possible to corrsict pulses of twisted light that
generate the desired twisted exciton packets. In fact, thgeed and footprint of these packets
can be tailored. It is also shown that the ETC (quasi-angulamomentum) of packets so
created can be subsequently changed using a second lightspulA tight-binding (TB) setting
is used to demonstrate how this works, and this is subsequbngeneralized to the more
realistic many-body, multi-energy-level setting o ered i Time-Domain Density Functional

Theory (TD-DFT).

Figure 5.1: A Twisted Exciton Wave Packet. The illustration shows a Gaussian excitonic
wave packet traveling down a chain of molecules wit; or C;, symmetry. Colors repre-
sent the evolving phase of the quantum amplitudes, here depd as a continuum although
discrete in practice.

5.3 Tight-Binding Paradigm

The key features of twisted exciton wave packets can be capdd in a simple tight-binding
formalism. A chain of L identical molecules, each with N armsre evenly spaced along either

a nite line or on a ring. The molecules are assumed to ha¥&, or Cy, symmetry, and each
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arm can support a ground state and one excited state. A semassical setting is adopted in
which external electric elds are taken to be classical anditernal Coulombic interactions are
expressed in terms of hopping coe cients. The enforcement periodic boundary conditions
make the setting particularly simple and facilitates an exaination of the spatially extended
eigenstates. This is later exchanged for a chain of nite Igth to investigate laser-induced
wave packets. In the absence of external light-matter intactions, the Hamiltonian is taken

to be

XX X X
'qo = A%j an + ( arm Cynj G + chain C?,'nj an + H:c) (5.1)

n=1 j=1 <i;j> <m;n>

Here is the excited state energy of each arm, 5, is the coupling between nearest arms of
a given molecule, ¢hain is the coupling between the neighboring arms on adjacent neglles,

and (ﬁj is the creation operator for armj on moleculen.
5.3.1 Eigenstates and Change of Topological Charge

In an extension of work associated with single molecules J18 is straightforward to

show that the ground state isj0i = thl Qszlj "0 while the N*L excited states are
(k) )4— )(\I ||8 1)%n|(_n 1)k
jvg'i = —P—=—&i; (5.2)
n=1 j=1 NL
. n _ {2 =N n _ {2 =L . s nj. 1; QL QN s mi: 0; .
with "y = e , "L = e cand jeyi = JUH T e gl i, The ETC, ¢, is

an integer ranging from—t(N + 1) to (N 1). The wave number, k, is the analogous
characterization of linear momentum down the chain, an ingger ranging from71(L +1)to

s(L  1). The corresponding energies are

2 2k
I\?e +2 chain COS T ; (53)

A hollow E will be used to distinguish exciton energy from electric e, E.
In all tight-binding calculations, a chain of 51 moleculessiconsidered for each molecule
has 7 arms. The speci c parameter choices, resulting exaitenergies, and an example eigen-

state are shown in Figure 5.2. Because of the coupling betwaanlecules, the extended elec-
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tronic structure is more complicated than simply a repeategersion single-molecule states.

Likewise, the energy manifold spreads into a set of bands feach topological charge.
5.3.2 Light-Matter Interactions and Topological Charge Algebra

Now introduce semi-classical light-matter coupling via twélamiltonians: H, that governs
light-mediated interactions between the ground state andaeh molecular eigenstate, whilél,
governs the analogous laser interactions that can causernsitions between eigenstates. The
angular momentum of incident electric elds may be manifest as a circular polarization, a
vector vortex, or linear polarization with a scalar vortexbut we restrict attention to the rst
two types. An electric dipole approximation is made, and theidcrete rotational symmetry
ensures that a rotation of the molecule about its axis by 2N maps one dipole into the next.
It is assumed that the wavelength of the laser is much largeh&n the length of the system
so that its spatial dependence can be dropped. Under these ditions, the details of electric
eld structure and dipole orientations are irrelevant, andthe light-matter interactions are
well-captured by the following Hamiltonians, which are funitons of the topological charge
of the incident light, ¢, and the phase factork, that represents that phase shift between

neighboring molecules:

XX .
Mg kp) = oE n PO D e Dey e+ Hic:
n=1 j=1
XX .
. - " 1
qu(qO’kp) - am E qu(J )Cyn;mod(j:N )+l Crj (5.4)
n=1 j=1
X X w kp(n 1) .
arm E L Crnod(n;L)+1 i Gy + Hc (5.5)
n=1 j=1

The mod(; N) function returns its argument moduloN and use has been made of the fact

that " %MmodiN) 1 = v &l 1 The scalars, ,E, ,,E, and E represent the inner

chain

product of electric transition dipole moments with a time-@pendent electric eld.
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Figure 5.2: Exciton Energies and Example EigenstatdJpper panel shows exciton energies
for 51-site chain of 7-arm molecules. Herg,, = 0:75 and e = 0:1. Colors represent
the phase of the quantum amplitudes.
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The total Hamiltonian, F (g kp) = Fo+ Hi(ap; kp) + Fa(tp; kp), is then applied to the
Schmdinger equation with solutions assumed to be of therfo

XX
P (B = Ao(t)j0i + ISTOICHE (5.6)

n=1 j=1

This results in a set of N L)+ 1 coupled ODE's that can be solved numerically for a
prescribed electric eld and initial state. The evolving shte can then be projected onto each

excitonic eigenstate to determine the population of eachganstate as a function of time:

K . N X w(i Den(n Dk 2
Q) = jh( t);v(oe; K)ij? = Ay (t)N_pﬁ : 5.7)
n=1

We have previously shown, in a single-molecule setting, theopological is conserved in
light-matter interactions [232]. Although the current seting is more complex, the conser-
vation proof goes through exactly as before. Three examplase now given to show how

topological charge can be modi ed.
5.3.2.1 Transfer of Topological Charge to Chain

A laser can be used to change the excitonic topological chargf the molecular chain.
In the simplest case, the chain can be raised from its grounthte to have a charge ¢ by
illuminating all molecules with a photonic vortex with chage 2. This is illustrated in the
top panel of Figure 5.3.

Photonic charges can also be combined, as shown in the bottpanel of the same gure.
A continuous wave (CW) laser of frequency, = Ej.«, Ei.k, IS applied betweert = 100 =
andt = 8000 =~. In both examples, the wave number is a conserved quantityubthe idea

is not to use lasers to change the wave number in any case.
5.3.2.2 Changing the Topological Charge of a Traveling Wave Packet

As a step towards considering wavepackets on a nite chain, e¢ir evolution is rst an-
alyzed on the periodic ring. This provides the input data regjired to design laser pulses to

generate such packets on the nite chain, and it is also an idesetting to show how the
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Figure 5.3: Change of Topological Charge of ChainJpper panel shows the charge transfer
reaction: GS + 2, = 2.. Bottom panel show the charge addition dynamics associatedth
2+( L)=1.
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angular momentum of the packet can be changed while it trawel Gaussian wave packets
with a prescribed topological chargegy: , and central longitudinal wavenumber k,, have
the following form:

o 1 X ST .
j0)i= m e tkol g~ "4 D jvad : (5.8)
4 n,]

Here controls the axial length of the packetjo denotes the position of the packet center,
and the length unit is the lattice spacinga. As shown, in the top panel of Figure Figure 5.4,
this Gaussian packet subsequently moves to the right with argup velocity of v(ky) =

2 chain SiN(Ko).

The entire system is subsequently illuminated with a windoad CW laser of with a PTC
of 1,. The vertical dashed lines in Figure 5.4 indicated the on and times. As a result, the
longitudinal wavenumbers comprising the packet are unchged but the topological charges
of each transition fromETC =2 to ETC = 1. Topological charge is conserved, as usual,

but now for a traveling wavepacket.
5.3.3 Laser-Induced Wave Packet Carrying Angular Momentum

In a previous work [231], we showed how to construct laser pab so as to generate
excitonic wave packets with tunable footprints and speedsThe idea can be extended to
twisted exciton packets as well as detailed in the appendixThis allows beams of light
to transfer their topological charge to traveling excitorg packets. This methodology was
applied to a nite chain of 50 molecules, each with 3 arms. Thiaser pulse with a photonic
charge of } is incident on the chain, initially in its ground state.

The evolving wave packet is shown in Figure 5.5. The exciton polations on each arm of
a molecule have been summed to produce these results, anditlear that the twisted laser
pulse has successfully generated an exciton wave packettth@oves at the desired speed.
The topological charge of this packet can also be estimated #llows. At a given time and
for a particular molecule, the phases of each arm can be usesliaput to determine the

best t to a rigid rotation of the associated eigenstatey(1le). This can be carried out for all
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Figure 5.4: Change of Topological Charge of ChairlJpper panel shows initial wave packet 51-
site chain of 7-arm molecules with central wave number &f= 13. A CW laser ( 1,) is used
to change the topological charge of the packet as it moves adpthe ring of molecules. The
red curves are each associated with a particular longitucihwave number k, and collectively
comprise the components of the packet witleTC = 2 (red) and those associated with a
ETC =1 (blue). Parameters: ;m = 0:75 and e = 0:1. The units of all k-values
are 2=(La) where a is the longitudinal spacing between molecules ard is the number of
molecules.
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molecules and all times to produce a map showing how the phaselves as a function of
time. Two implementations, for di ering value of the arm moblity, . of this are shown
in Figure 5.6.

In each case, the period for a phase cycle can be calculatechaked site:
Teycle = 2 = Egx (5.9)
where Eq .« is the eigenvalue given by Equation 5.3. Herg = 1 and k = 13 implying that
Teycle = 25:1 =~for =0:75. For comparison, Teyge = 6:28 =~for =0.

In addition, the slope of the lines of constant phase can begqaticted analytically and

compared with the computational results:

(5.10)

Visophase =
Te
ycle

where =2 =k is the wavelength of the central frequency of the wave packethis velocity
is plotted (solid black) for both panels of Figure 5.6. This,@mbined with the good match in
the phase cyclesT¢,qe, makes it clear that the laser pulse has generated wave patskéhat

exhibit and preserve the intended topological charge.
5.4 Twisted Exciton Transfer with Time-Domain Density Functional The ory

The more sophisticated Real-Time Time-Domain Density Furtional Theory (RT-TD-
DFT) [98] allows the full consideration of inter- and intra-#e electron interactions and
eliminates the single level approximation of each site with the TB model. And comparing
with the ground state Density Functional Theory (DFT), RT-TD -DFT captures the electron
dynamics due to the time-varying external potential. So acrate and reliable laser-induced
exciton generation and transfer are available from RT-TD-BT simulations, which are car-
ried out using the computational package OCTOPUS [121].

The simulation box is constructed by adding spheres createatound each atom with
radius 567 Bohr. Spacing is set to be:Q84 Bohr. The generalized gradient approximation

(GGA) parametrized by Perdew, Burke, and Ernzerhof (PBE)[12] exchange-correlation
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Figure 5.5: Evolution of Traveling Exciton Wave Packet. Time slices for total exciton
population of each molecule on 50-site chain. Blue curve st®original packet on periodic
ring of sites, while overlaid red curve is that generated by @visted laser pulse at left end of
a nite chain. The result is a purple shade where the two curgeoverlap. =0:75.

98



Figure 5.6: Phase Maps for Traveling Exciton Wave PacketTop panel: = 0. Bottom
panel: = 0:75. The thick black lines are from the theoretical predictions of Equations
5.9 and 5.10.
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potential and Troullier Martins pseudopotential in SIESTAformat are used. The simulation
time step is set to be @27 au. The systems used in this study are 2-site and 20-siteacial
3-arm H, molecular system with 1@ Bohr separation between neighbor sites. As shown in
Figure Figure 5.7, a single site has radius &. EachH, has a bond length of 40 Bohr.

The purpose of this research is to demonstrate the idea of sted exciton transfer car-
rying information of topological charge absorbed from phohs. So the electron-phonon
entanglement is not the consideration here and all the follong simulations are carried out
with nuclei frozen. A 20-site 3-armH, system as shown in Figure Figure 5.7 is used to
show the transfer of twisted exciton. Since the wave lengtH the laser eld is much larger
than the dimension of the system, the following light-matteinteraction is assumed in our

RT-TD-DFT simulations,
Hiaser = ©€f EF (t)e"!; (5.11)

in which e is the elementary chargeE is the circularly polarized laser eld andF (t) is the
Gaussian envelope, é' ©°22*  Circularly polarized light can be mathematically decom-

posed into a combination of radial and azimuthal vector vortes[223]:
E=Eoea {g§)=Eei(e fe) (5.12)

wheref ;g gandf ;e gare the basis vectors in Cartesian and polar representati®nSince
there is only a radial transition dipole polarization of edt H, arm, only the radial vector
vortex componentEqe { € can be absorbed. Therefore, the circularly polarized lasefith
spin ~ is equivalent to the radial vector vortex with orbital angubr momentum ~. As
shown in Figure Figure 5.7, an exciton is generated by a lasertlwspin 1 applied on rst site
and subsequently transferred along the chain. The electr@nd hole density are considered
as the attachment and detachment density [156].

Because of the complexity of the system, 88, molecules, it is computationally inhibited
to track the phase of each arm as a function of time. However, tmn a 2-site 3-armH,

molecular system, the thorough analysis of topological due transfer is available. The
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Figure 5.7: Visualization of Twisted Exciton Transfer on 20-site 3-armH, System. (a)

The rst site of a 20-site 3-arm chain got excited by a spin las with propagation direc-
tion along the chain. (b) Isosurface visualization of eleain (green) and hole (red) density
(0.005-Bohr®). Envelop parameters areft, = 408; = 81:6;! = 0:390E, = 0:00% in

atomic units.
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2-site 3-armH, molecular system withR = 3:78 Bohr andR = 1:89 Bohr are considered.
Figure Figure 5.8 is theR = 3:78 Bohr case, in which the steep increase of the blue curve
of panels (a) and (b) at the initial time indicates the proces of photoexcitation. More
speci cally, a twisted exciton with ETC = 1 is generated on the rst site where a circularly
polarized light with PTC = 1 is applied. The green curve indicates the population of tisted
exciton with ET C = 1 on the other site. And the purple curves are the populationfdwisted
exciton with ETC = 1 on both sites, of which the zero value con rms that the topaolgical
charge is conserved during excitation and transfer. Detailof the methodology for getting
population of twisted exciton on each site can be found in thi®llowing Methods section.

Figure Figure 5.8 (a) shows a clear Rabi oscillation betweendvsites, but its population
is small. In order to get a large population, the natural thoght is to use a stronger laser.
However, as shown in panel (b) of Figure Figure 5.8, no obvious IRaoscillation can be
observed. To understand what is going on, the energy maniflobf this 2-site 3-armH,
molecular system and the population of each eigenstate arean in Figure Figure 5.8 (c)
and (d). The blue dots are the eigenstates calculated fronmér-response TD-DFT with same
parameters as RT-TD-DFT simulations imposed. These eigemsés can be divided into four
degenerate groups according to their eigenvalues. Eachgpaorresponds to a di erent ETC
space, which is denoted in the gure. The red squares are themrmalized and time-averaged
populations of eigenstates. What we nd is that, because themb go = 1 groups have a
very small energy gap and when a stronger laser pulse is apgli the eigenstates in both
groups will be involved to construct the twisted exciton wih ETC = 1 which destroys the
Rabi oscillation.

So we can expect that systems with large energy gap among gvslare able to generate
clear twisted exciton Rabi oscillation with large populatbns. For the purpose of veri cation
of the idea, the 2-site 3-armH, molecular system withR = 1 is investigated as shown in
Figure Figure 5.9. Panel (c) and (d) of Figure Figure 5.9 shows a riu larger energy gap

between groups with same ETC. And indeed, a stronger laser ¢sato larger population as
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Figure 5.8: Twisted Exciton Transfer in a 2-site, 3-armH, System withR = 3:78 Bohr. (a)
and (b): a spin 1 laser pulse is applied on one site and a twidtexciton with ETC =1 is
generated on that site (blue dots). The population oETC = 1 on second site is denoted
by green triangles. And the population oETC = 1 on both sites is in purple. (c) and
(d) are the corresponding energy manifold and populationsf @igenstates of (a) and (b)
respectively. Envelop parameters arét, = 408; = 81:6;! = 0:39QE, = 0:00 and
fto=408; =81:6;! =0:390 Eq = 0:010y in atomic units, respectively.
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shown in Figure Figure 5.9 (b). Only the populations of the grqu with lowest energy are

nonzero for both cases of weak and strong laser.
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Figure 5.9: Twisted Exciton Transfer in a 2-site, 3-armH, System withR = 1:89 Bohr. (a)
and (b): a spin 1 laser pulse is applied on one site and a twidtexciton with ETC =1 is
generated on that site (blue dots). The population oETC = 1 on second site is denoted
by green triangles. And the population oETC = 1 on both sites is in purple. (c) and
(d) are the corresponding energy manifold and populationd eigenstates of (a) and (b)
respectively. Envelop parameters arét, = 408; = 54:4;! = 0:375E, = 0:005 and
fto=408; =54:4;! =0:375Ey =0:010g in atomic units, respectively.

5.5 Conclusions

Molecules without axial symmetry with respect to the propagtion direction, such as
linear geometries oriented along a radial line, can absortape wave light that is of the correct
energy. One-dimensional arrangements of such moleculelafos) can then be induced to
carry excitonic wave packets generated by pulses of planewss[231]. The central wave

number of the light determines the rate at which such packetsill move down the chain.
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If light is given additional structure in the form of an optical vortex, the point group of
the molecule determines whether the light can be absorbedroi the perspective of angular
momentum, this implies that the topological charge of the djht must match that of the
excitonic state created by absorption. The twisted excitanof chains of such molecules are
delocalized along the chain. For a xed excitonic topologét charge, though, there exist
as many eigenstates as there are molecules. This impliestthnave packets with a well-
de ned angular momentum can be constructed from a linear cdsmation of these modes.
An algorithm has been derived that shows how to used optical #ex pulses to create such
twisted exciton wave packets. The methodology also showswhto use stimulated emission
to transform the packet back into optical form.

These packets move with a speed determined by a dispersiotaten|i.e. the group
velocity associated with the molecular system. In principl this speed can be freely adjusted
with the central frequency of the optical pulse. This seemslgusible because the angular
momentum and frequency of the light are independent degreesfreedom. However, the two
are constrained in excitonic form. Speci cally, moleculaexcitons of a given energy have a
unique magnitude of topological charge, and the angular m@ntum of light must account
for this relationship in order to be absorbed. Since this aislinks photon wave number to
exciton angular momentum, it implies that wave packets withdistinct topological charges
will travel at di erent speeds. The sign of the optical topobgical charge is transferred directly
to the chain of course.

Direct simulations have been used to demonstrate how twistexciton wave packets can
be created. Signi cantly, their topological charge can atsbe changed while they propagate
using a second laser. The molecular system thus serves ashbetconduit and a controlled
environment in which to manipulate photonic information arml energy.

A simple Tight-Binding setting was used to elucidate the bas ideas of twisted exciton
dynamics on a chain. More sophisticated Time-Domain Densifunctional Theory, without

many of the idealizations inherent in the simpler paradigmyas then used to elicit essentially
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the same results. The multi-electron nature of TD-DFT wave faction makes the extraction
of topological charge information extremely di cult. The direct examination of topological
charge from the time-propagated wave function of N-site 34ar H, molecular systems with
N larger than 3 is computationally inhibited. But the thorough examination of 2-site 3-arm
H, molecular system is not a problem at all.

The TD-DFT simulations clearly show a twisted exciton wave peket being transported
down the 20-site 3-armH, molecular system. The analysis of the topological chargefam-
mation in a 2-site 3-armH;, molecular system clearly shows the conservation of topoioal
charge during photon absorption and exciton transfer. Fuhter more, the results indicate
that the systems with larger energy gap between eigenstateogps are required to generate
e cient twisted exciton transfer. This opens the door for the prospect of using twisted ex-
citon packets to absorb, carry, manipulate and re-emit infonation and energy from and to

photons.
5.6 Methods

The time evolving, many-body Schredinger equation is cashto an approximate, com-

putationally tractable form via a standard Kohn-Sham refomulation:

h
@ 1 . :
I@ti(r’t) - é 2+ iext(rst)+ Hartree[](rit)
+ [ I(nt) i(nt) (5.13)
X
nty = 2 ji(nt* (5.14)

i

Here o is the external potential which, in our case, includes the pential from nuclei

and an extra laser eld potential, qayee IS the Hartree potential which depends on electron

density, and . is the exchange-correlation potential which also has a depkence on electron

density. Equation 5.14 is the spin-reduced electron dengiand 2N is the electron number.
The time-propagated KS orbitals aref (t)g with i = 1; ;N, and these can each

be expanded in the basis of the ground state KS orbitals ; = (t = 0)g. Then the
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time-propagated multi-electron wave function can be expaed as[97]

() = Ja1t) 2() NI
X

Ci 1] 1 (5.15)
igjs &l

with the multi-electron coe cients Cj | = cyi(t)cy(t)  cni(t), wherecmn (t) = h nj m(t)i.

The coe cients of each determinant . are straightforward to obtain:
d)y=h Li(ti: (5.16)

Here | =j 4 i ni means one electron is excited from tha" occupied KS orbital

to the i™ unoccupied KS orbital.
5.6.1 Population of twisted exciton state of single site

As an example of the application of this methodology, considéhe absorption of a laser
pulse with spin 1 by a 3-armH, molecular system. The right side of Equation 5.15 will be

an excited state withETC = 1. This is a linear combination off i andj 3i,
G 2+ M) 5i=j ugt) 2 (1) 3 4 (5.17)
The ground state is symmetric on all arms and therefore its ET is 0. The di erence between
the right side of Equation 5.17 and the ground state determant is that KS orbitals , and
3 are replaced byci(t) » c(t) 3 and 4. The implication is that it is this replacement
that is the origin of the observed time variation in the quantim amplitude phase of each arm
and, therefore, the computational realization of a non-zerETC. However the KS orbital 4
is symmetric on all arms, which means it actually only3(t) » c(t) 3 that is responsible

for the ETC. We can therefore expandg(t) . c3(t) 3 in the basis offj gig and take the

following projection to get population ofETC = 1 states:

2jvijcs(t) 2 () ij?
2jhv ajcg(t) 2 (1) &ij? (5.18)

I:)ETC =1

I:)ETC= 1
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in which jv i is the excited state withETC = 1 from Equation 5.2 and the factor 2

accounts for the fact that spin can be either up or down.
5.6.2 Twisted exciton transfer between two sites

Consider the absorption of a laser pulse with spin 1 by rst & of 2-site 3-armH,
molecular system withR = 3:78 Bohr. The right side of Equation 5.15 will be an excited

state with ET C = 1. With only dominate determinants considered, this is showto be

+
I+ & (5.19)

Equation 5.19 can be simpli ed to show clear exciton transpbbetween two sites. As shown

in Figure Figure 5.10, the KS orbitals can be decomposed intohitals on two sites,

w
1

o
1
SIS
~
WP
w
N
o
Il
Sl il ile
~
AR
D
N—r

( 3+ 2; (5.20)

where the superscripts 1 and 2 denote the orbitals on rst ansecond site respectively.
Substituting Equation 5.20 into Equation 5.19 and applyingthe fact that cf = &,
c;= &, c= Sandc,= &, the time propagated multi-electron wave function can be

simpli ed as

(1

Mty 3G+ 55 A (5.21)
'(t) 2

@) 3 ‘M=(g+) i (G+c) s

I
N .,
SN N
1)
N

Equation 5.21 has a clear physical meaning with its rst andexond term as exciton state
on site 1 and 2 respectively. To understand this better, we ad to simplify ground state in
the same way,

qi (5.22)

wnN

—_ ._.11
gs= ) 123456 =] 33
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Figure 5.10: KS Orbitals Visualization of 2-site, 3-armH, System. Positive and negative
values are denoted by red and green respectively.

109



Figure 5.11: Energy Alignment of Ground and Excited StatesUpper panel shows energy
alignment of ground state, Equation 5.22, with the left diagam forj ; , 3 4 5 ¢ andright
diagram forj % % 2 2i. Lower panel shows energy alignment of excited state, Eqimt 5.21,
with left diagram for j 1 %(t) 2 Zi and right diagram forj 1 1 2 2(t)i.

In the nal expression of Equation 5.21 and 5.22 the KS orbita ; and , are not shown
since they are not involved in the excitation. The physical maning of Equation 5.22 is
clearly demonstrated in Figure Figure 5.11, in which 4 electng seating in 4 KS orbitals
of the whole system can also be viewed as 4 electrons seatim@ iorbitals of site 1 and 2
orbitals of site 2. As we know, the ground state must have zeropological chargeET C = 0.
Comparing Equation 5.22 with the rst term of Equation 5.21,we found the only di erence
is fand }arereplaced by :and %(t). The orbital %has no phase di erence among three
arms and therefore zero topological charge contribution.oShat (t) must be responsible

for any nonzero topological charge on site 1. And for the sameasoning, 2(t) must be
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responsible for any nonzero topological charge on site 2. Uadgjon 5.18 can be used to nd

populations of ETC states of each site.
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5.8 Appendix

First consider a periodic ring system ol identical molecules, each withN identical
arms. Each arm is assumed to support a ground state and one ie@d state so that any
dynamical process can be represented as a linear combinatiof such states with time-
varying coe cients. The Schredinger equation can be then gxessed as a set dil L
coupled ordinary di erential equations for the quantum amfitudes of each arm on each

molecule,up; :
i"'lin;j = un;j * am Un;j +1Ft am un;j 1t chain Un+1 i *+  chain Un l;j: (5-23)

Here the subscriptn andj denotes the molecule number and the arm number respectively
An analogous set of equations for a nite (non-periodic) chaiof L identical molecules
with N arms for each can also be constructed. As justi ed previou$BB81], assume that only
the rst molecule can be excited via interaction of its trangion dipole ~y with an external
circularly polarized or vector vortex eld. The arm amplitudes,a,; (t), then evolve according

to the following equations:

i~0p; = oE"®l Doy

i"'(:'ll:j = O(E" %( 1)) Go;j + Oh;j T am Ch;j 1t am Ou;j+1 *+  chain Cb;j

i~Chj = Ghj * amOj+1 * amOyj 1+ chanChe1j + chanCh 1j; 1<j<N; 1<n<L
i~q; = O ¥ amOyj+1t amQy 1+ chanQ 15- (5.24)
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The phase factor is' = €N | and the ground state occupation is given by
o = h 9% (vi: (5.25)
A comparison of Eqgs. 5.23 and 5.24 suggests that the excitopndmics of the ring system

can be elicited on the nite chain provided functionsg; (t) and E(t) are chosen so as to

satisfy the following conditions:

i~ = oE"*0 Duy
O(E" Qe (] 1)) Qj = chain UL;j (526)
Multiplication of the rst equation by q,; gives
...qJ;j Cb,] =iE" Ge(]j 1)Q1;j Cb,j : (527)

Summation of Eq. 5.27 and its complex generates

0§ = 2 chain IM(Ur; Uygy); (5.28)

with o (t) = O ; and o;(t = 0) = 1 as the initial condition. Then Eq. 5.28 can be

integrated to give
2 chai Z
o ()=1 == duim(uy (ta)uy (ta)): (5.29)
0

The ground state amplitude can be written as
o (1) = Aj (e 11 (5.30)
Substitute Eqg. 5.30 into rst expression of Eq. 5.26 and muiply by A;(t) to obtain
i~(AjA; +IAT )= chain Uy Uy (5.31)

This can be simpli ed by noting that A;A; = %_o;j and using Eq. 5.28 so that

L) = ERe(uy uy): (5.32)
0
With the intitial condition of ' ;(t = 0) = 0, we therefore have
- Zy
)= T dty o (t)Re(uy (ta)us (t): (5.33)
0
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The ground state amplitude, Eg. 5.30, is completely determed. This is only an intermediate
step towards the real goal of constructing an appropriate $&r pulse though. We therefore
substitute this expression into second expression of Eq26.and takej = 1 to get the laser

pulse

E(t) - IDchain l'IL; 1(t) .
o ox(the "1

Note that the form of the above electric eld is unphysical sioe it is complex valued.

(5.34)

As previously discovered though[231fjuantum interference evanescend®IE) implies that
the the following real-valued substitute gives an excelleapproximation to the desired wave

packet:

chain uL; 1(t)

oG (D (5.35)

Ephys(t) = 2Re
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CHAPTER 6
DESIGNING SMALL SILICON QUANTUM DOTS WITH LOW REORGANIZATION
ENERGY

Adapted from a paper published in
Physical Review B167]

Xiaoning Zand**®, and Mark T. Lusk!#416
6.1 Abstract

A rst principles, excited state analysis is carried out to dentify ways of producing
silicon quantum dots with low excitonic reorganization errgy. These focus on the general
strategy of either reducing or constraining exciton-phomo coupling, and four approaches
are explored. The results can be implemented in quantum doblgds to mitigate polaronic
e ects and increase the lifetime of coherent excitonic sugmsitions. It is demonstrated that
such designs can also be used to alter the shape of the spéaemsity for reorganization so
as to reduce the rates of both decoherence and dissipationhelresults suggest that it may

be possible to design quantum dot solids that support partilg coherent exciton transport.
6.2 Introduction

Recent progress in understanding the electronic wave fummts of colloidal semiconductor
guantum dots (QDs) has led to an ability to synthesize isolad, quantum con ned building
blocks with a variety of tailored optical properties. Quanim dots composed of silicon
(SiQDs) seem particularly promising going forward for manpiomedical, display, computing
and solar energy applications. This is because they are elwimentally benign, resource

plentiful and bene t from decades of industrial know-how. B)Ds have been shown to carry

Y Department of Physics, Colorado School of Mines
SPrimary researcher
16 Author for correspondence
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out multiple-exciton generation (MEG), [66{68] e ciently transport excitons,[69] have higher
coupling for same surface-to-surface separation,[69] &nexe of defects[70] and resist oxidation
better[71]; SiQDs encapsulated within an inorganic amorplus matrix[72{74] and within an
organic polymer blend[75{82] for photovoltaic applicatio has been studied.

For many applications, such as light emission,[242] opticeomputing,[243], and biomed-
ical imaging, sensing and treatments,[244{246] carrieransport is not a primary concern.
Within the solar energy arena, though, quantum dots solids ee to exhibit e cient carrier
dynamics.[66{68, 247{252] Transport of energy and chargemow a central issue in realizing
the mesoscopic potential of quantum dot solids. This is a tidgal bottleneck because charge
and exciton transport tend to proceed via low mobility, incberent hopping associated with
polaronic trapping and weak electronic coupling.

For quantum dot solids in which excitons readily dissociat@ number of promising strate-
gies seek to improve charge transport by focusing on propies such as translational symme-
try, electronic overlap, matrix encapsulation, and crystéine orientation. Dynamics within
materials composed of small SiQDs, though, tend to be domied by the motion of excitons
though. While quantum con nement in SiQDs o ers bene ts, sub as a pseudo-direct gap
and high emission cross section, it also results in a low dietric constant. This implies
low screening and a high excitonic binding energy so that @&ssblies of SIQDs support ex-
citons with a Frenkel character. Their dissociation is su gently problematic to motivate a
consideration of ways in which the excitons themselves cae bsed to e ciently conduct en-
ergy. This is reminiscent of exciton transport that is e ciently carried out in photosynthetic
complexes, o ering either biomimetic or bio-inspired solion strategies.

In an ideal assembly of such dots, photon absorption resultsa coherent superposition of
Frenkel excitons that will subsequently exhibit ballistictravel through the quantum dot solid.
In reality, though, such coherence and the associated wakeltransport is rapidly lost. This
is because the photoexcitation of a quantum dot shifts its edibrium geometry and the dot

shape will reorganize into a new con guration, as shown in Rige 6.1. The energy change
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associated with such a relaxation is a measure of excitongston entanglement known as the
reorganization energy, . Such exciton-photon entanglement destroys the quantum pke
coherence among the excitonic superposition, and transpoeduces to a di usive random

walk of excitonic states with a statistical distribution of occupation probabilities.

Ground State Excited State

1 nm 1nm

Figure 6.1: Reorganization following QD excitation for 3§Hze. Ground state structure (left)

relaxes into a new structure (right) when promoted into one foits degenerate rst excited

singlet states. As a result, the dot contracts along the veral axis. The displacement is
magni ed 5 times in order to make this distortion clear.

In the absence of any structural disorder, this reduction tali usive motion results in
a slower rate of excitonic transport. The coherent wave paek though, can quickly be-
come trapped in naturally occurring disordered regions[9o that the reduction to di usive
transport may improve the overall transport rate in realistc QD solids.

Intriguingly, it may be possible to combine the best of bothransport regimes so that
a superposition of Frenkel excitons moves in partially coherent manner. Inspiration for
such a goal comes from photosynthetic complexes[61, 62] vetre proteins and pigments are
exquisitely structured so the rate of phonon entanglemens islow and the hopping transport
is high{prerequisites for exciton transport with a degreefovave-like character[53, 253{256].
At issue is whether or not such a balance can be achieved in Qdlids.

First consider the Hamiltonian of an isolated quantum dot, rdsicted to be in either its
ground state, referenced to zero energy, or rst excited sjfet state with energy,"o. If Q is

the dimensional (length P mass) amplitude operator of vibrational mode with associated
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momentum operatorP , their non-dimensional counterparts are given byg = Q * and

p = pL-P . The Hamiltonian is then
~1 X

X ~1
RO =" — a0t (0 &) (6.)
whered\is the fermionic exciton annihilation operator and the eqlibrium amplitude operator
of each vibrational mode isgg*. This can be re-grouped and simpli ed, using the bosonic
phonon annihilation operator,‘b =y +ip ):IO 2, into components associated with excitonic
site energy, Hx, phonon energy,lqph, reorganization energy,lqreorg, and exciton-photon

coupling energy,Fy-pn:

P ) = |qx + quh + |qreorg + Iqx-ph (6.2)
where
Hy = "oV
X 1
A=~ BB+ 3 (6.3)
1 X
P reorg = > ~ ¢ e (6.4)

X
P x-pn = pl—écve ~ 6 ®+D)

The reorganization energy (Figure 6.2) in the position basis therefore given by =

P
% ~ ¢ . Huang-Rhys factors are obtained by dividing its spectrallyesolved
components, , by ~! . This additive decomposition lends itself to a continuum dgription

of the exciton-phonon coupling as a smooth function of vibtianal frequency,
X

J(')=2 ~! (R (6.5)
known as thespectral densityfunction. A broadened version of this function is approximad

as a superposition of shifted Drude-Lorentz distributiong86, 257]

x
0= .2+2(!

i=1

i)2; (6.6)
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Figure 6.2: (Left) Vertical excitation to an excited state maifold, due to photon absorp-
tion, is followed by reorganization of the nuclei. The ovetldisplacement can be spectrally
resolved into that of individual phonon mode amplitudesq . The excited state manifold
is assumed to be a displaced version of its ground state coemart.(Right) Excited state
surfaces depend on spin state as depicted for the pair of ddis comprising an exciton.

where ; and ; characterize the width and shift of thei!" Drude-Lorentz peak respectively.
The rate at which structural reorganization occurs followig excitation can, in large measure,
be anticipated by identifying two features of this distribdion. This will be considered after
constructing a Hamiltonian that allows for exciton transpot through an assembly of quantum
dots.

As a computational expedient, each dot within an assembly cdme treated as a lattice

site, n, within discrete meso-scale Hamiltonian with a subscrip8p, 84]

X X
H=" R+ a6 (6.7)

n mén

HereJn, is the coupling between thanth and nth sites. The character of exciton transport
can be then delineated by the size of these coupling paranrsteelative to the associated
reorganization energies. Suppose all of the dots and and itheouplings to be identical
so that the assembly is characterized by single and J values. Then J leads to
the the coherent transport dynamics of the Red eld equatidi85, 90] and J results in
the incoherent, hopping transport of the Ferster equation§7, 88]. The intermediate case,
wherein J, is the regime of partially coherent transport of interest fre.[90]

There exist two primary design challenges in creating quamin dots assemblies that

exhibit partially coherent transport. The rst is to reduce the reorganization energy, , as
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much as possible, taken on in the present investigation. Thikesign of bridge assemblies with
su ciently high excitonic coupling, J, will be the subject of a future work.

The reorganization energy of quantum dots can be reduced biher disrupting or con-
straining the exciton-phonon interaction because this meates the structural response to
electronic excitation. Each idea is explored with two distict approaches intended to demon-
strate how such mitigation can be designed into quantum dob#ds with the aim of enabling
partially coherent transport.

It is not su cient to simply reduce the reorganization energy, though, as the shape
of the spectral density,J, has a strong in uence on the rate,R, at which the excitonic
superposition loses phase coherence. This can be elucidatg considering a SiQD dimer,
[257, 258] for which this decoherence rate can be expressedam of a pure dephasindiy,

and a relaxation, R;:

R = R+ Ry
R, (23)?S(b)=(2t7) (6.8)
Ry = "?S(0)=(2v); (6.9)

Heret? = "2+(2J)2, " isthe energy di erence between two SIQDS(! ) = J(! )coth(~!= (2kg T))
is the thermally weighted spectral density, andkg is Boltzmann's constant. The dephasing
expression determines the rate of decay of o -diagonal elents of the density operator after
tracing over all of the phonon states. In contrast, the relaation expression corresponds to
the population transfer between eigenstates of the relevasystem that are accompanied by
energy dissipation into the phonon reservoir.

If the two QDs are identical in this dimer system the pure depdising rate Eq. 6.9 would
be zero since” = 0 so that the decoherence rate is determined solely by thelagation
rate of Eq. 6.8. Within this setting, the rate of decoherencesiproportional to the spectral
density at a vibrational energy equal to the excitonic coupig, J. It is therefore important

to suppress, as much as possible, the spectral density fobrations in this range.
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For nonzero ", on the other hand, the decoherence rate is the sum of rate E§.9 and
Eq. 6.8. In that case, the pure dephasing rate is proportioh#o the slope of the spectral
density.[257] This implies that a spectral density with a darth of exciton-phonon coupling
at the low-energy end of the vibrational spectrum will restillin a at character there and
a small slope at the origin. Both of these key characterisscof the spectral density are

illustrated in Figure 6.3.

Small slope in Small value in
low-frequency near electronic
regime coupll?g energy, J

Spectral Density

Vibrational Energ

Figure 6.3: Schematic of optimized shape of spectral densidy in which there exists a small
slope for low-energy vibrations and small reorganizatiomergies for vibrational modes in the
vicinity of the dot-to-dot electronic coupling,J. Along with a low reorganization energy, ,
high electronic coupling,J, spectral densities with this character will lead to longelifetimes
for excitonic superpositions.

6.3 Computational Approach

All ground state structures were optimized using density fustional theory (DFT) as
implemented in DMOL.[259] An all-electron approach was useslith exchange and correla-
tion e ects accounted for by the generalized gradient appximation (GGA) parameterized
by Perdew, Burke and Ernzerhof (PBE)[122] for SiQDs and hylt B3LYP[260] for organic
molecules. A real-space, double numeric plus polarizatiopNP) basis was used along with
an octopole expansion specify the maximum angular momentufanction. Optimization
was deemed converged when the energy di erence between sgsive con gurations was less
than 2 10 Ha and the maximum force on any atom was less than 410 3Ha=A.

While TDDFT and CI are able to calculate the lowest excitation tate and perform

geometry relaxation to its equilibrium geometry, these arémpractical for large systems
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since they are too expensive. Instead, a SCF method was engyled because it is no more
computationally expensive than a small set of ground stateAX calculations. The method is
based, in fact, on DFT in which an iterative procedure is usedtobtain a set of Kohn-Sham

orbitals:
Z
52 (r9  Ex

The electron density is the trace of the density operator, ostructed using the rst N

occupied kets:
X
A= j iith ij; =Tr(™); (6.11)
i=1

In standard SCF,[93, 94] a second iterative analysis is cared out but with the electron
density operator, 4 now constructed using the lowesN -1 orbitals and the (N+1)™ orbital.
With this change () imposed on the structure of the density, slf-consistent eld (SCF)
iteration is then carried out on Eq. 6.10 as usual, hence theame SCF. Both accuracy
and the rate of convergence can be improved, though, by perfong this SCF iteration
using a density operator comprised of the lowesti -1 orbitals and a linear combination
of unoccupied orbitals.[95, 96] This is especially impoma when there is degeneracy at
or near the HOMO or LUMO. Our highly symmetric quantum dots typically exhibit such

degeneracies, so we usepl Ndeg degj Ngeg | @S theN™ and (N+1)™ Kohn-Sham orbital,

n
where Ngeq is the degeneracy of corresponding state. Carrying out ition process of Eq.
(6.10) with this modi ed density results in the Franck-Condn excitation energy, point A in
the left panel of Figure 6.2. To calculate the reorganizatioanergy, a geometry optimization
was subsequently performed to obtain point B in the left panef Figure 6.2.

This approach does not address the excited state spin, thdygwvhich must be antisym-
metric (singlet), and some care must be taken to estimate thiproperly. We rst assume
that all N orbitals are spin restricted so that the promotion of a Kohrsham particle from

orbital N to orbital N+1 implies that the spin state is determined by particles in titals

N-1 andN+1. These two orbitals can then be used to construct the regsiie singlet wave
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function:
. 1 .
j ol = p—é(J #O#E ) (6.12)

As is typical in electronic structure codes, though, it is nopossible to assign such a su-

perposition of spin pairs directly. However, the excited sgiet state can also be written

as

s P 1

jooi= 2] j i; (6.13)
where the triplet spin states are

IR

T 1 ... .

} ol = P—E(J#lﬂ#l)

JHH (6.14)

N
1

This implies that the desired excited state singlet energyusface, Es, (green curve in both
panels of Figure 6.2) can be constructed from the degeneratelet surface,E+, (red curve

in right panel) and that of state j#"i (blue curve in right panel):[261]
SjH jSi = Es =2E+w Eq: (6.15)

The energy di erence between points A and B of on this constated singlet surface is the
reorganization energy, . Since the entirety of this curve is not available in practie, though,
we approximate the reorganization energy as the di erenceslweenE o and Ego on the j"#i
surface (blue) but also calculateE,- and Eg- on the triplet surface (red) for comparison.
Note that an analogous approach, building the desired energurface out of those associated
with j"#i andj#"i , will not yield an energy relation analogous to Eq. 6.15 wHicresults from
one of the constituents being an eigenstate of the Hamiltoma
The spectral density,J, of Eg. 6.5 is easily constructed once the reorganizationexgy,
, has been spectrally decomposed into its components,. To implement this, a vibra-

tional (Hessian) analysis is performed on the ground statersttures and the displacement
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associated with reorganization is expressed as a linear donation of the phonon modes.
Anharmonic corrections are also required for the smallest to(SigHse) but were found to

be negligibly small for all larger sizes.
6.3.1 Estimated Accuracy of Approach

The predictions of our computational methodology for caldating reorganization energy
can be compared directly with spectral measurements by measg the Stokes shift{i.e. the
energy di erence between absorption and emission peaks. elteorganization energy is then
half of the Stokes shift. In Table Table 6.1, predicted reoemization energies for common or-
ganic molecules are compared with such experimental meamuments with nonpolar solvents,
chosen because the solvent makes a negligible contributiorthe reorganization energy. The

average discrepancy between SCF and experimental measument is 84 meV.

Table 6.1: Comparison of predicted and measured reorgartiva energies along with the
magnitude of the discrepancy between them. Perylene is inltene and all other molecules
are in cyclohexane. The energy unit is eV.

SCF Exp. jDi. |
Benzene 0.26 0.18[262] 0.08
Naphthalene 0.32 0.30[262] 0.02
Anthracene 0.18 0.21]262] 0.03
Biphenyl 0.61 0.36[262] 0.25
Perylene 0.12 0.16[263] 0.04

While no experimental data is yet available for the reorganaion energy of small SiQDs,
several computational approaches have been used to prediatues as a function of dot size:
Quantum Monte Carlo (QMC)[264], Time-Dependent Density Factional Tight-Binding
(TDDFTB)[265] and Time-Dependent Density Functional Theoy (TDDFT)[266]. It is also
common to use a rougher sort of SCF approach wherein groundtage DFT orbitals are
calculated and then the excited state geometry/energy is tdined via a second DFT calcu-

lation in which the ground state HOMO is empty and the LUMO is lled. Table Table 6.2
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shows the comparison of our calculated reorganization eggrwith these literature results
where the rougher SCF scheme is referred to as DFT. With QMC takn to be the most

accurate, the average SCF di erence from QMC is 57 meV.

Table 6.2: Reorganization energy calculated by SCF, DFT, QMG TDDFTB and TDDFT.
The energy unit is eV.

SCF QMC[264] TDDFT[266] TDDFTB[265] DFT[264]

SihoH3s  0.49 0.50 0.82 0.92 0.35
SiksHzs  0.27 0.40 0.72 0.74 0.29
SigsHes  0.16 0.52 0.25
SipgHz4  0.23 0.20 0.17

6.4 Designing for Reduced Reorganization Energy

The reorganization energy of isolated quantum dots can bedwced in one of two ways: by
minimizing the a ect of exciton creation on structural re-arangement; and/or by con ning
the dot so as to inhibit the restructuring that follows excitation. Four design strategies were
explored that focus on one or the other of these primary objiges. Mitigation of the a ect
of the exciton on bonding was explored by: (Al) increasing dstze; and (A2) functionalizing
the dot surface so as to modify the frontier orbitals. The inuence of structural con nement
on reorganization energy was quanti ed by: (B1l) surface reastruction of the hydrogen
bonding; and (B2) encapsulation of the dot within an oxide <#l.

The most straightforward way of reducing the exciton-phono coupling is by spreading
the exciton out over more atoms. In polyacenes, for instancthe excitonic reorganization
energy decreases monotonically with increasing number dfgmyl rings.[267] This is due to
the extended conjugation of such molecules, but distributed orbitals tyify defect-free,
crystalline quantum dots as well. Our computational result quantify an analogous trend
with increasing dot size, summarized in Figure 6.4 and Tableable 6.3. It was further found
that there exists an inverse linear dependence between é@nic reorganization energy and

the number of Si atoms as shown in Figure 6.5. This is consistenith a relationship
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previously noted for charge transfer excitons in CdSe do2€§8]. As noted in the discussion
of computational methods, the reorganization energy as thi erence betweenE o and Ego
on the j"#i surface (blue) of the right panel of Figure 6.2. For comparisg the analogous
values associated wittE,+ and Eg- from the triplet surface (red) are: 747 meV (SbHsg),
317 meV (SisHzg), 296 meV (SisHss) and 82 meV (SigHes). From these results it can
be concluded that the spin state does not make a meaningfulasige to the reorganization

energy for dots 1.4 nm in diameter or larger.

400 Reorganization Energy of
H-terminated SiQDs

S‘ H 40 60 80 100 120 140
35" 36 # Si Atoms in Quantum Dot

2 nm : S, H

147" "100

Figure 6.4: The reorganization energy of H-terminated SiQD$anging with number of Si
atoms.

Since having a small dot size is important for better transpt fewer defects, and better
control of optical properties, consideration was next giveas to how to reduce exciton-
phonon coupling for dots of xed size. This issue has been ahered for photosynthetic
organic molecules where reorganization energy can be reellidy minimizing the role that
frontier orbitals play in bonding. This can be engineered ttough the addition of electron
withdrawing moieties that contribute to the frontier orbitals without signi cant modi cation
of the bonding orbitals. As a proof of concept, a phenalenyl dacal with such properties
was found to have record low reorganization energy among argc molecules of similar

size.[269] Such character also underlies the e ciency ofnidnanide nanoparticles in carrying
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Figure 6.5: The linear dependence of reorganization energy the inverse of the number
of Si atoms per quantum dot,Ns;. An equivalent relation is also given in terms of the dot
diameter, D, measured in nm using the bulk diamond Si volume per atom of02 nm3.

out excitonic energy transfer upconversions.[270] Therbd partially lled 4f level plays the
role of frontier orbitals while bonding is dominated by morespatially distributed, lled 5s
and 5p states. This strategy can be applied to SiQDs by repliag H-termination with an
electron-withdrawing group. Simple CI termination was dewed su cient to illustrate the
idea, and Figure 6.6 shows that, indeed, this functionalizain mitigates what had been
a strong bonding role played by the HOMO. The LUMO exhibits a simar shift. For the
smallest dots, SigHze, a drop in reorganization from 494 meV to 67 meV resulted. Thesults
for all dot sizes, provided in Table Table 6.3 and plotted (lole) in Figure 6.9, indicates that

there is not a strong size dependence to this e ect.

@ (b)

1.5nm ' ' 1.5nm

Figure 6.6: @ HOMO distribution of H-terminated Sizg. (b) HOMO distribution of Cl-
terminated Sks.
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With two methods explored for reducing the exciton-phonon apling, we now turn at-
tention to the second design strategy for reducing excitanreorganization; the application
of constraints that prevent or minimize the restructuring espite a driving force to do so.
This too has precedence in organic systems. Fullerenes, iftstance, have an excitonic re-
organization energy that is particularly low because theyra extremely rigid.[271] This is
one of the reasons that they gure so prominently in organichmtovoltaic materials such as
P3HT/PCBM blends.[272] The excitonic reorganization eneggof phthalocyanines, already
low, can be further decreased with dimerizing end groups thancrease rigidity.[273]

This concept is explored for SiQDs with two types of constrai engineering. The rst
exploits the fact that dihydride termination of surface sicon atoms can be reduced to mono-
hydride bonding by decreasing the partial pressure of engimmental hydrogen.[274] This
results in additional Si-Si bonding (Figure 6.7) that has thestructural character of a thin,
sti skin. Such surface reconstruction reduces the reorgamation energy as detailed in Table
Table 6.3 and plotted (green) in Figure 6.9. Note that data wasat generated for SjsHzg

since the H atoms are not su ciently close together for surfee reconstruction to occur.

@ (b) A

' 1.5 nm ! ! 1.5nm !

Figure 6.7: (a) SysHss and (b) the same quantum dot after surface restructuring piuces
6 H, molecules leaving $SgHs,.

A second approach for constraining structural rearrangemeis to encapsulate SiQDs
within a rigid matrix. To test this idea, an Sizs dot was encapsulated within a monolayer of
SiO,. As shown in the center of Figure 6.8, this reduces the excitanieorganization energy

from 271 meV to 161 meV. To develop a sense for the impact a theckoxide shell would
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make, we also calculated the reorganization energy forshiss with the H atoms held xed.
This resulted in a remarkably low excitonic reorganizatiorenergy of 36 meV, as shown at

right in Figure 6.8.
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Figure 6.8: The reorganization trend as & becomes more rigid. The blue dots corresponds
to H-terminated Sis; the green dot corresponds to & within one oxidized Si shell; the red

dot corresponds to H-terminated Sk with H xed to mimic Si 35 within an in nite large
matrix.

A summary of all four analyses is provided in Table Table 6.3d Figure 6.9. The lowest

reorganization energy achieved is 17 meV (137 ch) for a surface reconstructed SiQD with

a diameter of 1.7 nm.

Table 6.3: Reorganization energy of H-terminated, Cl-termated and surface-restructured
SiQDs. The energy unit is meV.

SiQD diameter(nm) 09 1.1 12 14 17

# Si Atoms 29 35 66 78 147
H-terminated 494 271 164 80 40
Cl-terminated 67 57 98 46 25
Restructured 226 83 18 17

We now turn to a consideration of the shape of the spectral dsity to determine the
extent to which it can be optimized along the lines of Figure 6.3As a speci c example,
the spectral density of SigHgs dots is compared with that of its restructured counterpart,
SizgHs,. Figure 6.10 shows both spectra along with their Drude-Lorén ts using Eq. 6.6

with 34 peaks for SigHgs and 13 peaks for SgHs,. Reconstruction modi es the lower
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Figure 6.9: Plots of excitonic reorganization energy versu&8iQD diameter for: standard
H-termination (red); surface reconstructed dots with loweH content (green); and electron-
withdrawing Cl-termination (blue). The connecting lines ae a guide to the eye.

energy end of the spectrum in a way that should signi cantly educe the decoherence rate,
and restructuring also suppresses the spectrum in the phyally desirable 500{700 cm'
range of electronic couplings. This too would lead to a systemore capable of supporting

partially coherent transport.

Figure 6.10: Spectral density of $4Hg,4 (red) compared with that of its surface-restructured
counterpart, SkgHs, (green). Vertical lines indicate non-negligible contribtions to the reor-
ganization energy and have been normalized to the peak valokthe tted spectral density.

6.5 Conclusions

Su ciently low dielectric screening in quantum dot assembés makes charge dissociation

improbable following photo excitation. Energy is then trasported via excitons in what is
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typically a random walk. Such di usive propagation is the reult of a loss of coherence in the
superposition of excitonic states that are present in the ial photo-absorption, but main-
taining an element of such coherence is thought to result in @bust, more e cient form
of energy transport. This requires a low reorganization ergy for isolated dots and a large
excitonic coupling between dots. The current work has foced on ways in which reorganiza-
tion energy can be reduced by either reducing or constraimgrthe associated exciton-phonon
coupling. Two design paradigms were explored for each of Hee

Reduction in the coupling itself can be accomplished mosingply by spreading out the
electronic excitation over more atoms, for instance by ineasing dot size. The reorganization
energy, , was found to be inversely proportional to the cube of the datiameter,D, and a
simple relationship was identied: = 236=D% with D in nm and in meV. Since having
a small dot size is important for better transport, fewer defcts and easier functionalization,
though, a second way of reducing exciton-phonon coupling svalso explored. Dots were
functionalized so that the frontier orbitals, of which exdions are primarily comprised, are not
the bonding orbitals that generate phonons. This idea has ée successfully demonstrated
for small organic molecules, and it is also underlies the eiency of lanthanide nanoparticles
in e ciently carrying out excitonic energy transfer upconwersions.[270] Our analysis indicates
that this is also possible for SiQDs using Cl atoms{not becaa Cl is considered a candidate
functionalization but to demonstrate proof of the concept.For the smallest dots, a drop
in reorganization from 494 meV to 67 meV resulted. This is a gace e ect, however, and
further reduction in reorganization energy is minimal as dcsize is increased.

The second design paradigm is to constrain the system so thiatcannot carry out the
structural re-arrangements that generate reorganizatioenergy. This was rst explored by
controlling the hydrogenation of dot surfaces which can beamied out by changing the
partial pressure of hydrogen in the environment.[274] Thesults indicate the reorganization
energy is signi cantly reduced as a result of what amounts ta sti skin on the surface

of the dot that resists the driving force to reorganize. As wit the standard H-terminated
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dots, this reorganization energy decreases with increagimlot size, and 17 meV was the
minimum value computationally measured. Matrix encapsutéon is also a promising avenue
for reducing the motion that generates the reorganizationnergy well. A monolayer of SiQ
around Sgs reduced from 271 meV to 161 meV and freezing the H-atoms on the dot sucka
dropped this value down to only 36 meV.

This computational study of 1-2 nm silicon quantum dots is niofocused on reducing
excitonic reorganization energy as much as possible. Rathd& identi es ways in which
this energy can be reduced in order to o er direction to futue work. Even so, the results
suggest that it is reasonable to identify a goal of creating2 nm silicon quantum dots with
reorganization values in the range of 1-10 meV. This overlayise range typically considered
in association with photosynthetic complexes of 0.1 to 10 MEL46]{naturally occurring
assemblies that serve as a bio-inspiration for what may be jmoved upon with engineered
organic/inorganic nanostructures.[53, 253{256] More ingstant than the range itself, though,
successful designs will need to produce excitonic couplimfighe same order or larger to create

guantum dot solids with a measure of wave-like character.
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CHAPTER 7
DESIGNING SILICON QUANTUM DOTS ASSEMBLIES WITH LARGE EXCITONIC
COUPLING

Adapted from a paper in preparation

Xiaoning Zang"*8, and Mark T. Lusk!":19
7.1 Abstract

The excitonic coupling between small silicon quantum dots icomputationally explored
for a range of covalently bonded bridging structures. Thisazpling has a direct impact
on exciton mobility and, hence, to both the decoherence and usion lengths associated
with exciton transport. Both rst principles and Tight-Bin ding analyses are used to show
that such bridges may either increase or decrease excitosmupling as compared with sep-
arated, hydrogen-terminated dots without any bridge. Howear, it is also possible to create
bridges that substantially improve excitonic coupling. Bidges are deconstructed into sub-
structure networks and Tight-Binding analysis is used to idntify three key characteristics
of successful bridge architectures: short networks, netis with several parallel compo-
nents, and electron-donating structures relative to the qantum dots. These rules are then
guantitatively evaluated using density functional theoryin concert with a particular form of

localization analysis.
7.2 Introduction

During photosynthesis, solar energy is absorbed by an antenstructure in plants, trans-
ferred to a reaction center, and then converted into chemicanergy. Inspired by the results

of evolutionary development, there has been a substantiain@unt of research dedicated to
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the design and implementation of arti cial photosyntheticsystems that seek to elucidate each
step in natural photosynthesis or improve on them using alteative strategies and materi-
als. For instance, panchromatic methodologies have beervd®ped that result in extremely
e cient energy absorption [275{277]. Electrochemical corersion can be accomplished by
generation of hydrogen and oxygen from water within photoettrochemical cells, commonly
constructed by metal oxides such as Ti©[278] or semiconductors like GaN [279] and sili-
con [280]. Gratzel cells [281] are currently the most e ciet electrochemical conversion cells
which exploit dye molecules [282, 283].

The third component of the solar energy harvesting, excitoimansport to reaction centers,
has also received signi cant attention. The associated ei@n motion tends to be di usive
under normal circumstances. This is because the electraaliy excited states quickly entan-
gle with molecular vibrations resulting in a loss of coheree. Such exciton di usion has been
experimentally observed, for instance, in nanocomposite$ colloidal quantum dots (QDs)
integrated into conjugated polymers (CPs) [63] and colload CdTe nanocrystals (NCs) [64].
Di usive motion, of course, is simply a random walk, so any déctionality in exciton con-
centration is due to energy gradients in the molecular landape|often referred to as an
energy funnel. In principle, though, it is possible to achi® much more e cient energy
transfer by preserving a degree of coherence that allows guam coherence to be used to
manipulate exciton speed and direction [14, 231] Possibleidence for long-lived coherent
exciton transfer (CET) has been assiduously sought and suagiently contested in associa-
tion with natural photosynthetic complexes [53, 55, 139, 3%256, 284]. This is still a subject
of debate since the spectroscopic signals may also be thautesf vibronic coupling without
any need to invoke quantum coherence [56{59]. In any caseptigh, the bio-inspired notion
of partially coherent exciton transport has itself motivaed a signi cant e ort to create or-
ganic and inorganic assemblies that exploit quantum coheree to more e ciently harvest
solar energy. For instance, a systematic characterizatiasf CET in supramolecular light-

harvesting nanotubes with a well-understood absorption sptrum via ultrafast quantum
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process tomography (QPT) has been carried out [60].

Excitation energy transfer (EET) can be characterized as logy either Fester Resonance
Energy Transfer (FRET) which amounts to a di usive random wak, or wave-based CET.
FRET is described by the well-known Fester equation [87, 88]nd partially coherent CET
is approximated by the Red eld equation [85, 89]. However, thRed eld equation is unable
to describe site-dependent reorganization processes ttate essential for correctly under-
standing the interplay of exciton coherence with environnme. This is due to a Markov
approximation in which phonons are assumed to maintain an eifjbrium distribution at
all times. This assumption is not made in the recently deveb@d Hierarchical Equation of
Motion (HEOM) [84, 90, 285]. There FRET and CET are simply extrene cases associated
with full decoherence or no phonon entanglement.

There are two material properties that are most important indetermining the time over
which a measure of exciton coherence can be maintained: thagte-site reorganization
energy; and the excitonic coupling between adjacent siteé6]. The reorganization energy
is the energy transferred from electronic to phononic fornoflowing photo-absorption. The
name highlights the fact that such events will cause the atamstructure to re-arrangeli.e.
reorganize. The excitonic coupling is the screened Coulonmiberaction between many-body
electron wave functions on neighboring sites. If the reorgaation is much larger than the
excitonic coupling, the initial exciton superposition wilquickly lose coherence as it entangles
with phonons. On the other hand, if excitonic coupling is laye and reorganization energy
is relatively small, excitons will have a high mobility and ¢w exciton-phonon coupling,
resulting in ballistic motion. It is therefore desirable todesign systems in which individual
units undergo minimal reorganization while making the extanic coupling between adjacent
units as large as possible.

Quantum dots can be viewed as tunable inorganic building btks for engineering light-
harvesting systems that support a measure of coherent exart transport. Silicon quantum

dots are particularly attractive in this regard because thg are environmentally benign, re-
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source abundant, and there are decades of industrial knowa to support the manufacture of
requisite quantum dot materials. In addition, quantum connement endows silicon (SiQDS)
with a pseudo-direct gap, high-emission cross-section atmv dielectric constant, making
them particularly promising for photovoltaic applicatiors [82, 286, 287]. In addition, many
other electronic and optical properties of SiQDs have beermored: multiple-exciton gener-
ation (MEG) [66{68], e cient excitons transfer [69], free d defects [70] and better oxidation
resistance [71].

We have previously identi ed several ways in which the reogegization energy of SiQDs
can be signi cantly reduced [167]. Attention is thereforeurned to ways in which the excitonic
coupling between dots can be increased, and our approach s dlucidate the nature of
materials that can be used to excitonically link dots into a f[gh-mobility quantum dot solid.
Perhaps the simplest bridge paradigm is to simply encapstgathe dots in an amorphous,
inorganic amorphous matrix [72{74, 288] or within an organipolymer blend [75{82]. In
addition to its role in preventing oxidation, su ciently st i encapsulation materials can serve
to limit reorganization and so reduce exciton-phonon couply. In principle, the matrix can
also serve to enhance excitonic coupling between SiQDs, lbese structures tend to be
composed of: (1) wide bandgap materials which most likely dace exciton coupling; (2)
amorphous silicon that will result in very rapid decoherere; or (3) organic polymers that
undergo signi cant reorganization.

A more promising paradigm for realizing high excitonic codimg are quantum dots arrays.
Here dots with well-controlled size[289{292], shape[293&] and orientation are arranged in
regular lattices, essentially meta-crystals. These can ldeD [297, 298], 2-D [299, 300] and
even 3-D[301, 302]. The dots are typically individually pasvated, but bi-dentate ligands
between dots are also possible and amount to simple bridgeustures [303]. Di erent ligands
result into di erent dots separation and therefore a tailoed charge transfer rate [304, 305].
Arrays with su ciently strong electron coupling exhibit coherent, band-like charge transport.

This has been observed for PbSe dots linked by 1,2-ethanediae [306]. This is distinct,
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though, from the creation of QD materials that support coheent excitons wave packets.

With the quantum dot arrays in mind, we focus on a particular @ss of covalently bonded
bridges with which to link neighboring quantum dots. Attenion is restricted to carbon and
silicon bridges to develop and apply design rules for incigag excitonic coupling. Although
it does not allow highly delocalized excitons to be considst, we further reduce the consid-
eration to a single bridge between two SiQDs. The geometrytiserefore a special case of the
Donor-Bridge-Acceptor (DBA) structures considered in the sewhere [85] as shown in Fig-
ure 7.1 (a). The energy alignments are all as shown in Figurelqb) indicates that excitons
prefer to stay on SiQDs. The a ect of bridges on reorganizatn energy, while important, is
not taken up in this work.

The low dielectric constant of the small SiQDs considered jphes a low screening and high
excitonic binding energy, preserving the Frenkel charaat®f excitons. Their dynamics in
SiQDs assemblies are therefore expected to be analogoushmse observed in photosynthetic
complexes [61, 62], but now with tailored parameters to extd coherence lifetime.

Tight-Binding (TB) analysis is rst carried out to provide a qualitative sense of how
bridge architecture a ects excitonic coupling. The resultis a set of design rules that are

subsequently tested using Density Functional Theory (DFT).
7.3 Computational Methodology

Tight-Binding (TB) analysis is rst carried out to qualitat ively elucidate the a ects of
bridges on excitonic coupling. First-principles Density Factional Theory (DFT), without
including many approximations made in TB, is then applied tmbtain quantitatively accurate
results. Here we introduce in detail both methods and, impaantly, the method by which
excitons are localized on one dot or another. Being able to ttus in a physically meaningful
way is crucial to accurately estimating the coupling in theettings envisioned for which the

electronic overlap between dots is signi cant.
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Figure 7.1: lllustration of Donor-Bridge-Acceptor Model. (a) Diabatic state of Sks dimer,
which is two SiQDs with 35 silicon atoms for each connected bpme bridge, after absorption
of a photon, with blue as attachment (electron) density anded as detachment (hole) density.
The overlap of gray background is the schematic of donor-agtor coupling J. (b) Energy
alignment of SiQDs dimer. Green is LUMO and red is HOMO.
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7.3.1 Tight-Binding Modeling

Simple Tight-Binding (TB) theory can be used to provide quatatively predictions and
insights to guide the design of bridges that support e cientexciton transport between the

dots of SiQD dimers. The TB Hamiltonian of the EET is:
A= Ii‘ph + Ii‘reorg + Iqx-ph + Ax; (7.1)

where Hyeorg, Hpn and Hx-pn are the reorganization, phonon, and electron-phonon, and

exciton contributions, respectively. The rst three are dscribed by

XX
Hon = ~ L Bb, (7.2)
X
Iqreorg = A@ (7.3)
=1
X X
Acm= ps 00 = a B +b ) (7.4)

where® is the fermionic exciton annihilation operator for a diabat state localized on ™
site, # = ¢ is the associated number operator, anct [¢], = , B. is the bosonic
phonon annihilation operator of ™ vibrational mode associated with diabatic state localized
on ™ site, which has frequency . and equilibrium amplitude operatorey.. . The reorgani-
zation energy of each site is = P 3~ . 6. . The Frenkel exciton Hamiltonian [83, 84],
Hy, is given by

X X
Ry= "% + J &¢; (7.5)

=1 6

with "0 the site speci ¢ diabatic energies and the diabatic coupling between ™ and ™
sites. Greek subscripts are used to identify sites in ordev help distinguish this setting from

one in which the bridge units are explicitly accounted for.
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7.3.2 First-Principles Modeling

While TB analysis can point to promising bridge structures, rst-principles analysis can
be used to provide quantitative predictions for their excinic coupling strength. When
the SiQDs are su ciently well-separated, this excitonic capling can be estimated using
the adiabatic states of isolated donor, bridge and accept@ubstructures. The result of
such a perturbative approach is often referred to asuperexchange couplin{85, 307, 308].
For the tightly coupled assemblies of interest, though, a peirbative approach is not valid
and site-centered diabatic states of the entire assembly stube accounted for explicitly. A
number of methodologies have been developed for this withijsations to both electron
transfer (ET) and EET. For instance, the Generalized Mullilen Hush (GMH) [309{311],
Fragment Charge Di erence (FCD) [312] and Boys Localizatio [313] have been found to
be particularly successful for ET. For excitons, an analogf #CD called Fragment Energy
Di erencing (FED) [158{160], has been developed, but it redtes a priori de nitions of
molecular fragments. This is problematic for our bridged QDs systems. An alternative
approach, Edmison-Ruedenberg (ER) localization [161, 1J6&2hich does not require a priori
de nition of molecular fragments, is well-suitable to stug excitonic coupling of systems in
our case though.

The localized diabatic states got from ER localization meihd are the states that min-
imize the system-solvent interaction energy. The eigensés of an closed system are called
adiabatic states which minimize the electronic Hamiltoniarof this system. However, dur-
ing an EET process, the initial and nal states are not the eigestates of system electronic
Hamiltonian. In stead, they are the projection of eigenstateof the system and environment
as a whole onto the system. In order to get these diabatic st#, the linear response of the
relevant system to its solvent is assumed within frameworkf &R localization.

The excitonic coupling was calculated by operating ER lodahtion [161, 162] on low-
est degenerate single excitation con guration interactio (CIS) states implemented in Q-

CHEM [314] package. For our systems, the nearly degeneratatsts are paired. Typically,
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the lowest two adiabatic states will generate two proper dimtic states with one localized on
the left and the other one on the right if it is a dimer system. &metimes, though, the two
localized states might be on the same side. Because of thik,l@vest four adiabatic states
are rotated to generate diabatic states and their couplingThe coupling of the lowest two di-
abatic states with one on donor and the other on acceptor is@ben as excitonic couplinglj.
The exciton distribution of diabatic states are visualizedy Detachment/Attachment [156]
density as shown in Figure 7.1 (a).

All structures are prepared using density functional theoryDFT) within the generalized
gradient approximation (GGA) parameterized by Perdew, Burk, and Ernzerhof [122]. Dur-
ing geometry optimization, an all-electron approach and aadible numeric plus polarization

(DNP) basis implemented in DMOL software suite [259] were ude
7.4 Tight-Binding Analysis of Donor-Bridge-Acceptor System

There is a design utility to decomposing bridge structuresio subunits as illustrated
in Figure 7.2. This substructure perspectiveallows a set of qualitative design rules to be
elucidated without worrying about the details of the suburts themselves. Such guidance

can the be evaluated using atomistic electronic structurenalysis.

D

Vos Vo /
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&

Figure 7.2: Schematic of Generic Substructured Bridges/pa is the coupling of donor and
acceptor without considering bridgesVpg is the coupling between donor and bridge which is
the same as the coupling between acceptor and bridgég is the coupling between bridges
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Within this substructured setting, a single Donor-Bridge-Aceptor model is considered

and the excitonic Hamiltonian is taken to be

X (s) X (S)YA(S).
ﬁx = jnj + Vij Cl CJ . (76)

i=1 hijisi6]
Here ; and q‘s) are the excitation energy and fermionic exciton annihilatin operator of the
j ! isolated site, respectively, andi;j i implies a sum over sites that are nearest neighbors.
Note that Vj; describes the excitonic coupling at this intermediate leljeand these parameters
will be used to explore the in uence of bridge substructurerothe coupling between quantum
dots, J

The ground state is denoted byjvad so that a basis can be constructed from the kets

associated with excitons localized to individual sites orhe substructures lattice:
jsji =% jvad : (7.7)

The electronic Hamiltonian Eq. 7.6 in this basis is then

0 1
0 VDA VDB VDB

VDA O VDB VDB

Voe  Vos B Ves O 0

Hxl=§ @ & Vs & " "0k (7.8)

: : 0 PR 0
: : : Er B Ves

Voe Vog O 0 Ves B

where all energies are taken relative to the common donor aadceptor site energies.
The assumption that the DA interface is of Type | as shown in Figre 7.1 (b) implies that
diagonalization of the above Hamiltonian will have its two lwest energy adiabatic states of

the following form:

8 = p(isii | si) (7.9)
- (Adla). 1 . - . - X+3 . .
]2 = 19—z (jsai + jsoi) + TELE (7.10)

i=3
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Here and ; are known functions of the site and hopping energies, andis assumed to be

positive. From these, the lowest two diabatic states can b@wstructed via a simple rotation:

jl(Dia)i J Di = pl_z(jl(Adia)i_'_jz(Adia)i)
+1. 1. 1 X
= jsii + > Jszl+19—E IEL (7.12)
i=3
J2(D|a)I J Ai = pl—_(jl(Adla)| J 2(Ad|a)|)
2
1. . +1. 1 Xe
= > jsii + > JSZI+BE IELE (7.12)
i=3
The donor-acceptor coupling is therefore
J = MjHxjAI = > Voa
!
p_ D(+2 V. b(+2
+ 2V bg |+ % i (7.13)
i=3 j=3;i=3

where the rst term is the through-space couplingand the second is thehrough-bond cou-
pling [85, 307]. This links the substructured and meso-scale cding elements to form a
basis for our design rules.

We consider all interactions\Vpa, Vog and Vgg to be perturbative, and terms with Vg
to be ignored since it only appears in powers greater than an8tarting with Eq. 7.13, and

setting the coupling between bridges to zero, we have

2+1 P~
J= 2 VDA + 2N V DB (714)
with
1 p_
= P = 2ay ; (7.15)
Z2a5, + N
in which
p
V SNVZ, +(V, 2
4Npg
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Under the perturbation assumption thatVp, and Vpg are small, Eq. 7.14 could be reduced
to the superexchange expression [85, 307]
Vs

J=Vpa 2N : (7.17)
B

which has some similar properties as Eq. 7.13 but simpler.

From the superexchange coupling expression, Eq. 7.17, we darectly conclude that the
magnitude of excitonic couplingd of bridged dots may be even smaller than the case of
having no bridge. This will happen when the through-bond caqling is small and Vp, is
positive. However, the analysis shows that it is also poss#io achieve much larger excitonic
coupling jJj. Reducing the bridge length, for instance, gives a large mase of\jpg which
can result in an increase inJj. Using electron-donating elements for bridge material, as
shown later, is also related to both increasing ofpg and decreasing ofg, thus increasing
the through-bond coupling and sgJj. Increasing the number of bridges, N, also increases
the total through-bond coupling and sgJj. These guidelines are subsequently tested using

rst-principles analysis.

200+

150;

[J[(meV)

Figure 7.3: Magnitude of Excitonic Coupling as a Function of Couplinypg , Eq. 7.13. The
parameters N, g, Vba, Vos, Ves ) in Hamiltonian (Eq 7.8) are set separately a§l, 1000,
20, Vpg, 10) (green) and(1, 1000, -20,Vpg , 10) (red). Energy unit is meV.

Eq. 7.13 includes all of the information to quantify how thexcitonic coupling, J, changes

as a function of the Hamiltonian matrix elements 7.8. In ordetio have a better understanding
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Figure 7.4: Magnitude of Excitonic Coupling as a Function of Number of Bridged\
(Eq. 7.13). The parameters N, g, Vba, Vbs, Ves ) in Hamiltonian (Eq 7.8) are set sepa-
rately as (N, 1000, 20, 100, 10)(green) and(N, 1000, -20, 100, 10)(red). Energy units are
meV.
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Figure 7.5: Magnitude of Excitonic Coupling as a Function ofg, Eqg. 7.13. The parameters
(N, B, Voa, Voe, Vg ) in Hamiltonian (Eq 7.8) are set separately agl, g, 20, 100, 10)
(green) and(1, g, -20, 100, 10)(red). Energies are in meV.
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of how to design systems to have larger excitonic couplingewtherefore study Eq. 7.13 in
more detail. It is only the magnitude ofJ that matters to the exciton transfer rate as
approximated using Fermi's Golden Rule. Speci cally, the FET rate is proportional to the
square of the coupling, but coherent exciton transfer ratesre linearly proportional to the
magnitude of excitonic coupling. The most important paranters related to the change od
in bridged systems aré/pg, g and N. We therefore focus on the plots ofJj as a function
of Vpbg, g and N. The values of parameters are chosen so that the excitonicupting, J,
has the same magnitude domain as the computational results mext section.

As shown in Figure 7.3, Figure 7.4 and Figure 7.5, if the througtpace coupling is
negative then the magnitude of excitonic coupling will in@ase; however, if it is positive then
the magnitude of excitonic coupling initiall decrease buthen increase . This observation
seems surprising at rst, but it is what would happen in realy. Figure Figure 7.3 shows
us by increasingVps , jJj might be decreased rst and at some turning point it started ¢
increase. In actual system\pA is usually much smaller thanVpg, so that magnitude of
through-bond coupling is much smaller than magnitude of tlmugh-bond coupling and you
would not observe the turning point even ifVp, IS positive. Figure 7.4 gives us the trend
of jJJj as a function of N. Our rst important discovery is that the exatonic coupling of two
bridged sites is not necessarily larger than that of two sisewithout bridges, although which
is counterintuitive. Figure 7.5 tells us more resonant are thenergies, which means on-site
energy of bridges are more close to that of dots, larger is theagnitude of excitonic coupling
jJj.

7.5 Results from First-Principles Analysis

The design rules obtained using TB analysis are now exerasesing quantitatively ac-
curate rst-principles analysis. This allows us to estimag the excitonic couplings for key
bridge designs. We rst study the excitonic coupling of briged SiQDs as a function of the
separation of bridge dots|i.e. the bridge length. As shown inFigure 7.6, the excitonic

coupling jJj decreases as the bridge length increases. The inserts in F&ggid.6 are electron
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(attachment density) and hole (detachment density) disttution of the rst excited sate of
isolated bridges. As is clear in the plot, there is a greater dsity of exciton population at
the ends for shorter bridges, and this leads to larger donbridge coupling,Vpg . The reason
why the coupling decreases as bridge becomes longer is tig¢ decreases, which is obvious
from Eq. 7.17. The situation here corresponds to the red platr the green plot after the
turning point in Figure 7.3. We do not know exactly which situgion holds since we know
nothing about the sign of\Vpa. However what we do know that the through-space term
(Vba) of the systems must be much lower than the through-bond termThe through-space
term is approximately equal to the excitonic coupling of dirar without any bridge. We have
excitonic coupling 000046eV for unbridged SiQDs with 86nm separation and M0020eV for
1:37nm separation. The through-space coupling is thereforar fless than the through-bond

coupling in the systems considered in Figure 7.6 and so can eared.

Table 7.1: CouplingjJj of Si35 dimer bridged by di erent bridges as shown in Figure 7.
(b). Energy unit in eV.

bridge G SiIGSi S Ge
13t 11.96 951 7.09 5.62
iJj 0.00013 0.013 0.12 041

We next explore the e ects of bridges constructed from di eznt elements on the magni-
tude of excitonic coupling. Table 7.1 shows that bridge cotmacted from electron-donating
elements would generate larger excitonic coupling. The $gs1s are in similar form as shown
in Figure 7.6. There are two reasons for the increasejdff when bridge is constructed from
electron-donating elements. First, as you can see from Tablel, the excitation energy de-
creases from left to right, which means the bridge is becongimore resonant with donor and
acceptor. Second, in Figure 7.7, the exciton distribution lwemes more extended as more
electron-donating elements in bridge. So that the coupling,g becomes larger. Both e ects

tend to result in a larger magnitude of through-bond couplig and thus largerjJj.
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Figure 7.6: Magnitude of Excitonic Coupling as a Function of Bridge LengthThe upper
panel is a display of dimer system used here. The lower panslthe plot of jJj versus
separation. The isosurface of the rst excited state of brgkes are shown as detachment (red)
and attachment (blue) density with amplitude 0.2%=sonr3. The dashed red line is a guide to
the eye.
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Figure 7.7: Visualization of Lowest Excited State of Bridgeslsosurface of detachment (red)
and attachment (blue) density with amplitude 0.2%=onr?® for 5 carbon atoms (G), 5 silicon
atoms (Sk), 2 silicon atoms on the sides and 3 carbon atoms at the cent&iC3Si) and 5
germanium atoms (Ge).
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As we have pointed out that the excitonic coupling for unbridgd Sis dimer with 0:86nm
separation is 000046eV. Since the separation of two s3iconnected by G bridge is less
than 0:86nm, the couplingjJj of unbridged Sgs in this separation must have a largejJj.
As shown in Table 7.1, the G bridged Sis dimer hasjJj = 0:00013eV, which is less than
the coupling of unbridged dimer at same separation. So thi®rrms our discovery that
bridged dimer does not always have larger excitonic coupdjrihan unbridged dimer. When
magnitude of through-bond coupling is smaller than magnitle of through-space coupling
and the through-space coupling is positivg,)j can decrease rst as adding more bridges. As
shown by Hsuet. al. [158], DN2 has smaller coupling than its corresponding dimanthout
bridges, which indicates through-space coupling is pos# and larger than magnitude of
through-bond coupling. But DN4 and DN6 has larger coupling tha their corresponding
dimers without bridges. This is because through-space cdung decreases much more faster
than through-bond coupling as separation becomes largerdcatherefore the through-space
coupling much smaller than the through-bond coupling for kb DN4 and DNG6.

Changing ofjJj versus the number of parallel bridges between twos§iis shown in Fig-
ure 7.8 and Table 7.2. In Figure 7.8, we plot the couplinglj as a function of bridge number.
And the data is tted to a linear function as indicated by the blue line of Figure 7.4. When
Vpa is very small and the through-bond coupling dominates, thecreasing is approximately
linear. The uctuation of the data is caused by the geometry @d symmetry change when
the bridge is changed. But the trend is increasingjJj for Siss bridged by silicon bridges
is much larger than the one for Sk dimer without bridge. Another discovery is that even
the largest coupling corresponding lots bridges in Figure&is still smaller than coupling
of system in Figure 7.6 which only connected by one bridge. Tlsymmetry of the bridge

matters a great deal and, as indicated, bridge with symmetrieads to larger coupling.
7.6 Conclusions

We have computationally explored the design of bridges thatill improve the excitonic

coupling between two small silicon quantum dots. Tight-Biding analysis was rst carried
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Figure 7.8: Magnitude of Excitonic Coupling as a Function of Bridge Number.On the
upper left is two Sks connected by one bridge. On the upper right is two & connected by
18 bridges. In the lower panel is the plot of J versus bridge mber N. The red dots are
calculated results and the dash black line is least square to J = bN.

Table 7.2: Coupling J versus bridge number N. Only the shortebridges are counted. J is
in unit of meV.

N 1 3 5 6 8 14 16 18
J 574 3.03 19.79 12.7/3 30.16 31.67 33.22 37.37
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out to provide qualitative insight as to how to design systesifor large coupling. Towards
this end, bridges were decomposed into substructural uniis order to focus on geometric
arrangements best suited for exciton transfers. To enhand®nor-acceptor coupling, it is

important to use:
short bridges;
more bridges;
bridges constructed from electron-donating elements.

The rst two are intuitively sensible and are consistent wih basic circuit theory. The
third rule, though, is less intuitive and is related to the sie of exciton footprints. When the
bridge elements are electron-donating, it is easier for theto give up electronsji.e. they
are electron donors. This results in lowest excited state$ lridge that can spatially extend
into the dots, resulting in a higher bridge-dot coupling andherefore excitonic coupling.
Further more, the conjugated covalent bonds between the doand bridge have been shown
to improve the electronic overlap between the dots [82]. Thefore we can expect an enhanced
excitonic coupling by applying the same idea.

In addition to these rules, the analysis revealed that bridgd dimers do not necessarily
have a larger excitonic couplingjJj, than dots in free space with the same separation. This
counter-intuitive phenomenon is well-explained by consaling jJj as being composed of two
contributions: through-space coupling and through-bondauipling. Through-bond coupling
is always negative as is clear from Eq. 7.13. However, it is npbssible to identify the
sign of through-space coupling from geometry alone. The thugh-space coupling can be
decomposed into Coulomb and exchange termgpa = 2Jco  Jex [315], and the relative
sizes of these determine the sign of the through-space congl When the through-space
coupling is positive, the magnitude of total excitonic coupg might decrease because of the
cancellation of negative through-bond term. This level ofetail is not included in the TB

analysis but is accounted for in the DFT analysis of course.
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Finally, it is important to point out that the important roles of symmetry and geometric
uncertainty have not considered. For smaller change of geetry and symmetry of bridged
dimer system, its coupling might change quite a lot. This is lay when the design rules are
applied in practice, the system symmetry is preserved.

Edmison-Ruedenberg (ER) localization allowed us to evaltethe validity of these design
rules from a rst-principles perspective. The rst four eignstates of each dimer system
were used to construct localized diabatic states. The exoitic coupling is the Hamiltonian
matrix element of two lowest diabatic excitonic states lodaed on di erent sites. The rst
application of this methodology was to quantify the excitoit coupling between two Sk dots
as a function of the length of a single-strand silicon bridgeThe coupling was found to be
inversely proportional to the bridge length with the highescoupling, 0:12 eV, for a bridge
length of 070A. The same bridge, but now composed of Ge, enhanced the coupyenearly
a factor of four to Q41 eV. This is because the Ge is more electron-donating.

The ER analysis estimated even higher excitonic couplingrfonultiple-strand bridges.
For the silicon systems studied, it was found that the coupig increases by a factor of over
two for every silicon strand added. However, the highest colipg is only 0:37 eV, which
shows the importance of bridge geometry. The bridged dotsrcéde considered as a version
of the double-well problem in which the bridge plays the rolef an energy barrier. When
the bridge atoms are distributed symmetrically around its ais, the average potential barrier
along the axis is very low. However, for the systems in Figure87.no bridge strand has atoms
along axis and in the same plane and so that the average potehtbarrier is high along any
straight line connecting dots. By way of contrast, a short, 8-strand bridge between $§
(Figure 7.8) has a coupling smaller that that generated by arggle Si strand even though
it has larger separation between dots (Table 7.1). This higlghts the need to account for

symmetry in bridge design, essentially a fourth design rule
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CHAPTER 8
CONCLUSIONS

This thesis investigation has sought to establish a means @kating exciton wave packet
with controllable speed, footprint, direction and quasi-agular momentum. A methodology
for doing this has been identi ed with an extended set of prdeof-concept o ered. This
was rst carried out under the idealization of no exciton-pbnon coupling. A tight-binding
setting was initially employed to show a means through whicthe desired speed and shape
of the exciton wave packet are rst encoded into a laser puls@®y applying the laser pulse
to the rst site of a molecular chain, an exciton wave packetsi produced with the expected
speed and shape. This approach was subsequently extendedh® many-body, multi-level
setting o ered by real-time TD-DFT. While the results were notas clean, it was still possible
to generate well-de ned wave packets with tunable speed argshape. This was deemed
su ciently promising to conclude that experimental implementations should be pursued.

The research was then broadened to consider excitons inddoy twisted light to see if the
information of topological charge carried by twisted lightould be transferred to excitons. In
particular, we considered di erent forms of light that carly angular momentum. Circularly
polarized light carries a spin of ~(PTC = 1), but twisted light carry orbital angular
momentum of m~ (PTC = m) with the number of quanta carried theoretically without
bound. Both the spin and orbital angular momentum can therefe be viewed as carriers
of photonic topological charge. When incident on a moleculaing of carefully designed
symmetry, such light induces excitons that preserve topajical charge as manifested in
guanta of quasi-angular momentum. A sequence of laser pdsean be used to add to
or subtract from the total Excitonic Topological Charge (ETC). Since the nal state can
subsequently be emitted as light, excitons can be viewed asdmators for changing the

orbital angular momentum of light. All the processes are lirgg in the sense that only dipole

153



term of light-matter interaction is involved. This o ers an alternative to the use of nonlinear
optical materials for such light conversions.

| then combined the concept of twisted excitons and the premiis methodology to create
exciton wave packets with a prescribed shape, energy and sge The result was a means
of generating tunable exciton wave packets that carry exahic topological charge. It was
shown that topological charge is conserved and can be tramsted down a chain of molecular
rings. This gives additional information-carrying capady to excitons. Signi cantly, it was
also shown that the topological charge of exciton wave pat¢kecan be manipulated during
its transport and nally converted back to photon through the exciton emission at the other
end of the molecule chain.

To this point, no electron-phonon entanglement was consicil. In nite temperature
condensed matter systems, though, it is impossible to congptly avoid phonons. On the
ip side, any disorder in the system will tend to trap perfecly coherent excitons through
Anderson localization. | therefore sought to computationgt design arrays in which a strong
measure of coherence can be preserved while allowing for ithereased geometric robustness
o ered by a measure of decoherence. The setting chosen foistivere covalently connected
silicon quantum dots.

It was found that reorganization energy can be reduced by ireasing the size of quan-
tum dots, of course, and | found that the reorganization engy is inversely proportional to
the cube of the dot diameter. Given that there are positive @racteristics of small silicon
dots, though, other ways of reducing the reorganization ergy were also investigated. One
promising means of doing this is to reduce the exciton-phomaoupling rather than simply
spreading it out. Dots were therefore functionalized so thahe frontier orbitals, of which
excitons are primarily comprised, are not the bonding orlkéls. This decoupled the exci-
tons from phonons. Cl-terminated SiQDs were used to demorate proof-of-concept. Two
other design paradigms were also considered in which the teys was constrained so that it

could not carry out the structural re-arrangements neededtgenerate reorganization energy.
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Controlling the hydrogenation of dot surfaces was rst exgred and a signi cant reduction
of reorganization energy was resulted because of the muchestsurfaces. Matrix encap-
sulation was also found to be a promising avenue for constnaig the motion of quantum
dot surfaces and thus reducing the reorganization energyh& lowest reorganization energy
achieved is 17 meV (137 cnt) for a surface reconstructed SiQD with a diameter of 1.7 nm.
It is also notable that the same dots, with Cl termination, h&e a reorganization energy of
only 25 meV. By way of comparison, dots with H termination have reorganization energy of
40 meV. It is also worth noting that Cl-terminated Sis (1.1 nm) dots have a reorganization
energy of only 57 meV as compared with 494 meV for their H-termated counterparts.

The enhancement of excitonic coupling between dots was th&aken up within a donor-
bridge-acceptor paradigm|a standard setting for studying charge and energy transport.
The most intuitive way to enhance excitonic coupling is to siply decrease the separation
between donor and acceptor[69], but we sought to create bgels between dots that increase
the coupling above that possible for dots that are not conntarl via an intermediate struc-
ture. Within a simple Tight-Binding perspective, bridges wee given the substructure of
connected axial and transverse strands of material, and bothrough-space and through-
bridge components components of the exciton coupling weralaulated as a function of the
composition and number of each of these types of strands. Thealysis revealed that the
excitonic coupling of bridged dots is not necessarily largthan that for bridge-free dots with
the same separation. It was also found, though, that bridgeedigns are possible that elicit
a much higher excitonic coupling than can be achieved withefe space. In general, short
bridges constructed by electron-donating elements with mg parallel strands were deemed
to be the most desirable.

These basic design rules were then implemented in a more sgpbated DFT analysis
to obtain quantitative data. For the sake of clarity, we focged attention on silicon, carbon
and germanium bridges between a pair of identical giquantum dots. The results indicate

the excitonic coupling is inversely proportional to the bdge length. This resulted from the
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increase of bridge-donor coupling. Secondly, the e ect ofibdges constructed by di erent
atomic elements on excitonic coupling was explored. Itisifod that electron-donating atomic
element does indeed result in a larger bridge-donor cougibecause the outer electrons are
more weakly attracted to nuclei resulting in a more extendedxciton distribution. In order
to further enhance the excitonic coupling, we can then addemore bridges between dots
and found a nearly linear increase in excitonic coupling asfanction of bridge number. The
highest coupling was found to be 410 meV for dots bridged by agle germanium bridge.

Four ways of reducing reorganization energy and three waysiocreasing excitonic cou-
pling were identi ed. Partially coherent exciton transpot requires that the excitonic coupling
be much greater than the reorganization energy. The analgsand designs of this thesis have
shown that it is possible to meet this goal. Although these stlies were based on SiQDs
systems, the results can be generally applied to other maias for applications other than
excitonic solar cells.

Throughout this thesis, an emphasis was placed on the use @-DFT, and the associated
work required that | develop an expertise in this methodolggand the theory underlying
it. This exposed a fundamental problem in the paradigm, onehat had existed since its
inception and the source of which had been debated in the litdure. The proposed reasons
were not convincing to me and did not o er a solution to the prblem in any case. A
good bit of scrutiny in an especially simple setting eventlig revealed that the source of
the problem was that unphysical multi-electron excitatios were being populated. This
resulted in incorrect excited state populations and a distton in the temporal evolution
of associated excited state dynamics. To resolve this iss@emodest correction procedure,
dubbed a Time-Domain Natural Kohn-Sham formulation, was preosed which allows the
number of Kohn-Sham orbitals and the total number of occupains to be updated on the
y. The idea was implemented and shown to correct both the exed state occupation issue

and the time distortion problem.
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My thesis research has shown that photonic information, inhe form of energy, pulse
width, or angular momentum can be converted into exciton wapackets in a way that
preserves information. These packets can be manipulatedamsported, and subsequently
re-emitted as light, forming the basis for exciton-based @mtum information processing that
can be carried out more easily than with the information in pbtonic form. All of the wave
packets studied in this thesis move along one-dimensiondlains. This should be extended
to two-dimensional and three-dimensional structures. Taavds this end, carbon nanotubes
seems to be particularly promising candidates. | am also etested in the exploration of
entanglement in association with exciton wave packets. Forstance, excitons on a dimer can
be viewed as Bell states, and spatial separation would seeodlow EPR-like experiments to
be performed. This problem becomes especially rich when $téd excitons are considered.
Besides the obvious foundational quantum mechanics intastethis may lead to new excitonic
information processing algorithms. This may even lead tot@resting quantum teleportation
applications since they can be readily producing using ligh

Design rules for reducing the reorganization energy and efting excitonic coupling
have been explored towards the goal of supporting partiallgoherent energy transfer in re-
alistic nanoscale structures. Future work should considéine evolution of wave packets on
structures within a paradigm in which exciton-phonon couphg is allowed. In fact, this is
already ongoing in collaboration with colleagues at HarvardThe Hierarchical Equations
of Motion (HEOM) method has been implemented on both CSM and Haeard GPU plat-
forms to quantify the degree to which excitonic coherence rtdbe maintained for a chain
of sides with the reorganization energy and excitonic coup parameters obtained from a
rst-principles analysis of my nanostructure designs. A &p beyond this is to explore the
interplay of disorder, geometric uncertainty, localizatia and coherence in such systems. This
has application to photosynthetic complexes but also, morienportantly, for the design of

engineered structures to carry and manipulate energy andfermation.
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CHAPTER 9
APPENDIX

This appendix contains additional details on theoreticalrhmeworks from which exciton
dynamics are often considered: Ferster equation, Red eldgeation, and the Hierarchical
Equations of Motion. Each of these can be derived from the Quo@m Liouville equation
under their own set of idealizing assumptions. De ngeorg as the characteristic time taken by
a single site to reorganize into a new equilibrium structurafter electronic excitation. De ne

wans @S the characteristic time of exciton transfer, the inversef the excitonic coupling
between neighbor sites. Exciton transfer dynamics can théye divided into three regimes
according to the relative magnitude of \¢org @and yans , and each of these is associated with

one of the theoretical frame works above.
91 FOrSter Equatlon reorg [rans

In this regime reorganization energy is much larger than exenic coupling and each site
will rapidly reorganize into its new equilibrium structurefollowing excitation. Coherence is
lost on this time scale and excitons transfer in a completelyyjcoherent manner. Exciton

transport is then well described by Ferster equation [85, §9

@ X X
CE’)tmm (t) = Kmi n mm (1) + Knt m nn(t); (9.1)
n m
where ,m = mj4ymi is the matrix density in the site representation. The Ferste transfer
rate is
z
g, d! .
Kmi n = —5 Z—Fm[! JARD T; (9.2)
1

whereF,[! ] is the emission spectrum of siten and A, [! ] is the absorption spectrum of site

n. They have the expressions
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Z,

Foll1 = dte' e '('m )=~ Gn ()
0 _ _
Anl'] = dte't @ 'Un* n)E= G (D). (9.3)
0
with
1 Z t Z S
on(t) = — ds dCu()
0 0
YA 1 - Z infinity

1
o
—+
@

Con (1) d!| (! )nee () +1]€" (9.4)

Herenge (! ) is the Bose-Einstein distribution and|., (! ) is the reorganization spectral dis-

tribution.
9.2 Red eld Equation: reorg trans

The electron-phonon coupling is weak in this regime, and theed eld Equation cap-
tures the associated exciton dynamics [89]. Roughly speadyi excitons move with wave-like
dynamics under the weak in uence of energy dissipation anchpse decoherence e ects. A

Markov approximation is made and the Quantum Liouville Equabn can then be reduced

to,
@ X
— )= 1 t) + R . - o(t); 9.5
ot (t) (t) o ;00 o ot) (9.5)
where Greek letters are used to denote eigenstatestbf and ~!  is the energy di erence

between " and ™ eigenstates. The rst and second term on the right side corresnd to

the coherent transfer and relaxation dynamics, respectiye R . o0 is the Red eld tensor:

X X
R; 00= o, ot 0. 0 0 : 0 0 : 0, (9.6)

and the components of the damping tensor, , are de ned as
11X
= — hjfij ih jij 1 G [P ] (9.7)

2
ij
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9.3 Hierarchical Equations of Motion: reorg trans

This is the most di cult regime to study, that of partial cohe rence, where both the

Red eld and Ferster equations fail to correctly describe esiton transport. The Ferster

equation is appropriate only for incoherent exciton transfs, and the Red eld equation

successfully describes only cases in which reorganizaterergy is much less than excitonic

coupling [89]. For the partially coherent case, we have to@she newly developed Hierarchical

Equations of Motion (HEOM) [90],

@/\ - iLy ™ X\l N1, Nm; NN .
@t(t)— iL x "(t) + i(t) (t);
i;(Nm=i=1;Nnei=0)
with
@, oo _ X N
= N1, Nm; ,N(t) = |I—X nj i nNi; Nm; ynN(t)
ot i
X

The auxiliary operator, , is de ned as

Y4 Z

Yo t - . t
nionmion gy = T, @it dseisTi(® "exp dsw; (s) ~0):
0

j=1 0

The following de nitions are also employed:

po= if; (1)
(== il @ ilin
Z,
Wi (t) = ds j(t)ye 9 i(s)
0
Lx = %['qx + Iqreorg; l;
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(9.11)



whereLy is the Liouville superoperator,0O =[0O; ]is a commutator andO = fO; gis
an anticommutator. T, is the time ordering operator andN is the number of sites.

As part of the derivation of the HEOM, a Drude-Lorentz spectraldistribution |j(!) =
2 ,'2—+'Jz was assumed. This quantum dynamic equation for excitatiomergy transfer does
not employ the perturbative truncation and describes bothhe wavelike and random walk
of excitons in the same framework. Unlike the Ferster and Re@ld equations, though, its

implementation is computationally intense.
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