Applications and high performance computim@sed method developments for plasmon
adsorbate interactions

by

Olivia Hull

B.S.,Wichita State University, 200

AN ABSTRACT OF A DISSERTATION

submitted in partialulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Chemistry
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2023



Abstract
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and electric fielddependentNext, weapply amethodwe developed in the massively parallel
Berkel eyGW code, cal ltoghe prébem bHs gn galdeo stsdythemat i on, 0
effects that intvidual bands produce dhe collectivemodesof the systemFollowing this
application, we describe our development efforts for the subspace summation rRgthlbgd.
we describe our efforts to alleviate parallel file /0 bottlenecks within the Berkéleydale,
which enables significantly faster tirb@solutionfor systems requiring large amounts of
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Abstract

Plasmonic nanoparticles have been shown to facilitate bond breakage under mild
conditions on molecules that are traditionally difficult to activate. However, the exact mechanism
through which plasmonic nanoparticles drive reactions on nearby molecutedaaruModeling
plasmonic photocatalysis is computationally demanding, typically requiring methods beyond the
workhorse groundtate density functional theory (DFT). Our efforts focus on modeling this
process, developing new methods to model this proaadsgnabling these methods to run faster
and scale better in high performance computing environments. Herein, we first present
investigations of plasmeadsorbate interactions via tirdependent DFT and the nadiabatic
Ehrenfest dynamics method, finditigat the dissociation process we investigate is symmetry
and electric fielddependentNext, we apply a method we developed in the massively parallel
Berkel eyGW code, <call ed s ubHsgagadadeostsdythemat i on, 0
effects that intvidual bands produce on the collective modes of the system. Following this
application, we describe our development efforts for the subspace summation rRgthlbgd.
we describe our efforts to alleviate parallel file /0 bottlenecks within the Berkéleydale,
which enables significantly faster tirb@solution for systems requiring large amounts of
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Chapter1-Genelrmatlr codhuc t i

1.1 Introduction

The plasmon resonance of noble metal nanoparticles gives rise to a variety of unique and
useful features, and as such, sees widespread application in a number of fietésdikg and
detection} medicine?® photovoltaics! and catlysis > ! This highly tunablglasmon resonance
can be thought of as a coll ect i waledplasinans hi ngo
resonance frequencéy A desired frequency can be achieved by altering the size, the shape, or
thedielectric evironment of the NP. Thus, plasmonic NPs can be readily adapted to a variety of
purposes. We are patrticularly interested in plasmonic NPs for the purpose of ptasdiated
photocatalysis, and much of our effdidsus on probing nanoparticksorbatenteractions with
theoretical methods, developing new approaches to probe this pracdsnabling these
approacheto run faster and scale better in high performance computing environments.

In plasmommediated photocatalysis, noble metal NPs have demmrsto break bonds
and facilitate molecular activations that have been traditionally challenging to accomplish. Such
activations include Hsplitting® CO, reduction’ water splitting? O, activation! and moré:*°
These processes typically occur unidenign conditions such as room temperature and pressure.
However, these processes often suffem low yield (<2%)*® A mechanistic understanding of
these processes has not yet been-dalkeloped, which hinders the ability to systematically
improve the efficiency. Given the aforementioned tunability of plasmonic nanoparticles, there is
significant interest in identifyim which factors play a role in the efficiency of plasmonic
photocatalysis?

While experimental investigations can offer some insight into the mechanisms driving

plasmonamediated photocatalysis, they cannot yet explore the process in full, atomistic detalil



and may suffer from environmental control challenges, like the effects of coupling between
nanoparticles, solvent effects, and otH&rS.Meanwhile, theoretical investigations have the
potential to offer deep insight into the catalysis process; howswedn theoretical investigations
present many of their own challenges, especially regarding theafisddey must make in
accuracy, computational efficiency, and information availability.

The challenges involved in the theoretical modeling of plasmediated photocatalysis
range from technical issues like the accuracy vs. computational cost of a given method and its
various approximations, which information is relevant to extract from a given method, and even
the methoetype itself. Theoretical studiesan be broadly divided into two camps: those that use
potential energy surfaces (PES) to understand the system and its dynamics, and those that use a
gi vent inmedl ap p rtimaapproachésntypicatlyahle density matrix of the system is
propagted in time upon laser excitation, often with little regard to the existence of the distinct
underlying potential energy surfaces (i.e. an Ehrenfest dyndymiesapproachj® 24 In the PES
approach, conclusions are drawn from the topography of excitexisstrface&142526
Sometimes, surfaeeased dynamics calculations are performed on these surfaces (i.e. a surface
hoppingtype approachy’ Thus, the two approaches differ vastly in philosophy and results,
though, luckily, not always conclusions. hig work, we take a redéiime approach.

There are two common mechanism types for plasmediated photocatalysis. One
mechanism is the Aindirect excitationo approa
decays into hot electron/hot hole pairs. Ehket carriers can then transfer to the unoccupied
orbitals of the adsorbate, activating the molecule for further transfornt&fidhThe other
mechanism is the fAdirect excitationo 3nmproach

this approal |, the plasmon mode Adecayso by directly



adsorbaté? In this case, it is presumed that the adsorbate orbitals hybridize into the NP orbitals
involved in the plasmon excitation, hence excitation of the plasmdndeat o A di r ect o
of the molecule as well. In this work, we place special emphasis on the chemical interface
damping mechanism, taking an orbiteised approach to understand the electron and electron
nuclear dynamics of atomic Ag nanowires witlsadbed small molecules in Chapters 3 and 4.
Chapter 5 focuses on the chemical interface damping effectsmf the collective excitations

of Au(111).

Nanoparticles are challenging to model theoretically. We primarily employ density
functional theory andelated excitegstate methods. We are interested in exestiadle properties,
with our overarching goal being to investigate the couplingpd&smonic excitatioto an
adsorbate and the ways that this coupling impacts the behavior of the system ujabiomexci
Such modeling presents complications. First, obtaining exsttee properties is inherently
costly, whether those properties are obtained in a perturbative regime, like with linear response
time-dependent density functional thet{.R-TDDFT) orwithin the random phase
approximation (RPAf**Lor in a propagative regime, like with re@the timedependent density
functional theory (RITDDFT)*?*30r Ehrenfest dynamicd.We make use of all these methods,
and these kinds of calculations are cdasibly more expensive than standard grestate
calculations, quickly approaching computational intractability with increasing system size.
Second, beyond the inherent cost of exegte methods, because we are investigating the
coupling of an adsorbato a metal system, we must employ higher levels of theory than if we
were to study the metal system alone, such as through use ohluyg corrected density
functionals in place of the workhorse generalized gradient approximation functionals itoorder

better approximate chargeansfer phenomena between the two subsystéMahus, we must

e X



make careful decisions in our choice of modeling systems to balance computational tractability
and accuracy.

We can choose to employ model systems thatretginkpr oper ti es of a fAf
this sort of approximation is central to our work in Chapters 2 and 3. This enables us to take a
molecular orbitabased approach, where the basis functions are-etotered. On the other end
of the spectrum from atoitentered techniques, where the boundary condition is that the
wavefunction decays to zero at infinite distance from the system, is that of periodic boundary
technigues. In this case, the system is represented as a unit cell, and periodic boundaryscondition
are imposed such that the wavefunesi@re infinitely spatially repeating§or nanopatrticles, this
means modeling the nanoparticle as an infinit
techniques, because the basis set used in these calailat@oset of planewaves.

One must make a choice between taking a molecular ebaitsd approach or taking the
spatially infinite planewawbased approach. This decision carries implications in what type of
system can be modeled efficiently, or at aeTplanewave basis is generally used in
calculations in which one or more infinitely repeating spatial dimensions are present, and is
applicable to nanoparticles that are sufficiently large that the particular region of interest on the
surface is isolateftom any outside effects beyond the surface itself. However, an unignorable
drawback exists due to the fact that, in reality, nanoscale confinement effects give rise to
important nanoparticle properties, and these confinement effects are lost in a pgsteht. On
the other hand, molecular orbital bases are the standard approach in chemistry. A major
drawback of this quantum chemistry approach is that, because these calculations become
increasingly computationally intractable with increasing system saeparticles beyond the

Ananocl uster o si ze ar-édelityeoleculaadrbital approachesact abl e



especially in the context of nanopartigdsorbate interactions because of the added
complications in correctly capturing these intei@ts. Extending to more atoms requires
increasingly severe approximation in the electronic description of the nanoparticle, and an
electronnuclear picture slips away entirely even quicker. Thus, in this regard, nanopatrticles are
sized such that they amehierently difficult to model, as they sit in the middle between these two
descriptions, often too large to be modeled with the most accurate levels of theory-in atom
centered methods, and too small for all of their properties to be captured in fulirdp&ibdic
boundarytype methods.

In this work, we make use of both techniques to study plasadsarbate interactions,
and we are careful in striking a balance between chemical accuracy and computational viability
for both methods. Chapters 2 and 3 em@tomcentered quantum mechanical techniques to
study the activation and dissociation of small molecules from atomic silver nanowires. Because
of the computational demand of the methods used, these systems are very small, with the wires
ranging in size fsm 6 to 10 atoms. These atomic wires share fundamental physics and key
properties with | arger nanoparticles. I n thes
nanoparticles. In Chapter 2, we take care to evaluate a variety of density fusctaeraifying
that longrange corrected functionals are necessary for this work. We evaluate the effects of the
wire length on properties like the absorption spectrum, obtained through linear response time
dependent density functional theory. We emplsttime timedependent density functional
theory and Ehrenfest dynamics to understand how the nanowire may facilitate adsorbate
activation of N in a particular orientation with an applied laser pulse.

In Chapter 3, we expand the scope of examined sydigragaluating the neadiabatic

Ehrenfest dynamics for Ajl> and AgH- in multiple adsorbate orientations, with multiple



different applied laser pulses, and at a variety of electric field strengths. We use Hirshfeld
charges to examine how charge transietsveen the Agand adsorbate subsystems with time.

We use Fourier transforms to obtain approximate vibrational frequencies for the small particles.
We accompany these electroaclear dynamics calculations with electrmmly calculations, in

which the naglei are unable to move. We obtain thdependent orbital populations by projecting
the timedependent electron density onto the set of grestatk orbitals, which allows us to
examine which orbitals are populated ofpgulated within the first 5 fs dfie simulation. We
achieve both activation and dissociation, depending on the system under study and the
parameters applied.

Chapter 5 employglanewavdechniques, examining the effects of & the (111)
surface of gold in simulated electron energy Esctroscopy (EELS). Extended surfaces share
many similarities with nanopatrticles, especially largeed nanoparticles with more balikk
structures than their quantized nanocluster counterparts. In this case, we extrapolate
Adownward, 06 sBuofmaare itwofianinm@eoparticle. We wut.i
method (developed in Chapter 6) within the RPA to study how inclusion or exclusien of H
hybridized bands affects the simulated EELS of the systems under study.

In Chapter 6, we discuss tvmeethods we develop within the BerkeleyGW code in order
to carry out the Hon-Au application work in Chapter 5. In order to perform the calculations
outlined in Chapter 4, we must first develop a partial occupation RPA method within
BerkeleyGW. BerkeleyGWyntil this point, has been an RPA+GW code desigmwedarily for
semiconductors. That the semiconductor band gap isdegtied enables the BerkeleyGW code
to makesomesimplifications to the RPA and GW implementations relative to the full governing

equdions andtheseapproximations are incorporated into the core parallelism of the code. Thus,



developing a partial occupation method compatible with the existing parallelism of the code is a
major focus of the work. The primary motivation behind the dastieupation implementation is

to facilitate the use dBerkeleyGWin the computational study ofietals. Electronic structure
calculations of metals benefit from the application of partial occupations because metals have a
complex electronic structure &etFermi level, and no welllefined band gap. That a band may
cross thé~ermi energysuddenlychanging its occupation from fully occupied to fully

unoccupié, produces numerical issues. The implementation of partial occupations in
BerkeleyGW enables us &xtend the code to metals in addition to semiconductors, which

allows us to study the#Au(111) systems of Chapter 5.

The second development needed in order to study the problem presented in Chapter 5 is
that of a fAsubspace s hilityipleneotation ofiBarkeleyGev. HeRle,A p o |
we seek to include only bands of interest in the computation of the RPA polarizability, which is a
sum over all possible (occupied, unoccupied) pairings. Such a method allows us to understand
how the RPA EELS spaam of a system is affected by the inclusion (or exclusion) of particular
bands, giving us a method to probe how thénHhe system affects tlumllectivemodes of the
gold. This method also involves careful interaction with the BerkeleyGW parall€ismbined,
these two methods allow us to probe the EELS spectrum-ofdAu while treating the system
more computationally feasibly than previously possible in BerkeleyGW, i.e. with partial
occupations.

The overarching motivation for this dissertation is that we meet in the middle between the
atomcentered atomic wire approach and penewavesurface approach, generating valuable
understanding of nanoparticle processes from both types of approximagts nindboth atom

centered and planewave techniques, until we have access to more powerful computers and better



scaling of methods, the issues in choosing a model, in choosing a method, and in choosing what
information to extract from the model and methadl, exist. Thus, theseventhchapter of this
dissertation focuses on work done in pure high performance computing, alleviating critical
bottlenecks of the BerkeleyGW code. BerkeleyGW is the massively parallel solid state physics
package utilized in Chagt 5 and across the globe as a highly scalable and performant RPA+GW
code. This work improves the parallel file I1/0 of the BerkeleyGW code by an order of magnitude
on high performance machines, reducing I/O overhead during computatitmaynwhich

allows us to run larger calculations faster, conserving compute hours on the leadaship
machines that these types of calculations often require.

While high performance computing (HPC) developments do not fall under the purview of
traditional physical cheistry research, they are nonetheless a critical component of
computational chemistry. The HPC developments herein enable computation of larger and more
varied chemical systems, in the case of the wavefunction I/0O developments and in the case of the
partialoccupations developments, respectively. Thus, through our HPC parallel algorithm
developments, we extend the range of materials for which these computational methods can be
applied.

Taken together, the works presented herein advance our understarlagnoinic
particleadsorbate interactions by modeling activation and dissociation dynamics directly in
Chapters 3 and 4, by probing the structdEel S relationship directly with the subspace
summation method in Chapter 5, by developing the methods tHaleersato carry out these
calculations in Chapter 6, and by removing critical bottlenecks in the code that affect our ability

to carry out these calculations quickly and effectively in Chapter 7.
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Chapter2-Techni c al |l ntroduct.

2.1 Introduction

Throughout this dissertation, we utilize a variety of computational techniques. These
techniquegrimarily involvedensity functional theory (DFF)both planewave and atem
centered. Atontentered techniques include growstdte DFT, linear response tirdependent
DFT (LR-TDDFT),23 electrononly reattime timedependent DFT (RTDDFT),*® and full
electronnuclear time dependent dynamics via joinR TDDFT with Ehrenfest dynamics (RT
TDDFT/ED)."® Planewave techniques are used as inputs into the BerkeleyGW random phase
approximation (RPA) implementatidf 12 All of these techniques offer particular advantages
and disadvantages. We review theseneglres, discuss their strengths and weaknesses, and
resolve how each fits into the work found in this dissertation.

In addition to the theoretical techniques outlined above, we dedisatesactiorof this
chapterto pure high performance computing deyehents, which allow us to expand the scope
of systems to which these techniques apply by enabling us to carry out these calculations more
efficiently. HPC developmens acritical component of computational chemistry research,
without which we argreatly restricted in the size and kind of calculations we can execute. We
discuss the relevant HPC techniques, methods, and libraries, which includes MPI parallelism and

common MPI patterngnd the HDF5 file 1/O library.
2.2 Ground-state Density Functional Theory

Density functional theory is the most popular and successful electronic structure method

today, with over 47,000 citationbFda)thkaste
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enabled its widespread use by developing a practical implementétiom theory'® While DFT

has many forms and flavors, the central idea offlS is that a mampody system of

interacting electrons can be treated as a system eihtenacting electrons in an effective

potential. Determining the form of the effectivetgatial is a research effort that is still-gning.
Despite this, DFT has seen widespread adoption in-staié physics, materials science, and
chemistry on account of its favorable balance between accuracy and computational feasibility. In
this sectionwe first provide an overview of the DFT method, then detail the specific DFT

methods we utilize in this work

2.2.1Introduction to DFT

Modern density functional theory is based on the two Hoherkehg (HK)
theorems:#The first theorem is an existee theorem, stating that the electron density of a
system uniquely determines its Hamiltonian. If the Hamiltonian is solved and the wavefunctions
obtained, then any observable can be computed. Thus, the electron density determines all
properties of the stem. The second theorem establishes a variational principle for DFT: the
functional of the electron density that produces the gratiaid energy of the system is
minimized if and only if the input density is the true growtakte density. The second them
produces the variational equation:

170 e m (Eq. 21)
where we search for the electron density that minimizes the enerdy, subject to the
constraint that ” » 'Q» 0, the total number of electrons in the system, withe Lagrange
multiplier. Eventually, one obtains the Eulesigrange equation that is the DFT equivalent to the

time-independent Schrédinger equatin:
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170 (Eq. 22)

with 0 » the external potential arfehk[”] = T[" ] + Ved " ], whereT[" ] is the electronic kinetic
energy functional antled” ] is the electrorelectron interaction functional.

While the Hohenberglohn theorems tell us that the electron density uniquely detesmine
all properties of a system, and that we can variationally solve fgrthmdstatedensity, they
do not provide any details of a practical implementation. Both the foriij"gfandVed” ] are
unknown. It was not until the development of KeBham (KS) DFT that DFT became widely
applicable. In the HohenbekKphn theorems, there is no clear way to treat the kinetic energy nor
Vee KS-DFT remedies the first issue while casting the DFT equation into a form that closely
resembles the Hartrdeock equationFirst, Kohn and Sham introduce a reference system
Hamiltonian of noAnteracting electrons that yields the same electron density as the exact

electron density:

gn O & » Q - (Eq.2.3)

so thatQ - 0 j ».Herexcludes direct electreglectron interactions, and we

instead make an approximate attempt at capturing these inintroducing molecular orbitals

[, the reference electron density can be written:

” g S (Eq.24)

with N, the number felectrons, running over the N lowest eigenstatds:@fNow, given the
reference system, the HK functiorialk can be written aBux[”" ] =T[" ]+ Ex{" ] + J[" ], where

T is the kinetic energy functional of the reference system:
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4" r nor (Eg.2.5)

NI|O

and J[" ] the Coulombic interaction energy:

” »” >
o 2 2 ¥ oome (Eq.256)
¢ > xe

and t he Agar badg"]stheihfanous exchangmritelationrnenergy
functional, which, in theory, contains the differemetween the exact kinetic energy and the
reference kinetic energy, the nonclassical paxe{not accounted for id[” ]), and the self
interaction of the system. That is, the exchaogeelation term contains all of the leftovers of
the interacting sstem that are unaccounted forTimndJ. In this way, the Kolw$S8ham equations
are technically exact. In practice, we do not know the exact fovr,cdind the dark art of
approximating this functional is an active area of research. After revisitingitellEagrange
eqguation (eq. 2), applying this referenesystem formalismand minimizing with respect to the
reference system orbitals subject to the condition of orthonormality, we eventually arrive at the

Kohn-Sham equations

Bnr» [

> > W > > Eq.2.7
q s> S ] T (Eq.2.7)
We can writew w > ~ :s’Qb @ so that (eg2.7) becomes:
p ,
En o [ » fr » (Eq.2.8)

whereequation2.8 is a system of orelectron equations whiclhen solved, represents the
many-electron system in terms of singdarticle orbitalsin other words, we are solving for the
singleparticle orbitals of a fictitious neimteracting system, where all the many body

interactions of the true interacting syt are recast as an effective potential that the-non
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interacting electrons experience. Becauggdepends on the electron density, and therefore the
set of singleparticle orbitals, the K®FT equations are a pseudimenvalue problem that are
solved ieratively to seHconsistency, where we must first gu¥sg and at each iteration, update
the density, then updatésw The eigenfunctions’{ and their eigenvalue$ { are often
interpreted as molecular orbitals and their corresponding eigeieserespectively. Whilf
and { are technically purely mathematical constructs, interpreting them as physically
meaningful has yielded surprising success, and such interpretation is cafifthon.

The eigenfunctiong  are generally represett as a linear combination of basis

functions:
r ® %o (Eq.2.9)

This treatment allows us to write equat®B as a matrix equation to determine the expansion

coefficients £ }:

% O %o ® | %o %o (Eq.2.10)

0 ® T Y ©
The choice of basis set (and accompanying boundary conditions) is an important one. These fall
under two broad categories: planewave and atentered bases. We discuss these choices in
moredetail in section2.2.2 and2.2.3.
The second critical choice is that of the exchaogeelation functional. Because of the
fact that the exchangmorrelation functional is unknown, the fact that there is no known

prescription with which to systematically improve the excharwyeelation tinctional, and the
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fact that the accuracy of DFT hinges on what form the exchemgelation functional takes,

there has been extensive research into developing density functionals, which continues to this
day?¥23 John Perdew detailed a hierarchy ofoiec al accuracy for DFT, dt
Ladder 2The |@estring on the latter is the local density approximation (LDA), or

LDA functional. As the name suggests, this excharwyeelation functional depends only on the

local density. The nexting is the generalized gradient approximation (GGA), which depends

on the local density and the gradient of the local density. One rung up from GGA i&Ga&

which depend on the gradient of the density or the Laplacian of the density, sometingethealle
kinetic energy density, or both. Adnget he next
correctedo functionals, which depend on the o
dependence arises because these functionals incorporate tleeHaclkk exchange operator,

which requires explicit consideration of the singhkaticle orbitals. DFT is known to fail for

long-range interactions like charge transfer, and these types of exet@mgkation functionals

help to remedy this iss#¢Thefnal rung on the | adder, and the
heaveno is that of generalized random phase a
section. These Afunctional so depend on both o

areconsiderably more accurate than true DFT functionals for many properties of chemical

systems, though are also much more computationally expensive.

2.2.2 Atom-centered DFT

Atom-centered DFT is sometimes called the linear combination of atomic orbitals
(LCAO) approach or local basis (LB) approach. LCAO is a familiar concept in chemistry, since

LCAO applies broadly to molecular orbital (MO) theory. In MO theory, we think déoutar
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orbitals as linear combinations of the atomic orbitals of the atoms that comprise the molecule of
interest. MO theory is a powerful tool for gaining qualitative insight into a system, finding
success in organic and inorganic chemistry even withaluing any sort of Schrédingéke
equation. On the other hand, DFT can be thought of as one particular means with which to
produce molecular orbitals, and one wheredwsolve a Schrédingdike equation. Thus, while
the eigenfunctions and eigenvalugsquatiorn?.8 are indeed strictly mathematical constructs,
we can relate them to the familiar MO theory orbitals, and these relations often produce
meaningful insight into the system under interest. In the case ofcaptared DFT, we must
choose how toepresent these atomic orbitals, whose linear combination will give rise to the
molecular orbitals of the system.

One choice of atomic orbital is that of Slatgpe orbitals (STO), where a STO centered

on atom a takes the forff:

A Y (o —Ikei Q¢ (Eq.2.11)
wheren, |, andm are the principle, angular, and magnetic quantum numbers respectigdiye
position of the electrorRa is the position of atora, N is the normalization constarh, —F%6o

is a spherical harmonic defined bhyandl, and- is the Slater orbital exponent, a positive

number which controls the diffuseness of the function. A largelds small, dense orbitals that
decay to zero more rapidly s 'Y sincreases, and a smallields a large diffuse function

that decays more slowly. In atecentered DFT, the boundary condition is that the function must
eventually decay to O.

A second choice of orbital is that of Gaussigpe orbitals (GTO), which look much the

same as STOs:

A Y 00 —Mko i (ORI (Eq.2.12)

19



The key difference is that the GTOs have zero slope at , and the STOs have a cusp at

'Y . Slatertype orbitals better describe the qualitative features of molecular orbitals, like in the

fact that they display the correct cusp behavior and decay behavior, and so fewer are needed in a
basis set expansion compared to GTOs. GTOs have no cddpegrdecay too rapidly at large

4 'Y $?”GTOs are far more convenient to evaluate though, because the product of two
Gaussian functions is another Gaussian function. Thus, one compromise is use of-th& STO

basis sets, wheré:

Q... (Eq.2.13)

so that each STO basis function is itself a linear combination of some number N GTOs, which is

more convenient to evaluate than a pure STO. Beyond theN&I €ets, creation of a basis sets
comprised of basis functiomsse pr esent ed as a | inear combinati
functionso has proven useful . Anedlenee basice o mmon
sets, in which the valence orbitals are represented by multiple basis functions (each of vhich ca

be represented as some fixed linear combination of GTOS). If a basis set represents the valence

orbitals using two GTOs, the set is called a
set is a Atriple zet aod ave utizethedanl2tz mss set,n . Il n o
named because it is a double zeta (Adzo) basi
(LANL).®*The lanl2dz is a type of fdeffective core

orbitals are minimally affeted by molecular formation, effective core potential bases replace the
explicit treatment of the core electrons with an effective potential that represents the effect of
these core electrons on the valence electtdtd he approximation of replacing @oelectrons

with an effective potential is common in both atoentered and planewave DFT.
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2.2.3Planewave DFT
The planewave formulation of DFT looks quite different than the atemtered

approach, and indeed, the types of systems that the planewangaion excels at modeling
are quite different than the systems that at@mtered DFT excels at modeling. In particular,
planewave DFT uses planewaves as the basis and imposes periodic boundary conditions so that
the system of interest in confined toiafinitely repeating unit cell. Thus, planewave DFT is
especially weHlsuited to modeling structures which repeat in one or more spatial dimensions,
like bulk materials (infinitely repeating in all three spatial dimensions), surfaces (infinitely
repeatingn two spatial dimensions), or wires (infinitely repeating in one spatial dimension).
Planewave DFT can be used to model systems that have no repeating dimension by making the
unit cell sufficiently | arge t haehtother,buinfinei ghb
general, atontentered DFT is better suited for this task. Planewave DFT represents the system
of interest in terms of a unit cell, with lattice points that are invariant under transfation:

4 ¢4+ ¢4 ¢+ (Eq.2.14)
whereny, nz, andnzare integers and the lattice vectagsay, andaz span the unit cell with
volumenmn It is generally more convenient to work in reciprocal space, where we can define
reciprocal lattice vectonsy, by, andbswhich span the reciprochlttice. The reciprocal lattice

vectors are found by:

+ < % (Eq.2.15)

with the other two vectors found by permuting the indices, andryithA A & £ 3 . A unit
cell in the reciprocal lattice is called a Brillouin zone, and the primitive unit cell is called the first

Brillouin zone.
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Bl ochdos theorem states that the solutions

potential take the form:
rg> Qg (Eq.2.16)

with uk(r + R) = uk(r), whereR is a translation vector of the lattide other wordsuk(r) is a
periodic function with a period corresponding to the crystal latc8li® a planewave,
signifying that’ g » changes only up to a phase factor under translatiork anthe crystal
moment, a quantum number that arises due to this treamslasymmetry. A consequence of
Bl ochds theorem is that our DFT problem need
planewave basis, the periodic function takes the form:

, P .
o L Qn Q1 (Eq.2.17)
/e

where we introduca to order the wavefunctions, and we expéncﬁ » in terms of planewaves
with wavevector lengthsG|. The gvectors are reciprocal lattice vectors, i.e.,

1 ¢F &F ¢+ (Eq.2.18)
The number of gyectors corresponds to all the planewaves with wavevector leggths™O

Generally, rather than specifyingzmaxin a planewave calculation, a kinetic energy cutoff is
specified, wher®© —. Itis calledthe kinetic energy cenff because planewaves

are a solution to the free electron Schrédinger equatien{/21 , V= 0), which yield a total
energy G/2 for a given planewavg@nd because = 0, the total energy is equal to the kinetic
energy). Thusthe cutoff energy determines the size of the basis set.

Now,

p v . e~ p I .
N L Gn @0 B> O Gn @ 7°  (Eq.219)
MR ;s

22



Whilenisanintegerki s conti nuous. I n theory, Blochos

wavefunctions for allk(r + R) = uk(r) in the first Brillouin zone. Thus, in theory, we must

integrate over the Brillouin zone, and, for example, the electron density would be calcsiated a

e $ g»s

(Eq.2.20)

— O g»s

In practiceux(r) often depends only weakly &n which is why we can get away with sampling
only a small number df in the Brillouin zone through schemes like the Monkhpestk

sampling procedure; so, for example, the electron density would bééome:

at some finite number &f. In practice, the number ofgoints included in a calculation is a
convergence parameter.
The KS Hamiltonian is nearly independent for eagiokt i.e., in a periodic system,

'O BgOwith'Gf g» 1§ g*> (Eq.2.22)

The finear independenceodo comes from the fact

points, andVets depends on the electron density. To make the idegoofrks a bit clearer, we
stated earlier that a system withmeriodic behavior (e.ga molecule) can be modeled with

pl anewave DFT as | ong as the unit cell 1is
with each other, i.e. the solutiorfs {g} decay to zero at the edges of the box. In this case, we
have only one kpoint, thes point, with (k, ky, kz) = (0, 0, 0). With only this Jpoint,

% g ™ T g B »sothatQ » T 71 »
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In other words, we recover the molecular orbital result. In the periodic case, instead of
molecular orbitals, we have bands, where for a given quantum numrtherband varies at each
k-point, with a band energy g. The set of bands  at a giverk-point are like a set of
molecular orbitals for that-point. Plotting the band energies at varioysoknts allows us to
create band structure plots. Band structure plots are ploenk dependent version of molecular
orbital energy plots. If we integeficross the energy, this yields a total density of states plot,
i.e., DOSE)JE = number of levels betwedhandE+dE.3®

Casting planewave DFT and atarentered DFT as only a matter of basis set choice is
perhaps a bit misleading. It may be more accumastate that the planewave basis is the suitable
basis for calculations with periodic symmetry, and at@mntered basis sets are most suitable for
calculations with no periodic symmetry, as this difference in symmetry is at the core of the

difference betwen the two methods.

2.3 Excited State Techniques

Groundstate DFT has had a profound impact on the field of computational chemistry,
though the groundtate formalism of sectiah2 necessarily leaves excited state information
inaccessible. To accessoied state information, we can operate in either a perturbative regime,
as is done for LRIDDFT and RPA, or a propagative regime, as is done irtiraal TDDFT.

The foundation of both is the Run@oss theorem, which states that there is atoimme
mayping of the timedependent potential and the density of the sy$teFDDFT is directly
related to the timelependent Schrédinger equation (TDSE), similar to how-imdependent
DFT is directly related to the tirmadependent Schrodinger equation. The HJI& a many

body system of N particles is given by:
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-;Lu“ RofeR fo "Oi R FaR Pow i R FaR P (Eq.223)
with
Vo Y OO @ o (Eq.2.24)

and
(Eq.2.25)

with Vextthe external potential. Like in the grousthte case, we want to solve in terms of the

(now timedependent) density instead of the mdnogly wavefunction, with:
" 1D QigQiaih MBH s (EQ.2.26)

TheRungeGross theorem provides the justification fotcessting the timalependent
Schrédinger equation in terms of the thehependent electron density, in much the same way the
HohenberegKohn theorems provide the analogous basis in the grstatd case. Ehfirst HK
theorem states that there is a-0o@®ne correspondence between the static external potential and
the static groundtate density:

O i " (Eq.2.27)
Similarly, the Rungésross theorem states that there is ator@ne correspondencetieen the
time-dependent external potential and the tlependent density. There are a few additional
complications to the Rung@ross theorem relative to the first HK theorem, though. The electron
density is in a oro-one correspondence with a clasexternal potentials) i hd | 0,
rather than a single external potential, wheré is purely timedependent! This yields a time

dependent phadactor in the wavefunction (note that this term vanishes in computing

observables). Additionallyhe timedependent external potential has a-tmene
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correspondence with the tirsependent density and also a given initial state,Thus, the
RungeGross theorem yields:

Vifd | 0w 7 i (Eq.2.28)

The original formulation of the Rung@ross theorem stipulated th4t, t) must be

analytic atg, but has since been extended to other forms of potentials (though a general proof for
an arbitrary(r, t) does not exist). With the Rung&oss theorem in hand, we can construct
time-dependent Kion-Sham (TDKS) equations, similar to how we constructed-tidependent
Kohn-Sham equations in tliigoundstatecase. That is, we can construct a fictitious system of

norrinteracting particles in a timgependent effective potential that yields the same-t

dependent density i b as the full interacting system. The TDKS equation takes the form:

#B M) gn T R (Eq.2.29)
with
O " i O I OV’ i V"I (Eq.2.30)
Here,0 ” i represents the tim@ependent Coulomb potential, givenias’ i Hd
. 9’:’9». Thetermbd ” 1hO represents the exchangerrelation potential. Finally, the

time-dependent electron density is given as:

"1 s ifs (Eq.2.31)

with[ the singleparticle KohaSham wavefunctions. Similar to the tinmelependent case,
while the formalism is formally exact, the exact formvgfis unknown. Timedependent
exchangecorrelation functionals are trickier than the timeependent case, because in theory

the timedependent exchange correlation kernel is a function of the entire history of the electron
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density, rather than just the density atsometime Thi s fAmemory dependence.

in the timeindependet case. In the time dependent case, in practice the memory dependence of
the functional is often too computationally costly, and is not considered. What we have presented
so far is applicable to both perturbative and propagative diependent methods. Nowe focus

on the perturbative case.

2.3.1Linear Response TimeDependent Density Functional Theory

The central idea of lineaesponse TDDFT is that if we apply a small perturbation to our
system, we can treat the potential as a static potential ptus small timedependent
perturbatior®” In other words, i ihd6 01 7 Uil with] 0ifd L 01 ,thenwe can
treat TDDFT as groundtate DFT plus the linear response to the #itependent perturbation

v(r,t), with] 0ifd 1 "1 8In such a case, the first order response can be written as:
7" QiQo..i A M1 Vi (Eq.2.32)

where.. is the polarizability of the system. We can also casflID®FT in terms of a Kohn
Sham problem, i.e. we can have:
10 i 7T0 i T0iM 70 (Eq.2.33)

where the Hartree term contains thstantaneous static Coulomb interaction:

101 ’Qi’Qoa‘L‘lg o 1 "1 (Eq.2.34)
and the exchangeorrelation term is given as:
1010 QIQOQ " imhimIT "1 (Eq.2.35)
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with™Q ” 1 AR —hh Now, with the KS effective potential, which we will

now labelb instead ofv , we have a corresponding KS polarizability, :

~

1" QiQo.. iMAMIL i (Eq.2.36)

Following the works of Adler and Wiser, we can write as0!

iR h M Q —~ (Eq.2.37)

wherdg  are the KS orbital energigs, are the corresponding KS wavefunctions, &xdis
the occupation. The is an infinitesimal value, a mathematical construct to ensuredsétied
Fourier transforms, since we can transform between a time and frequency domain. Note that time
andfrequency are connected by a Fourier transform, so we have transformed to frexpsoey
in equatior2.37. Finally, we can express the polarizability of the full, interacting system in terms
of the KS polarizability, the coulomb kernel, and the exchaongelation kernel:

v Q.. (Eq.2.38)
This is a central result of linear response theory. We will see that, once we know this
polarizability, computing an absorption spectrum or an electron energy loss spectrum are each

only afew steps away.

2.3.2Casida's Equation

The Casida equation is a special and highly convenient form-GflRRFT. In quantum
chemistry, the phrasing Athe Casida equationbo
TDDFT, 0 but the Casi da e glDRFT,iamdrs0is less geralghanr t i c u |

LR-TDDFT on the whole. To obtain the excitation energies of the system, one must obtain the
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poles of ... After identification of the fact that the search for the poles.cdn be recast into an
eigenvalue problem and after significant algeébrearrangement and substitution of equation

238 into the density response, we can?2¥Btain
mo 3 "0 (Eq.2.39)
wherez is the excitation energy, witm given by (ignoring spin):
mpg 11 & ¢30f 3 (Eq.2.40)
where the orbital energy differenceds | T , with] the KS orbital energies, wiitk

denoting occupied orbitals amag bunoccupied orbitals. Finallyy  is given by

Oh Of O; (Eq.241)
with
0 QiQis "1 o | p‘ L I (Eq.242)
d I3
O ¢ QIQie i « 1| Qe’i o | (Eq.2.43)

Finally, the eigenvectoOin equatior?2.39 can be used to construct an approximate excited state

wavefunction as a linear combination of singkaticle excitations:

ay & O i, Gty & (Eq.2.44)

3
with dHandditbe creation and annihilation operators amddthe wavefunction (Slater

determinant) of the occupied KS orbitals. Once equ&i8@ is solved, an oscillator strength for

each excitation can also be obtained. For singlet excitations, this is given by:

S C—"Oﬁo» 99 a (Eq.2.45)

29



Casidads equation is extremely wuseful for
excitation energies and their oscillator strengths are known, one can convolve this stick spectrum
with a Lorentzian to obtain an absorption spectrum. That each extitatmbt ai ned vi a Ca
equation can be understood as a linear combination of gpagliele excitations (equatidh44)
allows us much deeper insight into these excitations relative to obtaining excitation energies and

oscillator strengths alone. We makeavy use of this type of analysis in Chapters 3 and 4.

2.3.3The Random Phase Approximation (RPA)

The random phase approximation (RPA) can be considered a formBDDRT, and
we view it this way in our work in Chaptér RPA originated in condensed ttex physicsand
wasdeveloped by Bohm and Pines in the 1950s to describe jellium, a system of electrons
experiencing a uniform background positive chdfgeespite this seemingly narrow origin,
RPA can be applied to any system of interacting partialed,ijs now an important concept in
many areas of physics and chemistry. This broad applicability can make RPA conceptually
confusing, as there are many ways to think about it, many ways to derive it, and many areas in
which RPA sees use. In guantum chengjsive often discuss RPA in the context of exchange
correlation functionals in density functional
the top of Perdewb6és famous AJacobds Ladder of
of densityfunctionals, with the class on each higher rung more accurate than tHeWstalso
often discuss RPA in the context of IODFT, since RPA can be accurately described as the
most simple versionof LR DDF T . How can somet hionnga |lboe annld kael s

be a version of LRTIDDFT?
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The centr al guantity that wunites RPA as bo
of LR-TDDFT is its treatment of polarizability. Specifically, in equat®b®8, whenfy is
neglected, w®&PA&%WHenfiishnonzerditdererare many forms it can take,
and we call this set of methods generalized R
on account of the adiabatic connection fluctuatiessipation theorem, which provides exact
expression for electron correlation in terms of the interacting density response féfittlan.
other words, we can compute a correlation energy from the random phase approximation via this
theorem. Then, we can combine this correlation enerdythvt exact exchange energy (i.e., the
exact exchange in Hartré®ck). Thus, we obtain a8 = Ecrpa+ Eexact exchange@nd to obtain
the RPA total energy, we would first obtain a DFT total energy, s&tat= Eprr - Exc,orT+
(Ec,rPA* Eexact exchage). SO, RPA in this context is not so much a density functional as it is a
means to obtain an exchargarelation energy, which we would normally obtain using a
density functional in DFT. RPA is further connected to DFT in that, in quantum chemistry, we
use a meaffield starting point to compute boE rpa@NdEexact exchangel.€., We feed into the
requisiteEc,rpa andEexact exchang@quation meadfield eigenfunctions and eigenenergies. | include
this discussion for the sake of completeness in disay&PA in the context of quantum
chemistry and to provide the context for whic
chemi cal accur ac y22dowkves o this woekdwe leverage KAt IN thee n
LR-TDDFT context to obtain electromergy loss (EEL) spectra, rather than leverage RPA in
the exchangeorrelation context to obtain more accurate grestade properties.

In particular, we are interested in the EEL spectra of surfaces. In this case, we work in

reciprocal space, employinge planewaw®FT formalism outlined in sectio®.2.3to obtain the
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KS energies and wavefunctions. In reciprocal space with a planewave basis, the frequency

dependent KS polarizability is given ¥s:

xS . EFEATEmgal
- Q Eq.2.46
kil an m . % g 7 7 . ; g . O— (Eq )
with
Eggan Kk ELQ *77%¢ A (Eq.247)

wherem E the volume of the celf the occupation number of KS banat k-pointk, | g the
KS eigenenergy of bandat k-pointk, andq the specific point in reciprocal space at which we
compute the polarizability, since in general the polarizability of the system depends on the
momentm of the perturbation. The factor of 2 is present to account for spin (assuming a spin
degenerate system) Once we obtain the RPA polarizability, we can obtain a microscopic
dielectric function via the relation:

- p U... (Eq.2.48)

or, explicitly inreciprocal space with a planewave basis:

T .

o AN [ ﬁ"“ (Eq.2.49)
fromwhich we can obtain a macroscopic dielectric functfofs:
P
- —_— Eq.250
- A (Eq )
where-  corresponds to the microscopic dielectric functio®a0, GNj= 0 . I n other wol

macroscopic dielectric is the inverse of Ge0, GNj= 0 e | e ma @ath frequiengy. The
macroscopic dielectric is related to many experimental properties. TheEEpect rum ( or f
functi onoJIm(-i sahQ)jandethe opticsal absorption spectrum is given as

Im(- RO 1 . The dielectric constant is given ‘I%SE-I' A ¥
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2.3.4Realtime TDDFT

The lineafresponse formalism, by definition, operates in a perturbative regime, since the
fundamental assumption is a small, tidependent perturbation yields a small, tidependent
density response. However, if we wish to study the-til@e@endent propges of a system under
nonlinear regimes, then the LIRDDFT method no longer applies. In our work, we excite
atomic nanowires with strong electric fields. Such a process cannot be modeled with LR
TDDFT. Thus, we turn to resime TDDFT (RFTDDFT) instead

In RT-TDDFT, the key idea is to reast the timalependent KS equation (€2)29) in
terms of the density matrix of the system, then propagate the density matrixtimesgia
numerical integration according to this equation. Note that in equa#8na timedependent
external potential (e.g. an electric field) can be introduced, and, if present, is includedda the
term. The TDDFT equation for the density matrix takes the form:

Q¢ .
SO oo (Eq.251)

and is called the quamtuLiouville equation of motionP(t) is the timedependent density
matrix, with matrix elements given by:

0 o S 0w O (Eq.252)
whered® © are the timedependent expansion coefficients of molecular orfsital

. W O %o (Eq.2.53)

with %0 the* 6 t h b a s ilrsequation®.61t H(tpbisthe matrix form of the timdependent
KS operator, equatiob.24, with matrix elements given by:

O 0 % 00 % (Eq.2.54)
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There are many methods to numerically integrate equattdn Our work utilizes the modified
midpoint unitary trasformation method, which is wellescribed in ref4]. We make use of the
dipole approximation in our work, which assumes that the-tiependent electric field only
couples to the molecule via its dipole moment. With the-tig@endent perturbation givas
HN), this yields?

06 [FOoH (Eq.255)

Like LR-TDDFT, RT-TDDFT can be used to obtain a simulated absorption spectrum, for
example by applying a deltenpulse function and then collecting the imaginary component of
the Fourier transform of thieme-dependent transition dipole moment scaled by the field
intensity. If strong electric fields are applied, then we can accesknean dynamics that are out
of reach of LRTDDFT. In addition to the transition dipole moment, we can obtain-time
dependenorbital populations, which involves projecting the electron density onto the ground
state orbitals of the system. Such an analysis provides insight into which orbitals are involved in
a transition, though we note that this is an approximation, sincedipmendent orbitals

themselves do not exist.

2.3.5Ehrenfest Dynamics

While time-dependent density functional theory can provide a wealth of insight into
excitedstate electron dynamics, it is adiabatic in nature. That is, a cappedximation in the
electronic methods discussed so far is that we consider the nuclei of a system to be so slowly
moving relative to the electronic motion that we can approximate the nuclei ag btaitber
words, we assume that electrons adjustaimsineously to nuclear motion. Such an assumption

allows us to make an enormous simplification to the Schrédinger equation, since we can treat the
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electronic and nuclear subsystems separétdliis is called the Bor®ppenheimer

approximation. However, if we want to model electrarclear processes, like the activation and
dissociation of small molecules in the presence of silver nanowires in Chapters 3 and 4, we

cannot make use of methods teatploy the BorrfOppenheimer approximation. Instead, we

utilize the noradiabatic Ehrenfest dynamics metffdd.hr enf est dynami c-s i s a
classical 0o method, which propagates th& cl ass
Ehrenfes dynamics produces two coupled equations of motion, one for the quantum mechanical
treatment of the electron dynamics, and one for the classical treatment of the nuclei. In this
approximation, nuclei experience an average force from the electronic®skateswo equations

are solved simultaneously, which allows us to study, for example, how the adsorbates in

Chapters 3 and 4 activate in the presence of the wire, as we can examine how the adsorbate bond

lengths change over time upon application of aniegmlectric field.

2.3 High Performance Computing

2.31 Introduction

All of the calculations reported in Chapters B require the use of high performance
computing in some form. High performance computing is the practice of orchestrating compute
resouces to act in tandem to solve a large computational problem. When we make mention of
Afan HPC, 0 we refer to the supercomputers or ¢
computations. A typical HPC cont aiemanputeany @A co
units with their own computer processing units (CPUs), memory, and, increasingly commonly,
one or more graphics processing units (GPUs). These nodes are then physically connected via

ethernet, infiniband, or similar, which allows for higheed ommunication between nodes. In
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high performance computing, we may utilize one node (or part of one node) to run a poorly
scaling calculation for many weeks, or, in the more exciting case, utilize hundreds or thousands
of nodes to solve a highly scalabldotdation in a matter of minutes or hours. Here, scaling

refers to how efficiently a problem runs on many compute resources vs. a few compute
resources. A code that scales perfectly will, if given twice the amount of compute resources (e.g.
CPUSs), finishm half the time.

There are multiple levels of parallelism within an HPC. There is parallelism in which
compute units do not share memory, which is typically implemented through a protocol called
MPIl , or fAmessage passing edmemoryfingplenedtations ¢f o u g h
MPI do exist). There is also sharsemory parallelism, in which independent compute units can
access the same regions of memory. Shareghory parallelism may be implemented via
directivebased paradigms such as OpenMP, orendglinectly through the use ofthreads or
similar. GPUs represent yet another level of parallelism. In this work, we focus on MPI
parallelism. Nodes do not share memory with each other, so massive parallelism is typically
achieved through the efficientaisf MPI; i.e., calculations in which hundreds or thousands of
nodes are recruited necessarily require MPI parallelism. Then, a given pool of resources
collected under one MPI task may further divide up the work assigned to the task via thread or

GPU pardklism, or both.

2.3.2MPI Parallelism
MPI is a standard for distributedemory programming, with common implementations
of MPI including Intel MPI, OpenMPI, and MPICH. These different implementations may work

differently under the hood, i.e., implemeriferent algorithms for the same messqgessing
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functions. The outcome of a given MPI call will necessarily be the same whether the code was
compiled with Intel MPI, OpenMPI, or MPICH (or others) as long as the implementation adheres
to the MPI standardhough performance may differ between implementatténs.
Central to MPI is the concept of an MPI task. An MPI task can be an entire compute
node, or down to a single CPU. When executingfdbled code, the user may specify the
number of MPI tasks. Each¥M task executes a copy of the code, and each task is given its own
MPI rank (or label), and tasks communicate via the set of functions dictated by the MPI standard.
MPI tasks are often called Aprocessesand Some
MPI task, but while cores can be MPI tasks, MPI tasks need not be cores. In this work, we use
the terminology AMPI task, 6 or sometimes just
There are many types of MPI communication calls that a task can execute. These calls
can be dividedintb wo mai n categori es: wh ebtloecrk i an gc &l la nid:
whet her a call i-te-p diicmt d e c B li-laloekong nefgrs tdwhetinemon
not the MPI call returns before (ndnbocking) or after (blocking) the operation iatied by the
call completeg® If a call is collective, all MPI tasks in the communication group must execute
the call. If a call is pointo-point, then it is carried out between a pair of MPI tasks. In this work,
we make heavy use of collective callsphrticular, we utilize the MPI collective calls
MPI1_BCAST and MPI_REDUCE and the pgaittkpoint calls MPI_SENDV and MPI_RECV.
MPI1_BCAST is a broadcasting function that sends information from one MPI task, the
Arooto, to all ot hcenmmurtRtibn gtoapsThis communicatiostppeisi f i e d
visualized in Figure.l. It is collective because all tasks in the group must participate in the call.
Broadcasting is a common and extremely useful communication pattern. Broadcasting is useful

in cases whe one MPI task has information that all other MPI tasks need. For example, if all
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MPI tasks need the data contained in a particular file, one task may read the file, then broadcast
this information to the other tasks. Of course, there are a varietyasfwdlys for this file

reading task to send out the information to the other tasks in need, and some methods may be
more efficient than others. Broadcasting performance depends on the number of tasks being

broadcasted to, and the amount of information bserd.

Task O Task O
1/2|3|4|5]|6 1|2 (34|56
Task 1 Task 1

Task 0 broadcast . 1(2 (3|4 |5]|6
Task 2 i Task 2

Figure 2.1 Visualization of an MPI_BCAST call. Task 0 owns an array filled with integers from
one to six. Upon broadcasting, Task 1 and Task 2 receive all data contained in this array.

MPI_REDUCE can be thought of, in some ways, as the opposite of a broadcast call.
Instead of one MPI task sending out information to all other MPI tasks, all other MPI tasks are
sending information to one receivintgalAiroot o
operation on the data it is sending. For example, if each MPI task is performing some local sum,
then the global sum can be obtained by the root task by invoking an MPI_REDUCE call with a
sumoperation specified (Figured. In our work, we use MPREDUCE calls to send data in an
array, when each task may only have data that belongs to a portion of the array. In this case, the
other array entries are initialized to O, so that when the sum reduction is performed, the result is

t hat each ayiBtondensesl ntd a single buffer on the root task (FR)8)e
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Task O

2 Task O
Task 1 Sum reduce to task 0 , o
11
Task 2
8

Figure 2.2 Visualization of a simple MPI_REDUCE sum reduction, where the receiving task,
task 0, obtains a sum of the data held by eask ipon completion of the reduce call.

Task 0
[1]2]o0fofo]o] Task 0
Task 1 Sum reduce to task 0 >
[0]o[3]afo]o © lzlslels]e]
Task 2

[o]ofojofs]6]

Figure 2.3 Visualization of a more complex MPI_REDUCE sum reduction, where the root task,
task O, obtains the data owned by each MPI task. Because ea¢chaM®lk 6 s array only
information in a region of the array that does not overlap with the other MPI tasks, ultimately the
root task obtains a global array containing all of the information from all of the tasks. This is a
useful method to send all dataaoglobal array to a root task when each task owns (and knows)
only a portion of the array.

While collective calls require all tasks in a communication group to participatestpoint
point calls involve only two processes. Peiodpoint communicationine | ves fAsendo and
Areceived MPI cal |l s ( whhblockimg varentsg where one MBI taskc ki n g
simply invokes a send call, specifying which data is to be sent to which other MPI task, and this
other MPI task invokes a receive call to obthiis data. Pointo-point communication gives rise

to Acyclic distributiondo communi catiodaskilppatt er

a ringlike fashion.
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2.3.3HDF5

HDFS5 is a filetype with an associated library of routines that enableéareeeading, and
writing of HDF5 files®® HDF5 st ands for f@dhierarchical data |
data in the file in a way that is conceptually similar to how one might store data in files on a
computer within some directory structuvehere datasets within an HDFS5 file are accessed via a
specified path much like how one might access a file in a directory via the command line
interface. Beyond its intuitive organization scheme, the HDF5 filetype offers many advantages,
like the fact thathe filetype is highly portable and the associated HDF5 library facilitates
creation of highly flexible and powerful read/write routines within an Hier&bled code. The
partial I/O capabilities of HDF5 are utilized heavily in this work.

In HDF5 terminolgy, a dataset contains both dataset elements and metadata that
describes the elements. The metadata can contain a variety of information, but will commonly at
least contain the datatype of the data (integer, float, etc., and more exotically, datatypes like
arrays, enums, strings, us#gfined types, and more), and the dataspace, which describes the
rank and dimensions of the array of d&tBataspaces are important in HDF5 partial 1/0, as we
can use them to select arbitrary subsections of the data ttetraiosn disk to a memory buffer.

These arbitrary selections are called hyperslabs. When a hyperslab is specified, the HDF5 library
performs 1/O operations on only this selection, rather than all of the elements of a dataset. This is
an extremely powerfufeature, especially when working with very large datasets. In selecting a
hyperslab, we specify the starting location, the stride, the count, and the block size. We can then
take unions of these hyperslabs to create any sort of hyperslab shape. Usihgpbesab

selections, HDF5 can then transfer the corresponding data into a memoryiiffer.

visualization of hyperslab selection is shown in Figure 2.4.
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Start [1, 1] Stride 2

Start =[1,1]  Stride3

Stride = [3, 2] Count 2
Count = [2, 3] —

Block =2, 1] Block 2

o~

Block 1 Count 3

Figure 2.4 Hyperslab selection froma@ataspace shown as orange elements, with parameters
shown on the left of the figure. First element denotes the row dimension, with the second
element denoting the column dimension. The start provides the starting location of the hyperslab
within the dataspce. The stride denotes the number of elements between the start of each block.
The count denotes the number of blocks in each dimension. Block denotes the size of the
individual blocks Figure adapted from Ref. [50].

One of the most powerful featureskDF5 1/O for high performance computing
applications is that it can be used for parallel I/O, which allows multiple MPI tasks access to a
single file>? Parallel HDF5 utilizes MRIO under the hood to achieve high performance parallel
reads and writes. Baase parallel HDF5 acts on top of MIRl, we can continue to work
exclusively with HDF5 calls, and simply define hyperslab regions in an MPkfzestific way.

An example of this is shown in Figure 2.5, where MPI tasks selggierslab row based on the

rank ofthe task.
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Start = [MPI_RANK, 0]
Count =[1, 6]

Figure 2.5 A parallel HDF5 example. The starting row element is given by the rank of the MPI
task. Each task starts at column element 0. The count of eackpdéific hyperslab is one row

six columns. Upon successful reading, MPI task 0 will have only the data contained in the first
row, task 1 will have only the data contained in the second row, and so on.

2.4 Conclusion

| have discussed in this chapter the background and detailsroktheds used in the
coming chapters. In Chapters 3 and 4, we utilize atemeredyroundstateDF T, Casi dad s
equation and LRIDDFT, realtime TDDFT, and Ehrenfest dynamics to study the behavior of a
small molecule attached to an atomic Ag nanowire. lapBdr 5, we utilize planewave DFT and
RPA EELspectrao study the interaction of Hwith a gold surface. In Chapters 6, we develop
MPI-parallel methods based on RPA to study the problem in Chapter 5. In Chapter 7, we utilize
MPI and HDF5 in high performa&e computing developments to improve the efficiency of the

code that we use in Chapters 5 and 6.
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3.1 Abstract

Plasmonic nanoparticles carfacilitate bond breaking and drivereactions of nearby
molecules. Some of these processes involve bond activations which are traditionally challenging
to accomplish. However, there is uncertainty in our understanding of the mechanisms through
which plasmonic nanopatrticlestaate bonds, and exactly how the plasmesonancéacilitates
the bond breakage. Herein, we evaluateNxgn = 4, 6, 8) model systems via raahe time
dependent density functional theory (RDDFT), linear response tirrdependent density
functional treory (LR TDDFT), and Ehrenfest dynamics with a lerange corrected functional in
order to better understand the changmsfer process between the Ag system and the adsorbed
small molecule. We find that chargiensfer states exist betweenyAjorbitalsand antibonding
orbitals of N. Ehrenfest dynamics calculations reveal symmednyd electriefield-dependent
activation of Nwhen coupled to the wire. This study serves as a step towards understanding the
time-dependent electron and electiouclear dynamicghat arise due to the interactionstween

plasmonic nanowires and small molecules.
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3.2 Introduction

Plasmonic nanopartes (NPs) find application in a variety of fields, including
catalysist ” medicine®® photovoltaicsi® chemical detection and sensiftgind more. Much of
theutility of plasmonic NPs arises from their optical properties, which differ from their bulk
metal counterparts due to quantum confinement effects that occur on the nanometer length scale.
As these effects depend strongly on the size and shape of théeptr@mptical properties of
plasmonic NPs are highly tunable. However, certain aspects of the optical properties of NPs can
be difficult to study experimentally, often owing to the presence of a solid support,
electromagnetic coupling between neighbomagticles, or other complicating factors. Hence,
computational chemistry methods serve as powerful tools for the systematic investigation of the
optical and electronic properties of plasmonic NPs. An understanding of these properties is
fundamental to theational design of such patrticles for applications.

The localized surface plasmon resonance often falls within the visible light range for
noble metal NPs. The plasmon resonance peak is typically strongly absorbing, and excitation
gives rise to intense dal electromagnetic fields at the nanoséafrialitatively, a localized
surface plasmon resonance can be thought of
upon irradiation of the NP with light of a certain frequency. This motion can caglserergy
orbitals of a nearby molecule to become populated, and thereby facilitate reactions of the
molecule that cannot be promoted in its electrgnaundstatevia thermal processes. Hence,
plasmonic noble metal nanomaterials are being increasirnggyded as a new class of
photocatalysts which facilitate reactions under more facile conditions than traditional synthetic

routes.
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Plasmonic NPs can selectively break bonds and drive reactions on nearby molecules
under benign conditions. Some of thesecpsses involve bond activations which are
traditionally challenging to accomplish. In 2008, Christopher and Linic reported that Ag
nanowires can serve as selective ethylene epoxidation cataBiats then, plasmeanhanced
photocatalytic processes inding H; splitting? CO; reduction® O, activation! NHs oxidation?
propylene epoxidatiohyater splitting and more have been reported. To provide a specific
illustration of the fAbenign conditionstso usin
accomplished the plasmoanediated reduction of C@ methane and ethane under visible light
excitation with turnover numbers of 6.8 and 5.6'NIR 10 hours respectiveRHowever, while
feats such as visibligght-activated CQreduction offer exciting prospects, efficiency and
selectivity in these processes is not guaranteed. While some plasediated processes are
high yield and/or highly selective, others may suffenf low yield and/or poor selectivity, and
protocols to finetune efficiency or selectivity are currently largely empirical in nature. The
mechanisms through which plasmonic NPs activate bonds, and exactly how the localized surface
plasmon facilitates thieond breakage, are not fully understood, and this lack of mechanistic
understanding hinders the ability of researchers to systematically improve the process.

Chemical interface damping describes the change in hot carrier distribution caused by the
adsorpton of the molecular species onto the NP, and is thought to play a role in plasmon
mediated photocatalyst$ The adsorbed species can form hybridized retabrbate bonding
and antibonding orbitals. If the hybridized bonding orbitals are of significatatl clearacter,
and the hybridized antibonding orbitals are of significant adsorbate character, then a direct
excitation from bonding to antibonding orbita

adsorbaté? Several studies have shown thatphesence of chemical interface damping plays
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an important role in plasmemediated photocatalystéd.'® However, other processes are also
thought to be important in plasmomediated photocatalysis. For example, a study by Ma, et al.
showed that single pigcle excitation states nearly resonant with the plasmonic state should be
present for the plasmon mode to decay into hot carriers, which then drive chemistry on the
nearby adsorbaté Which factors are critical or required for catalysis to occur, iristyithe
interplay between chemical interface damping and plasmonic decay into hot carriers, is unclear
at the present time. Developing an understanding of the electronic structureadtbdiBate
systems, their electron dynamics, the role of the plasesonance in the catalytic activity, and
how these factors may direct plasmoediated photocatalysis is the motivation of the work
herein.

In our work, we utilize model nanoclusters to study theddBorbate systems.
Nanoclusters are nanoparticles compmtieéonly 10s of atoms. Nanoclusters are an appealing
system choice for understanding plaspmoediated photocatalysis through the lens of quantum
chemistry and molecular orbital theory as the states in these systems are quantized in contrast to
the bandike picture of larger nanoparticles. While the plasmon resonance okliasgeNPs
can often be satisfactorily described through classical electrodynamics such as Mie'§tsry,
classical picture of oscillating charge density breaks down for cluststgficiently small size
(< 10 nm)¥®In these small clusters, the occupied and valence bands become quantized such that
the plasmon resonance is instead described by a constructive addition epaitigle
transitions. This phenomenon is sometiméseer r ed t o as a Aquantum pl a
plasmonl i k e e ¥%liThem ts evadencde.to suggest that very small nanoclusters (< 2.5
nm) have plasmon modes that decay into hot carriers dominateeitggpransitions, while the

plasmons of largr sized nanoparticles decay into carriers arising framsp transitiong?
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Further, whether clusters that display a quantum plasmon will have photocatalytic behavior that
behaves analogously to systems that are adequately described by classiad feeghin
nanoparticles with > 10 nm diameter) remains an open question.

The collective excitation of a quantum plasmon can be described in terms of
configuration interaction (Cl), where each Slater determinant describes a single excitation, and
the weghts on the Slater determinants are approximately equal and of the same sign
(constructive¥®?*The CHlike description of the quantum plasmon is convenient for several
reasons. First, the linear response tieeendent density functional theory dI®DFT),?* one
of the most common and readily accessible methods for computing an absorption spectrum
within the DFT approximation, describes excitations as weighted combinations ofsantibée
transitions. Thus, the dike description of the quantum plasmis inherently built into LR
TDDFT since the singhparticle excitations and corresponding weights that comprise a
collective peak are determined as part of the calculé&ti®**®Second, this Glike description of
the plasmon as a collective excitatiof single particle states provides a means to interpret the
symmetryadapted molecular orbital picture ubiquitous in computational chemistry for these
collective excitations. Finally, the @ike description offers a route to understand plasmon
resonanes through a quantum mechanical, rather than classical, approach, which is critical for
the study of small, plasmonic nanoclusters.

We focus on the Agwire systemii = 4, 6, 8) with an adsorbeN.e. an N molecule
placed on the end of a linear chafrsdver atoms. Even numbers of Ag atoms are used so that
the wire system is closezhell. This system is particularly suitable for theoretical study due to its
minimal size and consequent computational tractability, high symmetry, and the fact that the Ag

wire has been investigated theoretically in the literature, which provides a foundation for
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interpreting the results of the A, system?®2526A previous work by Meng and coworkers

performed simulations under similar conditions as the present workién to study kisplitting

on an Ag atomic wire withn = 4, 6, 9, 127 N, is investigated as the adsorbed molecule because

it is a closed shell system whose | owest unoc
which are the proper symmetry to interact with the delocakzedbitals of the wire system.

Hence, we can analyp®ssible routes of wirenolecule coupling via orbital hybridization with
electroniestructure level insights, where it is thought that the molecular orbitals of the adsorbed
species hybridize directly into the nanoparticle plasmon ntodreirthermore, th N. molecule

is extremely stable and difficult to dissociate due to its strong triple bond, so ptasimamnced

activation of this bond would be a valuable catalytic achievement.

In all, we seek to understand the nature of the coupling betweandthe Ag, nanowire
through the Gldescription of the quantum plasmon. First, we determine the appropriate level of
theory to use in our calculations on the,Ngsystem. We compare the results of various
functionals of the generalized gradient approximaf®&@A) and longrange corrected (LC)
classes for several properties, and benchmark against tFeMH#R 2° and CCSE°
wavefunction methods. After determining the appropriate functional, we identify modes of
interest via LRTDDFT, then analyze the electromiclear dynamics associated with excitation of
these modes via retime timedependent density functional theory/Ehrenfest dynamics

calculations (RTTDDFT/ED).

3.3 Methods

To investigate the coupling of2n a Ag nanowire, we examine how the transeand

longitudinal plasmon modes of the wire change upeads$orption. Various geometries of N
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around the wire were sampled in Gaussiatt Wéh the LanL2DZ basis s&t>* both through
geometry optimization calculations and singlEnt energy calculans at fixed geometries. In
the geometry optimization calculations; &d Ag, are initially optimized separately. The
optimized coordinates are then combined to obtaisNAgrhe AgN2 structure is optimized with
Ag atoms frozen, allowing No orient alout the wire without breaking the linear symmetry of
the wire. It is important to note that while the,Aggomic wires are useful as a model, their
geometries are not global or deep local minima on the potential energy surface, and they do not
readily exis in nature except under specialized conditirtdowever, despite these drawbacks,
the wire systems are theoretically illuminating, and conclusions drawn from these systems can be
generalized to explain analogous phenomena in larger, more experimeiatallysystems.

We compare predicted geometry, binding energy, dipole moment, degreé\gh N
orbital mixing, and calculated absorption spectrum with the GGA functionalsFEFB63"38
MO6L,3°*VSXC,YHCTH," B97D* and BLYP"*3against the hybridrai/or LC functionals LE
¥ P BELC-¥ H P B*BV|06,* CAM-B3LYP,** wh97;" wh97x;* and wh97xd® We note that
CAM-B3LYP, unlike the other LC functionals, does eahibit 100% Hartreéock exchange at
long-range, but rather 65% HF and 35% B88 exchange atrlamge?® These functionals were
chosen as they are commonly used GGA (or LC) functionals that are implemented in the
Gaussian 16 package. The BP86;t® B Ehd CAM-B3LYP functionals have been shown to
have success with AgNP systems in partictfi&f.We compare these results against the HF,
MP2, and CCSD wavefunoth methods.

For the linear response tirgependent density functional theory (IRDFT)
calculations, we use the standard implementation in the Gaussian 16 package. We utilize the

reattime timedependent density functional theory (DDFT) code in a Gasian 16
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development versio®. RT-TDDFT propagates the systembs dens
access to the full (potentially nonlinear) electronic response to arbitrandépendent electric

field perturbations. RATDDFT provides reatime dipole morents, orbital populations, and off

diagonal density matrix elements at each time step. Other dynamical information, like the

absorption spectrum, can be derived from these quantitiesTDUPET provides complementary
information on electron dynamicsbydin ng t he pol es of the systemo
a small perturbation, which yields the excitation energies and corresponding transition densities

in term of linear combinations of transitions between occupied and virtual offitals.

For conveniace we rely primarily on LRFDDFT to compute electreanly excitedstate
guantities like the absorption spectrum. The LR method also directly provides information about
which single excitations contribute to an absorption spectrum peak. This information is
accessible through RTDDFT, but it is less readily availabteThus, we perform LREDDFT
calculations to examine how the Blters the absorption spectrum and plasmon modes of the
linear silver chains. In the absorption spectra presented within, HleDIDFET-calculated stick
spectrum is convolved with a Lorentzian broadening function with avidh at halfmaximum
of 0.2 eV.

The RT-TDDFT code can be coupled with the médeatd Ehrenfest dynamics (ED)
method to include nuclear motion in tbeculation. In the RATDDFT and RTTDDFT/ED
calculations, the AgN> system was separately perturbed with a continuous wave electric field
corresponding to the transverse and longitudinal plasmon excitation energies of the structure.
The field is turned omt O fs and off at 20 fs. Over the course of the 20 fs, the field is ramped up
(first 1 fs) and then down (final 1 fs) in strength with a trapezoidal envelope. Field strengths

between 0.001 to 0.05 a.u. were used. We utilize th& RDFT/ED code to expl@r activation
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and dissociation processes of dNie to the presence of the wire. We measure thieldnd

distance by taking the average length across the calculation after the electric field has been
turned off, i.e. excluding the first 20 fs. We perform-RDDFT calculations as supplements to
the RFTDDFT/ED results as RTDDFT allows access to timgependent orbital population
information. In our RTTDDFT/ED calculations we use an electronic step size of 0.00025 fs and
a nuclear step size of 0.1 fs for anmium of 100 fs with default initial velocities on all atoms.

We run the RTTDDFT/ED calculations both with the Ag atoms frozen and unfrozen. In our RT

TDDFT calculations, we use an electronic time step of 0.0006 fs for a minimum of 100 fs.

3.4 Results and Discussion

We use DFT methods to develop an understanding of the nature of the coupling between
N2 and Ag. Coupling may produce several charge transfer states in the region of interest, which
is the energy range between and including the tadgial and transverse quantum plasmon
peaks. Depending on the type of changesfer state, different functional classes handle charge
transfer states with varying accuracy. Given the importance of avoiding spurious excitations in
this region, we first dcuss appropriate functional choices.

Several properties of the Agnd AgN2 systems depend on the choice of DFT functional
type. In particular, we find that the predicted stable geometry, states involved in the transverse
and longitudinal plasmon modes)d degree of NAgn» orbital mixing depend on the choice of
DFT functional class to a significant degree. Due to the demanding naturén@f@ablectronic
structure calculations on noble metal nanocluster systems, GGA DFT functionals are often
employedand have been shown to perform well for Ag cluster systénig® However, GGA

functionals are local by definition, as they depend only on the electron density and the gradient
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of the electron density at any given point. Hence, GGA functionals canlcuista properties
that depend on nelocal effects. An example is in the calculation of chargasfer states,
which GGA functionals are known to handle poorly under certain common circumsiances.
Long-range corrected (LC) functionals switch to HartFeek (HF) exchange after a certain
distance, and so incorporate Aogal effects while still maintaining other benefits of DFT over
HF (e.g. improved accuracyjHowever, LC functionals come at a higher computational price.
The significantly reduced corafational cost makes GGA functionals an appealing alternative to
their expensive, longange corrected cousins. Thus, we evaluate whether the GGA functional
class provides sufficient accuracy for the,Ngsystem.

There are many degrees of freedom avaglébt N> to orient around the wire, and the
most energetically favorable positions were found to vary by DFT functional type. The preferred
positions are the fAbent o an3dd, inmwhichiNebiadstother i ent a
end of the silver anowire. Other starting geometries were sampled but were not found to be
stable. After geometry optimization, GGA functionals favor a bent geometry with axgAy
angle ranging from 156.73 to 171.60 degrees, while wavefunction methods and LC functionals
pr ef er the | i n eocarrtygpearrangemenis,twithdhe Nerpén8iculdreo the wire,
are energetically unfavorable relative to the-endarrangements. Single point energy
calculations of each functional at the two optimized geometries cotifatthe LC functionals
consistently yield a lower energy at the linear orientation, while the GGA methods find a lower

energy for the bent orientation. The wavefunction methods (HF, MP2, CCSD) preferred the
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linear orientationThese results suggest thia¢ linear orientation is favored over the bent

orientation.

X

L.,

(@) Ag Ag Ag Ag Ag

(b) ag A9 Ag Ag Ag Ag 0—0
Figure 31Repr esentative fibento (a) edesystemB8.l i near 0

The AgN: binding energies for the linear geometry are shown in TahleThe binding
energies are calculated by separately optimizing the nanowiraplcule and AgN2 cluster
and applying the equation: E(§g+ E(N2) - E(AgsN2). CCSD vyields a binding energy 6160
kcal/mol. The DFT methods with binding energies closest to the G&&inlated binding
energies are wb97xd, M06, and MO6L, with absolute differences in binding enetgy-|Eprr]
of 0.11, 0.12, and 0.17 kcal/mol respectively. It is important te titat while CCSD is often a
reasonable benchmark, these calculations employ the LanL2DZ basis set, which is a relatively
small doublezeta basis set. At some point, an insufficiently sized basis set can limit the accuracy
of an otherwise higtevel methal like CCSD. However, using a larger basis set renders the
CCSD calculations intractable for these systems. Thus, while the CCSD values reported here do
provide benchmark guidance, they should not
We repot the total dipole moment computed by each method in Tlabl&he CCSD
calculated dipole momentis 3.975 D. A recent study by Hait and-Beadon evaluated the
guality of the dipole moment | of a system as a staimdfor electron density; that is, an

accurate dipole moment suggests an accurate overall electron density distfioTiieDFT
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methods with dipole moments closest to CCSD are wb97, wb97x, andEB3AMP, with

absolute differences |ccspi ‘ prr| of 0.003, 0.039 and 0.068rBspectively. The large

magnitude of the dipole moment can be attributed to the geometry of the system. Y\émte N

Agn are each separately npolar systems, combining the two yields a separation of charge,

which results in a dipole moment. The magnitofléhe dipole moment is amplified by the

length of the system, as the separation of the charge occurs over a distance of approximately 17
A for the AgN2 system. Hence, the dipole moment is larger than one might initially expect upon
combination of the te nonpolar systems. While the dipole moment values are in particularly
good agreement with CCSD for some functionals, there is no obvious or systematic difference in
the dipole calculated via GG#pe functionals versus L-§pe functionals for linear

arrangements of the Af)l> system (Tabl&.1). Thus, the dipole moment calculations do not

yield clear results that a GG#pe or LGtype functional is preferred.
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Table 3.1 Calculated binding energies and dipolements of the linear Ayl> wire system. The
difference in binding energy from CCSD was calculatedu@agidg. ccsp- Ebinding, method@nd the
difference in total dipole from CCSD was calculated @Ssp- €method

Binding energy | I?ifference in | [?ifference in total
(keal/mol) binding energy fronl Total dipole (D) [ dipole from CCSD
CCSD (kcal/mol) (D)
HF -34.38 40.98 3.129 0.846
MP2 6.62 0.02 3.911 0.064
CCsD 6.60 - 3.975 -
LC-¥yPBE 7.26 0.66 3.601 0.374
LC-vyHPBE 7.26 0.65 3.597 0.378
CAM-
B3LYP 7.76 1.15 4.043 -0.068
¥b97 9.33 2.72 3.973 0.003
Yh97x 8.52 1.91 3.937 0.039
¥vh97xd 6.71 0.11 3.807 0.168
MO6 6.49 0.12 3.890 0.086
MO6L 6.44 0.17 3.718 0.257
B97D? - - - -
HCTH? - - - -
BLYP 5.97 0.64 3.789 0.186
PBE 7.18 0.57 3.762 0.213
B3LYP 5.68 0.93 3.799 0.176
BP86 6.09 0.52 3.821 0.154

(a) B97D and HCTH failed to converge in the linear orientation.
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Another quantity of interest, both in evaluating the viability of functionals and as a means
to understand charge transfer and electron transfer between the wire and the adsorbate, is the
degree to which atomic orbitals originating from the two nitrogemathybridize with atomic
orbitals originating from the Ag atoms to produce the molecular orbitals of the system. To
analyze the degree of mixing, we emplegquared population analysis, where the contribution

h

of basis functiora in spin orbitali is defned asOy, where gjcorresponds to the

R
coefficient on basis functionin the linear expansion corresponding to spin orpftalrhis
analysis offers insight into the degree to which th@iitals hybridize with the Ag orbitals. As
orbitals are not unique, i.e. a new set of orbitals with the same total energy can be obtained
through some unitary transformation on the orbital tmeht matrix, we must take care in
ascribing physical meaning to the orbitals. However, since we employ arcatdered basis
set, the KohsSham (KS, for DFT) or Fock canonical (for HF or other siirglerence
wavefunction methods) orbitals are analagto the molecular orbitals of the linear combination
of atomic orbitals (LCAQ) approach, especially as these canonical orbitals are symmetry
adapted. Hence, canonical orbitals in particular are useful for analyzing the symmetries of the
total system, wiah is helpful in the CGlike plasmon mode analysis discussed in the introduction.
We return to this analysis when we compare thellD®FT results of the Agwire to the AgN>
system. In this section, we examine similarities and differences betweesdhared population
analyses for different functionals.
The percentage of all atomic orbitals originating from both nitrogen atoms in a given
molecular orbital is reported in Tal®e for the representative LC functional lCP BE and t he
representative GGA fictional BP86. In general, the GGA orbitals do not hybridize as

extensively as the LC orbitals. This is qualitatively evident from the MO pictures in Bgure
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and is validated by thesquared population analysis in TaBl2. While comparisons between

GGA and LC orbitals can be readily made, comparison between DFT and wavefunction methods
is not straightforward. Hbased virtual orbitals tend to be diffuse and higher energy in
comparison to KS orbitaf8.For Ag.N: this diffusivity results in M basis function contributions

to a given orbital which are much less than the DFT counterparts.

Table 3.2 Percent of Matomic orbitals in the molecular orbitak," is denoted as such because

it resembles the N * orbital. The other orbitals are labeled following the convention of the
standalone Agwire systems. N1 refers to the nitrogen atom bonded to the wire, while N2 refers
to the terminal nitrogen atom.

LC-¥PBE (%) BP86 (%)
N1 N2 N1 N2
Ys 3.51 1.64 2.15 0.55
Y2 10.27 7.23 3.08 1.06
th 9.62 8.41 1.78 0.73
"N 38.14 45.28 46.72 50.49
7 0.59 0.12 1.61 0.20
2 0.59 0.10 0.89 0.12
72} 0.19 0.03 0.32 0.09
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Figure 3.2 Orbitals involved in the transverse plasmon mode forIRBE (longrange
corrected) and BP86 (GGA) for lineardp, wi t h an i spoizvdarotadeassuéh 0. 0 2 .
because it resembles the N orbital. The other orbitals are labeled following the convention of
the standalone Agvire systems.

Finally, we turn our attention towards the key comparison, for our purposes, in choosing
the proper functional type: the absorption spectrum. The abmoggectrum is important for
two reasons. First, our analysis relies on identifying the quantum plasmon excitations and other
states that may result in a charge transfer from thadN.. Second, in TDDFT it is well
known that GGA functionals can perfompoorly in computing charge transfer staf&%. The
energies of charge transfer states under GGA can be underestimated by multiple eV. Further,
GGA functionals are prone to producing spurious,-tzsgillator strength charge transfer states
in a LR-TDDFT calculation. These spurious states borrow oscillator intensity frorspamous
states, decreasing the intensity of the-sparious state¥.These effects are thought to be due to

the incorrect asymptotic form of the GGA exchagerelation functionalwhich decays
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exponentially rather than agr#/ On the other hand, LC functionals use DFT exchange at short
range, but switch to 100% Hartréeck exchange asymptotically. Thus, LC functionals exhibit
the correct asymptotic behavior and often more ately predict the energies of chafgansfer
states’? Further, LC functionals may reduce the number of spuriouselmsvgy chargéransfer
states. However, there are situations in which GGA functionals can accurately describe charge
transfer states, likwhen the spatial overlap of the donor and acceptor states is sigrifficant.
Thus, the results of the LRDDFT simulated absorption spectrum plays a vital role in
determining whether or not a GGA functional is appropriate for th&lAgystem.

The resultof an LRTDDFT calculation on the representative GGA functional BP86 and
representative LC functional L€ P B E fe and AgAgin the linear orientation using the LC
¥ P B-@btained linear geometry are shown in FigBi&2 The Ag absorption spectra are in
reasonable agreement. In particular, the longitudinal and transverse plasmon modes are in line
with expectations based on the-like plasmon analysis and their energies agté&The GGA
functional overestimates oscillator strength of tHeadd trangions in the 34 eV range relative
toLCy PBE, but the spectra are in othesgNwi se gooc
absorption spectra differ greatly. In the GGA BP86 spectrum, the longitudinal mode has lost
significant oscillator strength to tipeaks surrounding it. Furthermore, the degeneracy ofthe x
and ypolarized transitions comprising the transverse peak has been broken in the BP86
calculation, and the oscillator strengths of the two transitions differ. Given the symmetry of the
system, sch a deviation is likely an artifact. Finally, the BP86 stick spectrum eNAghows a
multitude of low intensity states that are not presentintheelEBE st i ck spectr um.
consideration the known issue of GGA functionals producing spurious states and/or severely

underestimating the energies of chatgasfer states inonjunction with the likelihood of the

64



AgeN2 system producing charge transfer states, it seems that the BP86 functional does not offer

as robust of a simulated absorption spectrumasthe ECBE f uncti onal These
are not specific justto86and Ly PBE; t hey are general across |
examined in this work.
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Figure 3.3 Linear response excitation spectra forsAgp row) and AgN> (bottom row) for the
representative lonrgange corrected functional LEPBE (left column) and the representative

GGA functional BP86 (right column).

For some of the properties considered, there is not a significant difference between the

GGA and LC functional results, or the differences do not make clear which class yields a more

accurate result. This is the case for dipole moments, binding energledegrees of orbital

mixing. However, because the GGA functional class consistently predjotsiadstate

geometry different than the geometry predicted by the LC and wavefunction methods, this
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suggests that the GGA functional type may not be appregdaoathe AgN- system.
Furthermore, peaks suggestive of the known GGA chiaegesfer artifacts appear in the GGA
LR-TDDFT absorption spectrum, which indicates that we likely cannot rely on the GGA class to
accurately capture the absorption spectrumisfaiistem. Thus, we employ an LC functional for
this work.

In order to determine the proper LC functional, we follow the literature recommendation
in conjunction with our own benchmarking results. Benchmarking GGA/LC DFT functional
studies on silver clusts by Franck Rabilloud find thatthe &CP BE f unct i onal per f
computing charge transfer states and the pladikerbands’*°2Jensen and coworkers found
that, of the GGA and L@unctionals they examined, the LEPBE f unct i onal repro
experimental absorption spectra and their theoretical benchmark, eepfatiation coupled
cluster singles and doubles (EGBLSD), for silverclusters®* Jensen and coworkers also
showedthatL&s PBE i s an appropriate functional to st
mechanism of surfasenhanced Raman spectroscopy on silver clusters. This study, similar to the
present, involved examining the effeotsadsorbed molecules on the electronic structure of
silver cluster$? In the following analysis, the L@ PBE/ LanL2DZ | evel of the

unless specified otherwise.
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3.5 Electronic Structure and Optical Properties

Realtime timedependent dengifunctional theory (RITDDFT) and linear response
time-dependent density functional theory {I®DFT) investigations on model Aganowire
systems have described the transverse and longitudinal plasmon modes in the absorption

spectrum in terms of collegt excitations of singkparticle state$>23252%Duye to the cylindrical

symmetry of the systems, the del ocPcantlsopred mol e
The transverse plasmon mode is char-geteri zed
orbitals into unoccupieB-t ype or bitals. That i sYPthe excita

transitions, where the number of states involved increases with wire length. Meanwhile, the
l ongi tudi nal mode i s c &k stiribasasdiotauss attadowen g ¢ o mp
energy than the transverse mode. These excitations and the orbitals involved are shown in Figure

3.4. We use this interpretation as the basis for understanding thie sygstems.

Ag, Absorption Spectrum
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Figure 3.4 The longitudinal and transverse quantum plasmon modes of the lineair&gat the
LCxPBE/ LanL2DZ | evel of theory. Ttheealh dtn@i & udi n
single particle transiti on st o,Fdhsttionsg=alp2sl).er se m
Orbitals are shown with an isovalue of 0.02.
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In LR-TDDFT calculations of each of the three lineargs y st ems, t he anti b
orbital of No mixes wth theP molecular orbitals of the wire system to yield hybridized orbitals
with nonnegligibleN” * anti bonding char act erinacylnler not e t
type symmetry that enables the symmétra s ed or bi t @R, ad efsthevgrea at or s E
system is broken in A§)l> due to the addition of N we keep these designators for thedg
systems in order to highlight similarities between theNkgrbitals and the analogous Ag
orbitals.) Additionally, one unoccupied orbital in eaclhef AgN2 systems arises primarily
fromtheN" * ant i bondi ygeAgorbitalstdardot mixWithehefl or bi t al s t
the same extent, though some hybridization is present (about three times less than with orbitals
of °~ sy mme t-TDDFT. caldulated talis@ptidn Bpectrum, the longitudinal and
transverse plasmon modes largely maintain the same energies as compargdriguie3.4).
The transverse plasmon mode in both&gd AgN2i s a col |l ective excitat.i
to-P transitons. However, in the Af)l> case, additional single particle transitions contribute to
the collective transverse peak in the absorption spectrum. Chiefly, in ti®DRT calculation,
the orbital correspondingtotheN* contr i but es .(fThsrdsuitenpliesttan sver s
theN"* antibonding orbital acglceoprtbsi teall esc turpoonn deexr
the transverse plasmon resonance energy. In addition to the coupling eftte Nant i bondi n¢
orbital into the Ag plasmon excitatin, the Ag P orbitalsgainN" * anti bondi ng
characteristics, which suggests that electron density aroung #riblonding orbital increases
through direct excitation into tHe system via, for example, the transverse plasmon mode, or

through other tragitions that involve the AgP orbitals.
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New peaks arise in the absorption spectrum giNAghat are not present in the
absorption spectra of Agnd N separately, signifying that coupled states are created upon N
adsorption. For example, in each of the\)gsystems, a peak arises from the collective
excitation ofthe Ag¢g bonds 2i htant hboNdi ng-385eW.iintAgN2, ar ounc
only the > EHOMO) excitesintothe N * or b i eNa | 1slf BHHIOELOYHOMBP-1)
a n d (HBMO-2) orbitals collectively excite intotheoaN * . N Adf €l OOy , FE
(HOMO-1 ) , 2@HOMO-B orbitals contribute. The existence of this peak suggestditeat
excitation from the silver chain into theN * a n t ityipeoorbial isypgssible.

The length of the Agchain does not significantly alter the form of thesRgabsorption
spectrum, though the number of orbitals participating in a givenatixeitgenerally increases.
As the chain length grows, the number of occupiedig or bi t al s asPdorbalsoc c upi
increase, yielding more states with whichthe N ant i bonding orbital can
of states involved in the collectijjel as mon modes i ncreasesfE drhough
E P persists for longitudinal or transverse modes, respectively. The chain length in haethdAg
AgnN:2 affects the energy and oscillator strength of the longitudinal plasmon mode. The
transverse fiwidthod remains fixed (with a widt
the chain increases, results in a transverse mode essentially invariant tarthengjih.

We find that charge transfer states arise due to coupling betwadfiadkpitals and the
antibonding orbitals of N These states persist upon variation of the dhgin length for AgNo.
However, the extent of the coupling depends on thedfpebital. Theempty N * or bi t al s
couple effectively with the AgP -orbitals. While both the presence of chatgesfer states
involving excitation into an Nantibonding orbital and the hybridization of &htibonding

orbitals into the Agtransversg@lasmon mode offer potential routes of dssociation, the
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existence of these states is not sufficient to guarantee dissociation, as shown in the next section

in which we investigate the electroniclear dynamics of the Ay> system.
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Figure 3.5 (a) Comparison of Agand AgN:linear response excitation spectra. (b) Comparison
of Ags and AgN: orbitals involved in the linear response excitation spectra. Orbitals are shown

with an isovalue of 0.02.
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3.6 Electron/Nuclear Dynamics

We investigate the role of the Aglasmon mode in activating a Molecule oriented
linearly with the wire using coupled retine timedependent density functional
theory/Ehrenfest dynamics (RTDDFT/ED) calculations. We perforthese calculations with
the Ag chain both frozen and unfrozen. In our calculations, we monitor the length ofithe N
bond to determine the degree of activation. Inowt€ BE/ LanL2DZ cal cul ati or
optimized N bond length in the linear orientatiohAgsN2 is 1.119 A and the calculated bond
length in isolated Nis 1.123 A. A continuousvave electric field is applied at the transverse and
longitudinal plasmon mode energies with electric field strengths of 0.001, 0.01, 0.02, 0.03, 0.04,
and 0.05 a.uThese field strengths are strong relative to the field strengths commonly used in
RT-TDDFT to obtain, for example, an absorption spectrum. As the oscillator strength of the
guantum plasmon mode increases with chain length, it will be the subject ofea futur
investigation to determine more precisely the role of the electric field in the adsorbate activation,
and how the strength of the field necessary to achieve activation or dissociation of an adsorbate
varies with the length of the wire. Previous workdvisng and coworkers have utilized electric
fields of similar strengths (0.05 a.u. and 0.045 a.u.) to examine other plasiviem catalytic
processes on Adn =4, 6, 9, 12) wires and an Aupyramidal structuré?

In order to mitigate loss of the plasmon resonance due to Ag atom movement, we first
carry out calculations in which the Ag atoms are frozen. With a continuous wave electric field
resonant with the transverse plasmon mode (4.70 eV), we observe activatiemNaN bond.

The degree of activation is dependent on the electric field strength. The 0.05 a.u. field yields an
average NN bond distance of 1.17 A. The 0.04, 0.03, 0.02, 0.01, and 0.001 a.u. fields yield

average NN bond lengths of 1.16, 1.16, 1.1414, and 1.13 A respectively. We expect the
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transverse mode to activate theN\Noond given our hypothesis that population of orbitals with

N2 antibonding character leads to activation. In thiscasé,N hybr i di zaPi on into
orbitals offers a roet for plasmormediated excitation into a state with significant N*

character.

Electronronly dynamics using RTDDFT calculations with a continuous wave electric
field corresponding to the transverse plasmon mode energy polarized alorgxikekthewire
reveal expected changes in populations of orbitals based -ADIDFET results: thé® 1, P, and
N2 = *type orbitals all show significant increases in population within the first 5 fs for the 0.03
a.u. and 0.01 a.u. fields. The 0.05 a.u. field resultess population of these orbitals but more
population of higheenergyP orbitals. We note that comparison between theTRDFT
orbital population analysis and the Ehrenfest dynamics calculations can only be reasonably
carried out for the first few fs dhe calculations, because in the ED calculations theeljins to
migrate away from the wire soon after the simulation begins.

We also perform RITDDFT/ED calculations in which the frequency of the continuous
wave electric field corresponds to the londihal plasmon mode energy (1.47 eV) and the
electric field is polarized along theaxis of the wire. In this case, we observe either full
dissociation of the Nor norrdissociative N activation depending on the strength of the applied
electric field. Wih the 0.05 a.u. field, the2Nbond length grows linearly starting at 40 fs,
exceeding 7 A by 90 fs (FiguBe6). With the 0.04 a.u. field, the2Ndond grows to 1.4 A by 30

fs, plateauing until 90 fs before reaching 1.7 A by 100 fs. In the 0.03, 0.02a0@,001 a.u.
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field strength simulations, thesMond distance averages 1.31, 1.21, 1.16, and 1.13 A

respectively.

N-N Bond Length Orbltal Populatlons
o . :
2 £ / ‘
L - 1.0
1 <L [ =
(NN} ; 5 / .g 0.8 ‘
. o] / © ‘
S 54 / 3 06 & J
© o 4 9 1R
- 3 o . ‘ W\
in © “H '* ‘ k * ' '# {l
= 2 0.2 bl !
o 1 - 0.0 Ll b At ‘
0 20 40 60 80 100 0 50 100 150 200
Time (fs) Time (fs)
© A ]
T N 1.2 LUMO +0
L -~ | A T LUMO +1
o s [ / | |/ \ - 408 \ c 1o LUMO +2
w L ‘ [ “( 0 1O T R 2 08 LUMO +3
: S K \ A L O A LUMO +4
S 5 [ / VERVERVARY! 3 06 LUMO +5
© @ 124 / \/ V Y, 2 " [ ) LUMO +6
— Do \ i ’ {1 s LUMO +7
S 1.08 ‘V‘ 0.2 [ 1/ LUMO +8
© 1060 i _1.16 Aaverage i A LUMO +9
0 20 40 60 80 100 70 5.0 100 150 20.0
Time (fs) Time (fs)
% AL I /( \ A NN N 1.2
LTl. . 116 / \ AN Y 1 = =
w = 1.14 il \ ’ | ]| 2 o8 {
-8 " | / | “ \ 1 VR | =
S £ b i did | | 3 o6
+ © | || I \ o
< g
— O ||o\‘ ‘/ \[ | LA 0.4
8 1.08 / \“ v V V UV 0.2
. J 1.13A average ol ]
o 0 20 40 60 80 100 0 5.0 10,0 150 20.0
Time (fs) Time (fs)

Figure 3.6 N-N bond length and orbital populations of systems excited dbniggudinal
plasmon resonance with 0.001, 0.01, and 0.05 a.u. electric field strengths. Designations of
LUMO + n correspond to the AN> orbitals in Figure3.5b.

RT-TDDFT calculations show g(HatMOgi,t #Fin the f
(LUMO+ 1 )7(LUMO*4) orbtals become populated with 1.2, 1.0, and 0.9 electrons
respectively for the 0.05 a.u. electric field in resonance with the longitudinal plasmon mode
energy. RTTDDFT calculations with the 0.03 and 0.01 a.u. fields at the longitudinal plasmon
mode energy show similar degrees of populations of these orbitals, though their population

grows less quickly. These orbitals each contain a node between the two nitrogen atoms (Figure
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3.7). Thus, N bond activation may be due to population of orbitalsaioiig N. 0 *like

character. The percent contribution of &omic orbitals to these MOs are lower than the N
contributionstoth®-t ype orbitals at 1.05%,5 2.5286),+BndE 2
and L UM®Qrespectivédy. Population of these ials is fielddependent, where stronger
fields populate the LUMO, LUMO+1, and LUMO+4 more quickly than the weaker fields. While
this result is surprising, Meng and coworkers observed similar behavior in an atomic silver
chainHz system in a strong eledatrfield. Specifically, they demonstrated the dissociation-of H
on Agh chains (= 4, 6, 8, 10, 12) through Ehrenfest dynamics simulaibivsparticular, they
showed an increase in electron density around the region corresponding i@titdéhding

orbital and a subsequent blond activation/dissociation after application of an electric Gaussian
wavepacket with energy centered on the itutnal plasmon mode of the wire at 0.05 a.u.
electric field strength. In our case, a similar phenomenon may be occurring withihe N

antibonding orbital.

LUMO

LUMO+4

Figure3.7A fAzo-omedvi ew olffs), LUM@HL ([Z)) MMOLUMO+4 &) orbitals
of AgsN2 with an isovalue of 0.01. This view shows the node between the two nitrogen atoms in
the three orbitals. The wire with no overlay is shown for reference.



In all cases, for an equivalent fiedttength, the RITDDFT/ED calculation
corresponding to excitation of the transverse plasmon mode yields a shorter avdyagd N
length than excitation of the longitudinal mode. It is a surprising result that, for instance, in the
0.03 a.u. field case, thesN #*ype orbital is populated with over 0.9 electrons within the first 2.5
fs yet the averagebond length in the caesponding RITDDFT/ED calculation is 1.16 A,
which represents a relatively modest degree of activation compared to the computed 1.12 A
nitrogenrnitrogen bond length of thgroundstateAgsN: structure. In comparison, the analogous
longitudinal excitatiorwith a field strength of 0.03 a.u. yields an averagédhd length of 1.31
A. Furthermore, we find that the degree ofddtivation upon excitation of the charge transfer
state at 3. 8&ype oebNals framrthe wite systbm ecite into an Nitype orbital,
is much less than the resulting activation from the longitudinal plasmon mode, but competitive
with the transverse plasmon mode. Exciting with an electric field strength of 0.03 a.u. results in
an activation to an average bond length of A1%his may arise because both the transverse
plasmon mode and the charge transfer mode have much weaker oscillator strengths than the
longitudinal plasmon mode as shown in the TBDFT spectrum (Figur8.5a).
In the RFTDDFT/ED calculations in which thAg atoms are free to move, the wire begins to
bend and distort within 280 fs (Figure3.8). This distortion disrupts the collective plasmon
excitations due to symmetiyreaking. Investigating plasmon decay of the Wges through
low-lying vibrational males will be the focus of a future investigation. Despite distortion of the
wire structure, these systems achieve similar degreesaftNation as calculations with frozen
Ag atoms. That these calculations achieve similar-kimg N> average bond distaas despite

losing the collective plasmon mode as the calculation proceeds suggests that activatioyn of N
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the Ag plasmon mode occurs quickly. In both the frozen and unfrozen calculations, the N
migrates away from the wire as the calculation procdadsalculations with no Agpresent, no

N2 activation occurs, i.e. calculations on isolatedaith continuous wave electric fields

corresponding to the longitudinal and transverse plasmon resonances of the composite system do
not result in any elongaticof the average dbond length. Thus, the presence of the atomic Ag

wire is required for activation of theolddsorbate.

J J J J J J J J L
~30fs
J\r/J\)—-—J"’/J\J_J .\.

Figure 3.8 A typical RT-TDDFT/ED calculation on the Af)l> wire at t=0 fs and t=30 fs with
unfrozen silver atoms.

3.7 Conclusion

We have performed a DFT investigation on plasranhanced bond activation in Adp
atomic wire systems. LoAgange corrected DFT functionals are appropriate for studying cluster
N2 interactions; GGA functionals likely do not provide sufficient accuracy in capturing the
geometry and the chargeansfer states between the two subsystems. Charge transfer states
arising between the A@nd N subsystems were analyzed. We found theatdmic orbitals
hybridize into the Agorbitals responsible for the longitudinal and transverse plasmon modes.
These hybridized modes offer routes in whichaNtibondinglike orbitals can be excited,

leading to activation of the \bond.
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To test theextent to which the Nbond activates upon excitation at the longitudinal and
transverse plasmon mode energies, we carried outimeatimedependent DFT/Ehrenfest
dynamics studies on the &dp system. These calculations demonstratetddnd activation
upon application of a continuous wave electric field for the first 20 fs of the calculation. The
degree of activation was both field strengihd frequencyependent. The longitudinal mode
excitation resulted in a greater degree of activation than th&/gese mode excitation or the
charge transfer mode excitation. This result is surprising given thabthéN hy br i di zat i o1
theAgl orbitals is moai¢ypecybtidzationi Theedegreb@N t he N
activation is largely independent of ther or not the Ag atoms are frozen in the calculation,
suggesting that activation occurs quickly. Examining how the photocatalytic behavior evolves
with nanopatrticle size will be the subject of future investigations. In all, we have found that it is
possible to activate biterminally attached to a silver atomic chain upon application of a strong

electric field at the plasmon mode energies of the system.
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4.1 Abstract

Plasmonic nanoparticles can promote bond activation in adsorbed molecules under
relatively benign conditions via excitation
plasmon resnance often falls within theisible light region, plasmonic nanomaterials are a
promising class of catalyst. However, the exact mechanisms through which plasmonic
nanoparticles activate the bonds of nearby molecules are still unclear. Herein, wieev@ué
(X =N, H) model systems via reaime timedependent density functional theory (RDDFT),
linear response timdependent density functional theory {M®DFT), and Ehrenfest dynamics
in order to better understand the bond activation proces$esaofl B facilitated by the presence
of the atomic silver wire under excitation at the plasmon resonance energies. We find that
dissociation is possible for both small molecules at high electric field strength. Activation of each
adsorbate is symmetryand electric fielddependent, and Hactivates at lower electric field
strengths than N This work serves as a step towards understanding the compleaeapradent
electron and electrenuclear dynamics between plasmonic nanowires and adsorbed small

molecules.

83



4.2 Introduction

Plasmonic nanoparticles (NPs) have generated significant research interest owing to their
highly tunable optical propertiés: These properties, and their tunability, are a direct consequence
of the symmetries of the particlend the confinement effects that arise due to the nanometer
length scale of these systems. Plasmonic nanoparticles find application in catalysis,
photovoltaics;¥ *° sensing and detectidfi*® medicine?® 22 and more. Photocatalysis is an area of
paticular interest, as plasmonic nanoparticles have been shown to activate adsorbatg¥’like O
Hz,” CO,2 H20,1° and others®'123 Many of these adsorbates are not easily activated through
traditional means, yet experiment shows that plasmonic photgsiatabhn occur under relatively
benign conditions, such as room temperature and pressure and low light intensity.

Plasmonic NPs achieve this photocatalytic activity through excitation of the plasmon
resonance. The plasmon resonance can be thought of eslldwive oscillation of free surface
electrons, which occurs at a particular plasmon resonance frequency. The plasmon resonance
frequency is readily tunable based on the size and shape of the particle, among other factors. While
the plasmon resonanceagbk an important role in plasmonic photocatalysis, the exact means of
activation are not fully understood. There has been intense research effort in defining and
distinguish the mechanisms through which the plasmonic particles achieve activation, but
uncetainty remain€¥27 To further obfuscate the issue, in small nanoclusters where quantum
effects dominate, there are numerous ways to identify or define the plasmon reggiaincthis
paper, we employ the Aquantum plasmono framew
clusters as coherent excitations of multiple sifggeticle transitions with nearqual transition

coefficients as computed by linear response-ilegenént density functional theod:?
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Given the tunability of the plasmon resonance and the fact that the plasmon resonance plays
an important role in plasmemediated photocatalysis, there is significant research interest in
understanding exactly how theapmon resonance affects the catalysis process, and how to harness
the tunability of the resonance for this purpbga.the process depends on the electronic structure
and the electmwnuclear dynamics of the system, computational methods areswit to
systematically investigate a plasmonic system of interest.

Theoreticalinvestigationscan offer ddailed insight into the catalysis proces§hese
methods can access important quantities like the electronic structure of the equilibrium system, the
electron dynamics of the system upon excitation, and depending on the methods employed,
coupled electromuclear dynamics to model activation and dissociation firsthand. However,
modeling plasmonic photocatalysis is computationally demanding by naturebemuines
increasingly demanding as the size of the system or fidelity of the model is incréhsed.
challenges involved in the theoretical modeling of plasmmeliated photocatalysis range from
technical issues like the accuracy vs. computational cost gifem method and its various
approximationsto which information is relevant to extract from a given method, and @evibe
methodtype itself.

Theoretical studies can be broadly divided into two camps: those that use potential energy
surfaces (PES)tonder st and the system and its-tdymeami cs
approach. In redime approaches, typically the density matrix of the system is propagated in time
upon perturbation by laser of a particular frequeag envelopeoften witout accessibility to
distinct underlying potential energy surfaces (i.e. an Ehrenfest dyn&pespproach). In the

PES approachthe topography of excited state surfacs investigatedSometimes, dynamics
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calculations are performed on these surfdesg surface hoppindype approacks to provide
transition probabilities between surfaéés.

In reattime approaches, there are several common approximations. Chief among them is
in the choice of system model. Some studies have employed a jellium rootlet hanoparticle
portion of the system, such as in the work by Schatz and coworkers. This study found dissociation
of the Hadsorbate on the jellium system at high field strengft@thers, like our previous wotk
and that of Yan, et af® rely on snall clusters that share key properties with more realistically
sized nanoclusters in order to retain computational tractability. Others may examine realistically
sized nanoclustemdsorbate systems with local density or generalized graloéee functioals >’

In these cases, similar to the jellium case, dissociation is achieved upon excitation at the quantum
plasmon mode at a high electric field strength. Others still compute transition probabilities within
the framework of electreonly dynamics rathethan with explicit surfaces, which provides
valuable information on electreimole pairs and their probabilities of formatit¥®In all of these

cases, density functional theory (DFT) is employed, which is less detailed than correlated
wavefunction methds. Correlated wavefunction methods, while less common due to their
computational cost, have been utilized in the uniticaied embedding method RESproach by
Carter and coworkers, where the authors treat a portion of the system with a correlated
wavelunction method and the remainder of the system with DFT in order to obtain excited state
potential energy surfaces of the surfacksorbate systefd.However, in general, DFT is the
workhorse method in the field.

Herein, we employ a model system of an atosgs wire that retains key properties of
larger wires. In particular, the system is too small to support a traditional plasmon mode, and

instead exhibits |l ongitudinal and transverse
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of large nanoparticlesao be described through the classical Mie thédnis picture breaks down
for small clusters, where the states involved are sufficiently discretized. However, the picture of
Asl oshing electron densityo r emai describedlaaat hi s
constructive addition of multiple singfgarticle transitions (or excited determinants)The
multideterminantal excitations in silver and gold nanoparticles are collective in nature and grow
to match the plasmon peaks as the particle size increases. As the particle size decreases, fewer
determinants contribute to the plasmon. For the atoaaile srxanowires, the transverse peak is
still collective. However, the longitudinal peak becomes a sipgttcle transition at this size.
Nonetheless, one can think of this as the limiting case & N where N is the number of
determinants that comgas the plasmelike excitation. The longitudinal peak in atomic scale
wires still arises from delocalized 9 sp transitions with similar physics to the collective
pl asmons of | arger nanorods. -paffhusl ed@isthauvgh
anal ogous in many ways to the VWertfatenmeadeartod t r a
more extensive discussions on this topic by Guidez and Aikéhand Gieseking!*? Studying
a quantum plasmon excitation has several advantagedynmathat it allows us to develop an
understanding of plasmemediated photocatalysis through the lens of quantum chemistry rather
than through a classical electrodynamics approach. That the quantum plasmon descriptor is
especially appropriate for smatipmputationally tractable clusters, is appealing as well.

In this work, we build on a previous report in which we evaluated the electronic structure
and dynamics of a system of, Nn Ag, (n = 6, 8, 10) wires$®> We expand this initial report to
study bothN> and H as the adsorbate molecule, to study the adsorbate in multiple orientations,

and to study both the longitudinal and transverse quantum plasmon excitations o thieeAg
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We find that in each adsorbate case the longitudinal plasmon mode legidsater activation

and/or dissociation for a given adsorbate configuration.

4.3 Methods

In all calculations, we employ the FEP B E  f ufand lant2dr adsis s&,*° as
this functional/basis set combination has been found to perform well in ourevehmarking
on the AgN2 system, andthe L@ PBE f uncti onal i's known to perf
clusterst”%° The AgsN2 and AgH. structures were optimized in Gaussiaf'1fy first separately
finding the geometry minima of the wire and small molecule, then combining the optimized
structures to obtain A¥X2(X = N, H). The AgX: structure is then optimized with the Ag atoms
frozen, allowing the small molecule to orient abthe wire while maintaining the linear
symmetry of the wire. We apply this procedure to four caseshlAand AgH-each in the
parallel orientation (figurd.1a) and the perpendicular orientation (figdrkb). For the AgH>
case, the parallel Al distance is 2.53 A, as is the distance to the center of the the

perpendicular case. In both &ty cases, the FHinteratomic distance is found to be 0.75 A.

. 262 273 2.65 2.72 g 2.65 273 2.62 . 2.48 1.12
@ )t} )t} O=0
2.62 _ 273 2.65 . 2.72 2.65 273 2.62 248
(b) (gy=iy W)

Figure 41AgsN2st ruct ur es ..ga@amefi par, al( lbe l>gegietrypretred i cul &
parallel case, we define N1 (H1) as the adsorbate atom closest to the wire, and N2 (H2) the

terminal adsorbate atom. In the perpendicular case, N1 (H1) is defined as tlaatenthe

longitudinal axis, and N2 (H2) the atom below.
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We employ linear response tirdependent density functional theory {I®RDFT) to
compute simulated absorption spectra using the standard implementation of the Gaussian 16
package. LRTDDFT describes a given excitation in terms of linear combinations of single
particle transitions. Thus, in the molecular orbital picture, it provides information on which
occupiedto-virtual orbital transitions comprise an excitation. In-IRDFT, a stick spectim is
obtained directly from the excitation energies and oscillator strengths of the excitations. In the
absorption spectra presented herein, we convolve the stick spectrum with a Lorentzian
broadening function with a full width at hatiaximum (FWHM) 0f0.2 eV.

We employ linear response tirdependent density functional theory {I®DFT) to
compute simulated absorption spectra using the standard implementation of the Gaussian 16
package. LRTDDFT describes a given excitation in terms of linear combinatidrsingle
particle transitions. Thus, in the molecular orbital picture, it provides information on which
occupiedto-virtual orbital transitions comprise an excitation. In-IRDFT, a stick spectrum is
obtained directly from the excitation energies asdiltator strengths of the excitations. In the
absorption spectra presented herein, we convolve the stick spectrum with a Lorentzian
broadening function with a full width at hatiaximum (FWHM) of 0.2 eV. Absorption spectra
intensities are shown in arlaty units.

Electrononly reattime timedependent density functional theory (RIDDFT) provides
dynamical information on a system by obtaining its electronic response to an electric field
perturbation. Unlike LRTDDFT, RT-TDDFT is not limited to the pertbative regime, and the
electronic response can be Aorear. RFTDDFT provides access to the tirdependent dipole
moment and other timeéependent quantities like tintependent orbital populations (by

projecting electron densities onto the growtate obitals)>?> We use a development version of
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Gaussian 16 for our RTDDFT calculations® We apply a continuougave electric field at
electric field strengths of 0.001, 0.01, 0.03, and 0.05 atomic units (a.u.) at a given excitation
energy of interest, whircare the transverse and longitudinal plasmon excitations of the system.
The electric field has a trapezoidal envelope, which is ramped to maximum intensity-frésn O
then sustained at this intensity for 18 fs, before ramping down in the final 1 #stdi@l of 20 fs
of Aono electric field. The Z4qndd2t wheretis f or t hi
measured in fs:
06 060600EJ o (Eq.4.1)
ooh m o p
o) Oh P O pw (Eq.4.2)
OO0 ¢cmh pwo (CT
whereO represents the maximum electric field strengthjansl the frequency that corresponds
to the excitation energy of interest.
We use an electronic step size of 0.0006 fs for thedNAgases. Each simulation is run for
a minimum of 70 fs. In thesaectrononly calculations, we report only the first 20 fs of the 70
fs, since these calculations are used to compare against the results of the coupled Ehrenfest
dynamics calculations, and as the adsorbate moves further away from the wire in the Ehrenfest
dynamics calculations, comparison with-RIDDFT results becomes increasingly tenuous.
Electrononly RT-TDDFT can be coupled with the mefald Ehrenfest dynamics (ED)
method to incorporate nuclear motion into a simulation, which we denote here as RT
TDDFT/ED. RT-TDDFT/ED allows for nuclear motion as described under the Ehrenfest
scheme, where the nuclei are propagated based on the average forces from the electronic degrees
of freedom at a given time step. Under this scheme, we can observe activatitggsaniztibn

of the Nb or H> bond under a given excitation. As in the-RDDFT case, we use a development

version of Gaussian 16 for our RRDDFT/ED calculations. Again, we apply the 20 fs
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trapezoidalenvelope continuous wave electric field. We use anrelaictstep size of 0.00025 fs
and a nuclear step size of 0.1 fs for a minimum of 70 fs with default initial velocities on the
adsorbate atoms. The Ag atoms are frozen. Field strengths of 0.05, 0.04, 0.03, 0.02, 0.01, and
0.001 a.u. are used. These eledield strengths are far outside the perturbative regime. As
noted in works employing similar methodologies by Schatz and cowéfkeis Meng and
coworkers3’ due to the high computational cost of dynamical quantum mechanics methods like
Ehrenfest dynargs, dissociation or activation dynamics must be observed within the relatively
short time window of the simulation in order to maintain computational feasibility, which
necessitates a strong electric field strength. Second, the duration of the appirezifiglielc(20

fs in this work) is short compared to experimental irradiation times ( ~ 1 s), which leads to less
energy transfelOngoing work in our group has explored the electric field relationship to the
length of the silver atomic wires, finding the the size of the particle increases, the applied
electric field strength can decrea®ée excite the system at the energies corresponding to the

transverse and longitudinal plasmon excitations.

4 4 Results and Discussion

4.4.1 Parallel AgsN2 at 0.03 au. Electric Field Strength

In order to detail the computation and analysis process, we first walk through our
approach with an example calculation, which is the response of g 8gstem to a 0.03 a.u.
continuouswave electric field. In this case, ouhfenfest dynamics results show activation of
the Nb bond, but not dissociation. First, to determine the appropriate energy at which to excite

the system, both for the 0.03 a.u. electric field and for any other electric field for a given wire
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small molecie orientation, we perform an LRDDFT calculation to identify interesting

excitations of the system and their corresponding energies. TH®OIFT results (figuret.

2a) tell us the excitation energies and which shpgldicle transitions comprise eastick

excitation. In this section we focus on the peak at 1.47 eV, which is comprised of twe single

particle transitions, a HOM@ LUMO and HOMOi 1 A LUMO + 1. The orbitals are shown

in (b).
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Figure 4.2 (a) LR-TDDFT absorption spectrum of paralaliented AgN2. The quantum

plasmon peaks are labeled, and the corresponding giagiele transitions are shown, where
HOMO a nidtheiLRTDDHETespecirtimeas). dénbtéd O .
T h e -particle transtibns forithe

longitudinal and transverse plasmon modes shown in (a). Figure adapted from refef@nce 35.

A HO

in which we excite this state of interest. We excite the system by driving the continuous wave

denotes
Aar bitrary

After identifying the peak of interest, we caerform an Ehrenfest dynamics calculation

uni tso (b)

electric field at the energy of the longitudinal plasrtikd mode identified via LRTDDFT for

20 fs, then let the sy@mm propagate fieldree for another 50 fs. From the Ehrenfest dynamics

calculation, we can extract the nuclear coordinates at each time step, and from this information
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generate plots of bond distances over time and, if the bond distance over timeeestiléato

nuclear vibrations rather than dissociates, compute a Fourier transform of the bond distance data

to yield the frequency of the vibration.
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Figure 4.3 (a) N-N bond length across 70 fs RDDFT/ED calculations in which a 0.03 a.u.
electric field is applied, exciting at the longitudinal plasmon resonance energy. Plots for all
possible electric field andrientations are shown FigureA.1. (b) Fourier transform of the
data shown in (ajyvhich provides information about the vibrational frequency of tié bbond
across the simulatiofThe intensity is shown in arbitrary units.

The 0.03 a.u. electric field causes thenblecule to vibrate around an average bond

distance of 1.34 at a freqency of 1500 cr, and we see that the average bond length

continues to grow across the simulation, even after the electric field is turnétd o

vibrational mode of AgN. identified by Hessian normal mode analysis is 2408 (tive isolated

N2 bondfrequency computed by Hessian normal mode analysis is 238parrd the optimized

bond distance of Nn the equilibrium AgN2 system is 1.1, which shows that excitation at

the longitudinal plasmon resonance of the wire increases the average bdhaféwgand

decreases its vibrational frequency, indicating activation of the bond. When the iselated N

molecule is subject to identical conditions (i.e. the same applied electric field) and identical
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analysis, we find an M average bond distance of @A vibrating at a frequency of 2050n™.
Thus, the presence of the wire is an important ingredient in the activation of.the N

Another quantity of interest obtained from a riade calculation is the timdependent
dipole moment. As the timdependendipole moment is calculated as a charge times a distance,
it provides insight into the amotiof electron density displacement across the system as a
function of time. The static dipole moment of the system is quite large, at 4.82 D (parallel) and
3.00D (perpendicular). This can be explained by the fact that, whi¢ggvAd N> are both
separately relatively nonpolar systems, combining the two results in a separation of charge. With
the dipole arising from charge across a distance, and the lengthsgbthen being considerable
at 22.3A (parallel) and 22.0 A (perpendiculathe static dipole moment is larger than one might
expect upon combination of two ngolar systems.

Over the time period of the simulations, themblecule moves away from the wiand,
in dissociative cases, the N atoms move away from each other. Because of this-the time
dependent dipole moment of an HDDFT/ED calculation is difficult to interpret. Instead, we
examine the timelependent dipole moment results of the correspgneliectroronly RT-
TDDFT calculation, where all nuclei are frozen in place. For elegirdy quantities, we present
only the first 20 fs of the 70 fs simulation and note that the most interesting dynamics occur
within the first 5 fs.

In the first five mtoseconds of the electronly dynamics, we see a surge in the z
directional (longitudinal) dipole moment, signifying a large amount of electron density
displacement from one end of the wire to the other. When the system is excited at a perturbative

eledric field strength, the dipole tends to follow the electric field (Figu® At non
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perturbative field strengths, such as at 0.03 a.u-jrgelfaction of the dipole moment causes

interference, disrupting its ability to track with the electric field (Figu4d.

AggN, Dipole Moment over Time
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50 |
|

-50 |

Dipole Moment (D)

-100 |/ — X
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Figure 4.4 Time-dependendipole for the first 20 fs of the electramly RT-TDDFT calculation
in which the longitudinal plasmon mode is excited with a 0.03 a.u. electric field. Note that the x

and y directional dipoles overlay each other, as dipole moment experiences no chaitiger
of these directions.

In addition to the tima&lependent dipole moment, tindependent orbital populations can
be obtained as part of an RDDFT calculation. Here, the electron density is projected onto the
groundstate orbitals of the systemesch time step. Since this analysis relies on the electronic
structure at equilibrium geometry, time dependent orbital populations are only available in an
electroronly dynamics calculation. In the first 20 fs of the electoty simulation, the
populatons of the LUMO, LUMO+1, LUMO+4, and LUMO+11 rapidly increase on initial
application of the electric field, with the LUMO spiking to a population of 0.97 att = 1.96 fs.
The LUMO+1, LUMO+4, and LUMO+11 have the same symmetry as the LUM#(i.e.
symmetry,or cylindrical symmetry about the longitudinal axis). In the TBDFT absorption
spectrum, the longitudinal plasmon peak is comprised of the HGM@MO and HOMOi 1

A LUMO + 1 transitions. Here, we see the involvement of additional transitions between
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obital s wi tsymmety tlue to the rgoeriirbative nature of the applied electric
field. In conjunction with the population of the LUMO, LUMO+1, LUMO+4, and LUMO+11

orbitals rapidly increasing, the population in HOMO, HOMOHOMGO-2, and HOMGQ3 rapidly

decreases.
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Figure 4.5 Time-dependent orbital populations for the 0.03 a.u. electric field, longitudinally
excited parallel AgN> system electroionly RT-TDDFT calculation. (a) Depicts population of
initially occupied molecular orbitals, while (b) depicts the population of initially unoccupied
orbitals. HOMO and LUMO populations for all simulations are shown in Fighrgs\.6. (c)

and (d) show the first 5 fs of orbital populations of the most affected occupied and unoccupied
molecular orbitals respectively.

Finally, we carry out Hirshfeld population analysis at each time step on both the RT

TDDFT/ED calculation and the electramly calculation. In this section, we present the ED
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results for the 0.03 a.u. electric field, parallelddientation, and longitudinal excitation system,
though the full Hirshfeld population results for all\g systems can be found in figur&sr-

A.8, andthe electroronly results can be found in figur@s9-A.10. We briefly discuss some of

the differences between the RDDFT and RTTDDFT/ED results in sectiof.4.2. Atomic

populations are not experimental observables, and because of this, there ale suhiémes to
partition partial charges amongst atoms. We choose Hirshfeld population analysis in order to
avoid the basis set dependence of Mullikgme methods? Since the Hirshfeld method is
densitybased and relies on atomic reference densitiessaibetter candidate for the RT

TDDFT/ED cases, where the electron density is propagated in time and atoms may migrate away
from each other. Figur&6a partitions the Hirshfeld charges into N and Ag; the green line is the
sum of the charge on both N atsmwvhile the blue line is the sum of all charge on each of the

eight Ag atoms. The negative charge transfer to the adsorbate peaks at a charge @35 at

= 15.3 fs. Figurel.6b further partitions the adsorbate subsystem into atoms N1 and N2, where

N1 is the nitrogen atom closest to the wire at the start of the simulation. The terminal N2 initially
picks up more negative charge than N1. This charge transfer profile provides support for the idea
that transient negative ions play an important roldasmonmediated molecular activatiof.

For this system (parallel adsorbate, longitudinal plasmon excitation, 0.03 a.u. field strength), a
transient negative ion forms within the first 5 fs of the simulation, then dissipates around 42 fs
into the simulatn. This charge then oscillates between the two N atoms and the Ag wire. The
maximum charge difference between the two nitrogen atoms, defined-gs2gis found to be

0.66, occurring 11.7 fs into the simulation.
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(a) Hirshfeld Charges, partitioned Ag-N (b) Hirshfeld Charges, partitioned Ag-N-N
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Figure 4.6 Time-dependent Hirshfeld charges. In (a), the charges are divided into Ag and N
subsystems, where the Ag subsystem is the sum of all charges on each of the eight Ag atoms, and
the N subsystem is the surhtbe charges on the two N atoms. In (b), the Ag subsystem remains

the same, but the charges on the two N atoms are plotted separately. N1 denotes the N atom
closest to the wire at the start of the simulation, and N2 denotes the terminal N atom.

The Hirstield charge data, bond length data, and frequency analysis obtained from the
RT-TDDFT/ED simulation, alongside electramly dynamics to obtain orbital populations and
dipole moment, provide insight into the charge transfer process that enables aaiviiteon
adsorbate. RITDDFT/ED data shows an overall increasing bond length with simulation time
and a dominant Nvibrational frequency of about 1500 ¢nThe average Aoond length in the
0.03 a.u. electric field is 1.34, or 117% of the equilibrium lggth. The maximum bond length
achieved is 1.44 A, or 128% the equilibrium bond length, demonstrating activatibn of
Meanwhile, the electrennly dipole moment shows a surge upon initial application of the field,
signifying a large displacement of theaten density across the length of the wire.

Si multaneous| y,-symnhety upoocppietl ahitals sapidlyogfowsias the

population of the HOMO to HOME depletes in the first 5 fs. Finally, Hirshfeld charge analysis
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of the electromuclear dynanes calculation shows charge transfer occurs from the wire

subsystem to the adsorbate, peaking at a char@ed#5e- at 15.3 fs.

4.4.2 AgsN2 Electron- and Electron-Nuclear Dynamics

While the above discussion presents a detailed analysis for a regtiesesadsorbate
orientation, excitation energy, and electric field strength, in this section, we focus primarily on
comparing the timelependent NN bond distance and maximum charge on thenN series of
RT-TDDFT/ED calculations. The systems examinegltae possible combinations of the
Aparallel o (with | ongitudinal and transverse
and fAperpendicul aro geometries (with longitud
4.64 eV, respectively)Hgure2.a), continuousvave excitation at the longitudinal and transverse
plasmon mode energies, and electric field strengths of 0.05, 0.04, 0.03, 0.02, 0.01, and 0.001 a.u.
for a total of 24 different AgN> RT-TDDFT/ED simulations (Figuré.1). From the NN bond
distance over time, we compute theN\vibrational frequency via Fourier transform. We note
that, due to the length of the calculations and consequently the relatively small number of
oscillation cycles, the Fourier transform datlrsad and contains a high amount of uncertainty.
Despite this, general trends in the vibrational frequencies can be observed.

From Table4.1 we observe that excitation of the longitudinal plasmon resonance leads to
the most activation at a given fieldstn gt h. Acti vati on i s most favo
orientation, where dissociation is observed f
orientation, the Nalso becomes activated, but to a generally lesser degree (or the same degree,
in the0.01 and 0.001 a.u. field cases). Some activation is observed for excitation of the

transverse plasmon as well (4.68 eV), but not to the extent of the longitudinal plasmon case (1.47
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eV), which may be due to the increased oscillator strength of the Idimgityplasmon relative to

the transverse. Importantly, without the wire present, no activation isfdbserved, despite the

significant strength of the appliedectric field.

Table 4.1 Average NN interabmic distance across 70 fs of RDDFT/ED simulation. The
Nfadsorbate
represent the four possible orientation/electric field combinations. Respectively, these are

truncated

systems

shown i

n

t he

paralletoriented adsorbate excited at the longitudinal plasmon mode, perpendicetded

adsorbate excited at the longitudinal plasmon mode, pacaiteited adsorbate excited at the

transverse plasmon mode, and perpendiendi@nted adsorbate excited at thengeerse
plasmon mode. Corresponding bond length plots are fouRdume A.1.

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001
O
j
© c =
c % N o o—o 383A | 141A | 1.30A | 1.21A | 116 A | 1.13A
L =
eS8 -o—w 1.33A| 1.27A| 1.23A | 1.18A | 1.16 A | 1.13A
29
(Sl o] t
%.%_ , 9 o—o| 117A| 116A | 1.16A | 1.14A | 1.14A | 1.13A
55
23 —yL,y Z 1.18A| 1.18A | 1.17A | 1.15A | 1.14A | 1.13A
<T

The table of NN average vibrational frequencies (Ta#l2) provides insight into the
degree of activation for theases that do not fully dissociate. In thedase, this is for all but one
simulation. For comparison, the isolategdtretching mode computed via Hessian normal mode
calculation is 2383 crh whereas the Nstretching mode of AgN- is 2408 crit. In geneal, the
vibrational frequency decreases as the electric field increases, which is consistent with the notion
that as a bond becomes more activated, it becomes weaker and its vibrational frequency
decreases. The lowest Mbrational frequencies are achexl/for high field strengths that are

longitudinally polarized, with Nin the parallel orientation becoming particularly activated.

Further, for the cases in which the dlbes not dissociate, the downward trend in the N
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vibrational frequency generally tilas with the upward trend in bond length as the field strength
increases. Note that excitation of the transverse plasmon mode does not strongly affect the N
vibrational frequency whenNs in either of the parallel or perpendicular orientations.

Table 4.2 N vibrational frequency (c across 70 fs RTDDFT/ED simulations for the
systems described in Tablel.

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001

—— O0—0

| = ]
St B = 1200 | 1500 | 1700 | 2100 | 2300
N =

5le = o 1100 | 1700 | 1500 | 2100 | 2200 | 2300
3

o, 1 2100 | 2000 | 2000 | 2100 | 2300 | 2200
QL

5

Q

D)

Adsorbate orientation and

—MLM Z 1900 | 2000 1900 2000 2200 2200

Table4.3 compiles the maximum Hirshfeld charge obtained on the®ecule across
each simulation. Full Hirshfeld charge data plots are shown in FgdrédData for the timestep
at which the maximum charge occurs is availabl€ahle A.1 In general, calculations with
stronger field strengths yield a more negative imaxn charge, and this peak charge tends to
occur earlier in the simulation. For a given electric field strength, the longitudinally polarized
field with paralletoriented N sees the most charge transfer from the wire to thevith the
amount of chargednsferred increasing as the field strength increases. The trangukaseed
electric field cases see little charge transfer in comparison to the longituginidlyzed cases at
a given field strength. The longitudinal field with perpendiculac&sesees considerably more
charge transfer than the transverse field cases, but less than whenstloeiéhted parallel to
the wire. These results are consistent with the degree of activation Tgbéend the change in

N2 vibrational frequency (Tablé.2). Cases in which more charge is transferred correlate with
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higher average M\ bond lengths and lower vibrational frequencies. In the transverse field case,

little bond activation is seen, along with little charge transfer.

Table 4.3 Maximum Hirshfeld charges() obtained on Nsubsystem across 70 fs of RT
TDDFT/ED simulation. The time at which the maximum charge is obtained is found in Table
Al

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001
o
[
© < = _ _ _ _ _ _
S 5| o oo 106| 09 | 094 | 077 | -044 | 021
82 =
EE| o2 i 082 | -0.73 | -0.86 | 065 | -047 | -0.21
g
22 1
g2l o ool 042 | 039 | 032 | 026 | 025 | -010
o5 1
£8|-e——v Z 02 | 037 | -08 | 05 | -016 | -0.09

In addition to the maximum Hirshfeld charge, we compute the maximum charge
difference between N1 and N2 in each simulation, summarized in ZdblBata on when the
maximum charge difference occurs is available in Tab® and the full AgN-N-partitioned
Hirshfeld charge data is found in FigukeB. The trend in data for maximum|g gnz| generally
follows the same trend as the maximum Hirshfeld charge, where the pareiged N at
longitudinal plasmon excitation obtains the maximum charge sepafat a given field
strength, with perpendicularigriented N at longitudinal plasmon mode obtaining smaller but
still significant charge separations. Each transverse excitation case sees little charge separation,
irrespective of field strength or Mrientation. It is possible that the greater degree of charge
separation across parat@liented N in the longitudinal case encourages the greater degree of
activation relative to the perpendicular case. We hypothesize that the polarization of the bond

may help facilitate the bond breakage.
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Table 4.4 Maximum Hirshfeld charge difference obtained ag jognz| across 70 fs of RT
TDDFT/ED simulation. The time at which the maximum charge difference is obtained is found
in TableA.2.

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001
o
C
c C #
=8| = 1.10 | 0.&4 066 | 041 | 0.5 0.08
82 =
EE| o2 i 045 | 05 | 03 | 022 | 019 | 006
g3
OQ t
%%" o o—o| 02 | 020 0.2 018 | o1 0.03
= T
L2 |-—w i 0.24 | 0.22 0.18 0.13 0.09 0.03
<o

The results obtained from the RRDDFT/ED simulations suggest that the orientation of
the molecule along the wireiisportant for activation, that the degree of activation scales with
the strength of the electric field, and that excitation of the transverse plasmon mode activates the
system significantly less than the longitudinal plasmon mode, regardless of adsoeddeian
or field strength.

We can examine equivalent electtonly RT-TDDFT calculations for each RT
TDDFT/ED case. Again, projecting the electron density at a given timestep onto the-gratend
orbitals can provide qualitative insight into the electron dynamics of the systamhhodital
population analysis, alongside electrmmly time-dependent dipole and charge data. The
electroronly dynamics data is reported in figure®-A.6 and figure\.9-A.10.

As in the RFTDDFT/ED case that includes both electron and nuclear dysamefind

that that the incident electric field matters more than the orientation obthiRoNulation
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analysis (figureg\.3-A.6) reveals that the orbitals involved in a given simulation are those that
are expected based on A¥mmetamgpgi toonisdéoatidbes
the longitudi Al tplamsman,onand of t loeget r ansvers
electric fields, more orbitals are involved than those found in thd DRFT absorption
calculation. For example, in the ERDDFT longitudinal plasmon excitation witholih the
parallel orientation, we find that the orbitals involved are the HGMBOMO, LUMO, and
LUMO+1. In the longitudinal excitation electramly dynamics, we find for field strengths of
0.01 a.u. or stronger tshmanetryahe hWMO+4ando c cupi ed o
LUMO+11, become occupied in addition to the LUMO and LUMO+1 that the HOM@2
and HOMQS3, in addition to the HOM&. and HOMO, lose occupation. Given that-TRDFT
is a perturbative method, and field strengths of 0.01 a.u. or greater are not in the perturbative
regime, observing additional symmetifowed singleorbital transitions within a given
excitation is reasonable. However, it is unclear how or whether these additionalpsirigle
excitations play an important role in the adsorbate activation process, as the population data is
not available in the casé the full RT-TDDFT/ED simulations.
Electrononly timedependent dipole moment and Hirshfeld charge data is also available
from the electroronly calculations (figures.9-A.10). These quantities generally resemble their
electronnuclear counterparts atelstart of the simulation, which is when the eleciaty and
electronnuclear systems most closely resemble each other. Comparison of the elagtron
Hirshfeld charge data with the electroaclear data in the first 20 fs reveals that nuclear motion
plays a role in the charge transfer process (figAr6sA.10). Whereas electreonly charge

oscillations tend to rebound to neutral or reantral charge, the simulations with mixed
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electron/nuclear dynamics tend to maintain a charge separation, i.e.sdémomat e | ess A c h.

rebounding. o0 Thus, nuclear motion may aid in

4.4.3 Parallel AgsH2 at 0.03 a.u.Electric Field Strength
While the N results show dissociation and/or activation as a function of electric field
strength, the Bimolecule itself has a relatively complicated electronic structure, and the
interplay between the electronic structure and dynamics outcomes is complex. In an effort to
simplify the molecular electronic structure aspect of the model, vestigate AgH> systems. In
the H case, any dissociative route likely results in populationofthe H or bi t al (or ot
withH20* char act e N, we fist provide ahe LREDDFTAeasgults, the RT
TDDFT/ED and electroonly RT-TDDFT calculaions, and their analyses, for the parallel
oriented H excited at the longitudinal plasmon resonance with an electric field strength of 0.03
a.u. We first compute the -RDDFT absorption spectrum (Figude7) and examine the single

particle transitions wmolved in the longitudinal and transverse plasmon peaks.
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Figure 4.7 (a) LR-TDDFT absorption spectrum, with a.u. denoting arbitrary units. (b) The
corresponding molecular orbitals dralletoriented AgHo.

Between AgN2 and AgH>, the symmetry of the transitions involved do not change for
either the Il ongitudinal or transvergsAels modes,
a n ¢ A ¥stransitions (HOMQA LUMO and HOMOi 1A LUMO + 1), and the transverse
mode compr kA edangtibns,twheea =K, 2, 3, 4. The energies of the two
guantum plasmon peaks in &tp (Figure4.7) are slightly shifted from the Al case (Figure
4.2), with the longitudinal modeccurring at 1.44 eV and the transverse mode at 4.66 eV for the

parallel oriented bisystem (1.46 eV and 4.64 eV for the perpendicularly orientethse,

respectively). Unlike the AMdoc ase, the unoccupied Y orhbitals
basedatomic orbitals. That is, no hybridizationofan H* or bi t al i's found in
the system, as expected. Me a n wili*l ec,h atrhaec tuerra c ¢
(a) " H-H Bond length over time (b) AggH, dipole moment over time
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Figure 4.8 (a) HH bonddistance over 70 fs in the RTDDFT/ED simulation for parallel
oriented AgH:> excited at the longitudinal plasmon frequency with 0.03 a.u. electric field
strength. Bond distances for all &y cases are shown in Figukell. (b) Timedependent
dipole corresponding to the equivalent electomty RT-TDDFT calculation.

For the sakef comparison with the Af\> case presented, we focus on the parallel

oriented adsorbate configuration. However, unlikeMygthe orientation for AgH> with H»
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perpendicular to the wire is lower in energy-By037 eV. On plotting the #H bond distance
over time, we see rapid dissociation occur soon after the onset of the electric field, with the two
H atoms over 12 apart by 70 fs (Figuré.8a). This is unlike the analogous g\ result, where
the N achieves a maximum of 0.#2bond elongation compared the N equilibrium bond, but
ultimately does not dissociate within the simulation time frame (Fig3)e The accompanying
Fourier transform for this Adil> calculation is not shown, as the bbnd length does not
demonstrate any oscillatory behavioraiighout the course of the simulation. The time
dependent dipole moment (Figut8b) appears similar to the analogouscise (Figurd .4)
within the first 20 fs, especially in that a large electron density displacement is evident in the first
few fs of he calculation. The timdependent electreonly dipole moment is shown for all
AgsH2 cases in Figuré.12.

Similar to the N case, we partition the RTDDFT/ED Hirshfeld charges into Ag and H
(Figure4.9a) and Ag, H1, H2Kigure4.9b), where H1 is the Ht@am closest to the wire at the
start of the simulationThe charge profile of the Alyl> system (Figurd.6) appears significantly
different than AgH>. In the AgH> case, a large surge in charge separation occurs around 3 fs.
The Ags subsystem gains 1€ positive charge as theoldubsystem gains 1€ negative charge,
where the peak charge df.22 (units oe- used for all charges3 obtained at 3.4 fs. Thus,
charge transfer occurs very soon after the start of the simulation, and at 5 fspitvedHength
is 1.01A, or 135% of the equilibrium bond length. The equivalerdNkgystem does not obtain
its maximum adsorbate charge until 15.3 fs, where it reabl@$on the M The AgN2 system
achieves its maximum bond length of 144t 61.6 fs, at which point the charge oni$\-0.25.
In the first 10 fs of the calculations, the charge difference between H1 and H2 is much less than

that of N1 and N2. Howevem icases in which thed#ctivates but does not dissociate, the
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charge oscillations between H1 and H2 follow similar trends to that of thdiasociated N1

and N2 (figureA.13-A.14). Despite very different methodology, we find that ourcHarge

transferesults are consistent with those found in Ref. 34, in that each finds the number of

electrons increasing on the H the first 15 fs.
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Figure 4.9 Hirshfeld charge over 70 fs of RTDDFT/ED simulation. (a) shows partitioning of
charge into Ag and H subsystems. (b) plots the charge for each H atom separately.

The orbital populations can be extracted from the eleairiyn dynamics. We stress

again that, soon after the start of the simulatilba,electroronly dynamics will not mirror RT

TDDFT/ED results, especially in the case of a quickly dissociating adsorbate. Thus, we present

only the first 20 fs of orbital populations, noting that, in this particular case, even by 20 fs, the H

in the Elmenfest dynamics calculation has achieved an-imgerogen distance of 3.4%, over

quadruple the equilibrium bond length. Similar to thedgcase, we see rapid initial population

of t he

occupied orbitals (Figur£.10). Like AgN2 (Figure4s )

we

u rgeometry grhitadsdandzsimultaneous depletion ottlteer r e s pondi ng

styge orbitads ineolvedd

than is suggested by the EFRDDFT calculation, which is due to the nperturbative strength of

the electric field.
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Figure 4.10 Time-dependent orbital populations for the corresponding 0.03 a.u. electric field,
longitudinally excited AgH> system electronly RT-TDDFT calculation. (a) depicts
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unoccupied orbitals. The HOMO and LUMO keys correspond to the orbiteigune4.7b.

Plots for allsimulations are located in figurés15-A.18.(c) and (d) show the first 5 fs of orbital
populations of the most affected occupied and unoccupied molecular orbitals respectively.

In general, the markers of activation are present in both tbdAand AgH- cases. The

electroronly orbital populations appear especially similar, even in the time at which population

occurs

and

t

he

degree

of

p o p-tyde anbdcupiad. orbitals, e

the large shift in dipole moment, and the chargadfer from the wire to the adsorbate are

present in both the Atl> and AgH> cases. It is possible that Hissociation occurs with the
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0.03 a.u. applied field whereas flissociation does not becausgisimore weakly bound with a

singl e O bedtothe tripe boncbopd o s

4.4.4 AgsH» Electron- and Electron-Nuclear Dynamics

Similar to the AgN2 case, we now focus on the average bond length and frequency data
of the AgH> RT-TDDFT/ED simulations, alongside the Eharge and |g i g+2| charge
difference data. Tabk5 contains the average bond length efkross the RITDDFT/ED
simulations. In the kcase, the longitudinal plasmon excitation of the wire with paratiehted
H2 results in dissociation at the 0.03, 0.04, and 0.05 a.u. field strengths. The longitudinal
plasmon excitation of the wire with perpendicularly orienteddsults in dissociain for the
0.05 a.u. electric field case. This contrasts with the analoggaal®ulations, where only the
paralletlongitudinal 0.05 a.u. case achieves full dissociation within 70 fs (BableThe trend
of the longitudinal plasmon resonance activ@asignificantly more than the transverse
resonance holds fora#s well as N as does the orientation trend that the parallel adsorbate

typically activates more than the perpendicular adsorbate.

Table 4.5 Average HH interatomic distance across 70 fs of-RIDDFT/ED simulation.
Corresponding plots are found in Figuyel 1.

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001

o

=

S5 & w |11.50A| 7.89A | 7.83A | 0.81A | 0.79A | 0.76A
S -

g &

c 8| AP 400A | 0.88A | 0.88A | 0.77A | 090A | 0.75 A
= 8_ @

(Sl o] t

22 -o—"—w w-u |084A| 08A | 079A | 0.7A | 0.76 A | 0.76A
Q0

83 _Q,LM § 0.86A | 090A | 0.77A | 0.76 A | 0.75A | 0.75 A
<o
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H> vibrational activation (Tablé.6) sees similar trends to the Wbrational activation
(Table4.2) in that, as the electric field increases, thevidrational frequency tends to decrease.
In both the N and H case, with our data, it is impossible te@gain whether or not the
decreases in vibrational frequency are due to excitement onto higher vibrational states (e.g. in the
anharmonic well of the ground electronic state, which leads to lower vibrational frequencies as
the vibrational energy level ineases), or due to excitement onto higher electronic states, which
tend to have shallower wells and will result in the same outcomdDROFT/ED calculations
do not allow for analysis of either of these quantities. Thus, we can observe the decreasing
frequency with increasing electric field and correlate this to the increase in adsorbate activation,

but cannot assert whether this activation is vibrational or electronic in nature.

Table 4.6 H vibrational freqency (cmt) across 70 fs RTDDFT/ED simulation.

field strength(a.u.) | 0.05 0.04 0.03 0.0 0.01 0.001

o

[

S5l o w—s - - - 3600 | 3600 | 4100
)

cs _&,Lw ¢ - 2900 | 4000 | 4100 | 3400 | 4000
= 8_ e«

(@) © t

22 9" 9 - 3300 | 3300 | 3700 | 4000 | 4400 | 4000
20

o 43 4..

28|90 o § 3400 | 3100 | 3900 | 4100 | 4000 | 4100
<o

The maximum charge obtained on theddbsystem (Tablé.7) does not correlate as
strongly to B activation as the maximum charge opticks with N activation (Tablet.3).
The maximum chargdifference between the two H atoms also correlates less strongly with

activation than the Ncase. For each quantity, there is a general trend that for a given field
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strength, the paralldbngitudinal simulations gain the most charge and obtain theskacbarge

difference (Tablel.8), followed by perpendiculdongitudinal, then parallefansverse, and

finally perpendiculatransverse. This is consistent with therBsults. However, the trend in

correlation between electric field strength and maxinagisorbate charge and maximum

adsorbate charge difference is less clear in theasle. While the Hirshfeld charge analysis

reveals charge transfer occurring in both theh H cases, Htends to pick up a smaller

maximum charge and maximum charge ddfese, while still activating more readily. This may
bedueinparttodds i ncreased ability to housgveadditi ol
its more complex electronic structure and availability of lelygrg unoccupied orbitals. Nnay

have moe channels of activation and dissociation due to these lower lying orbitals, as well as its
increased orbital hybridization into the wire relative 0 A comparison of electreanly and
electronnuclear Hirshfeld charges for the first 20 fs of simulatan be found in figures.19-

A20. The difference in degr ee o fsNoitasdimseaa r ebo
4.4.2 appears much less significant in theggcase. The significant activation ot Within 20

fs in the RFTTDDFT/ED resultdFigureA.11) more severely limits comparison between the

Hirshfeld charges of electremuclear and electreanly calculations.
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Table 4.7 Maximum negative Hirshfeld charge obtained on thelbsystem acrgs/0 fs of RT
TDDFT/ED simulation. The time at which the maximum charge occurs is listed in Agble

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001

i®)

C

S5l % e 086 | 067 | -1.2 | -09@ | -061 | -0.07
) [n—

E8|_, Das 9 055 | -050 | -065 | -060 | -0.52 | -0.08
.:8_ @

OE t

28| 9T 4 4w | O | -030 | -017 | -0.16 | -0.05 | 0.00
Q o

043 t

280X o § 024 | -047 | -019 | -0.15 | -0.05 | 0.00
<o

Table 4.8 Maximum Hirshfeld charge difference obtained ag jog2| across 70 fs of RT
TDDFT/ED simulation. The time at which the maximum charge difference occurs is listed in
TableA.4.

field strength(a.u.) | 0.05 0.04 0.03 0.02 0.01 0.001

o % uw | 048 | 082 | 0% | 028 | 009 | 004
» .
o= o 040 | 0.3 | 03 | 015 | 019 | 0.04

ot o uw | 030 | 019 | 014 | 011 | 0.07 -

Adsorbate orientation and
electric fieldpolarization

1 $ 0.20 0.24 0.10 0.10 0.06 -

Examining the average bond length for the parddieyitudinal case sidby-side (Table
4.9), the B case activates slightly more as a percent of the equilibrium bond length for a given
field strength, and more cases result in full dissociation. Thegksidegether, suggest that
cleavage of the E bond is important in both <c
longitudinal resonance promotes symmedry | owed access to the adsortk

transverse mode, despite allowirap®r access to excitation to theadd NG * or bi t al s i n
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perpendicular orientations, is a weaker excitation than the longitudinal mode. Moreover, the
transverse peak is comprised of degenerasmd y directional excitations, while tHeT-
TDDFT/ED calculations excite only one of the two directions, effectively halving the oscillator
strength, which may explain why the transverse excitation only minimally activates the
adsorbateWe have shown the percemgbridization of the adsorbateoatic orbitals into the
frontier molecular orbitals in tables A.5 and A.6.

Table 4.9 Comparison of average adsorbate bond length in A across 70 fsTDRFT/ED

simulation between AgH> and AgN». Parenthesedenote the length as a percentage of the
equilibrium bond length, shown in the rightmost column.

Field Strength (a.u. 0.05 0.04 0.03 0.02 0.01 0.001 0.00

11.50 7.89 7.83 0.81 0.79 0.76
AggHz 0.74
(n/a) (n/a) (n/a) (109%) | (107%) | (103%)

2.47 1.4 1.3 1.21 1.16 1.13
AggNz 1.12
(nfa) | (126%) | (116%) | (108%) | (103%) | (101%)

45 Conclusion

We have examined an array of riabe dynamics calculations of Ag atomic wire
adsorbate systems, analyzing both Ehrenfest dynamics and eleclyatynamics othese
systems. We examine adsorbate orientations perpendicular and parallel to the wire, and we
examine excitations at the longitudinal and transverse plasmon energies. The adsorbates
examined are Hand N, where we find that FHgenerally activates or disciates more readily
than N\ for the same electric field, adsorbate orientation, and excitation energy. For all cases,
excitation at the longitudinal mode activates the adsorbate considerably more than the transverse
mode. The degree of activation of adsie depends on the strength of the electric field, where

electric field strengths of 0.05, 0.04, 0.03, 0.02, 0.01, and 0.001 a.u. are examined. Through
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Hirshfeld population analysis, we observe charge transfer from the wire to the adsorbate. In the

N2 case, the degree of charge transfer tracks generally with the strength of the electric field. The
same trend does not hold for theddse, which may be due to the more limited electronic

structure of H, which has fewer channels in which to gain additioregative charge. In each

case, we can observe the formation of an adsorbate transient negative ion. We postulate that
adsorbate E bond cl eav ag=scase,thisisthe only dissotiationn b ot h
channel. In the Bicase, the dependenae the parallel orientation and the longitudinal excitation
suggests that E bond cleavage plays a pivot al
charge differences between the nitrogen atom closest to the atomic wire and the nitrogen atom

further from the wire, which may aid in dissociation.
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Chapter5-Hon Au(111)

5.1 Introduction

In plasmommediated photocatalysis, chemical interface damping (CID) refengto t
phenomenon in which a nearby adsorbate modifies the behavior of the plasmon modes of a
nanoparticlé'* CID is thought to play an important role in plasmuoadiated photocatalysis, as
it allows for direct excitation from the plasmon resonance to anlaeisemall moleculéln
addition to CID, an indirect mechanism in which the plasmon mode facilitates molecular
activation by first decaying into hot electrons and hot holes, which then transfer to the molecule,
also enables plasmenediated photocatalysiand has received considerable attentiéfiThe
indirect mechanism is thought to be inefficient because the hot electrons relax quickly via
electronelectron scattering, which prevents their transfer to the small mofeécdle.2015, Wu
et. al demortsated that plasmon excitation can lead to direct transfer of an electron to the empty
orbitals of the adsorbate, a process that yielded a quantum efficiency of 24% in thelngitrdy.
this result came a resurgence of work investigating CID, which remeliatively poorly
understood. Linkandewor ker s note in ref. [14] that CID
ot her e x pl Thus tmore investidation is required.

In chapters 3 and 4, we investigate plasmmadiated photocatalysis direcitythe sense
that we obtain reaime coupled nucleaglectron simulation data that demonstrates activation or
dissociation of a small molecule upon excitation of the plasmon resonance mode of a nearby
atomic Ag wire. In those works, we found that sigrafit small molecule hybridization into the
wire molecular orbitals that participate in the quantum plasmon excitations was likely not the
primary driver of activation, since the systems in which large amounts of hybridization occurred

were the systems thattivated the least. Such a result does not imply that CID is not present or
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important in those cases, or that the indirect mechanism is the definitive and sole cause of
activation, only that more investigation is required. Thus, we seek to approachhtesrpof
CID from a different direction.

We are interested in exploring how the presence of a small molecule chemically damps
the plasmon modes of a metal. More specifically, we want to study how the presenac thfeH
beginning and ending orientatioimsa dissociative adsorption process modifies the plasmon
modes of the Au(111) surface that thedits atop. We can investigate such a system via
computation of the RPA polarizability, from which we can obtain a simulated electron energy
loss spectrum (ELS)1° Depending on the system, the kwess region of EELS contains
excitations of the surface plasmon, the bulk plasmon, and interband tranSiibis,
investigation of lomoss EELS of the HAu(111) system informs us of many electronic features
that may be relevant to plasmomediated photocatalysis. Traditionally, plasmons are-well
described by electromagnetic theory that treats the surrounding chemical environment as an
effective mediunt®® However, it is also known that the presence of adsesidaas a strong
impact on the electron densignsitive surface plasmon modes.

We must be somewhat careful about language here, and what precisely we are, and are
not, studying when we compute simulated EELS of thes@l{111) systems. Conceptualliet
excitation of the surface plasmon resonance of a nanopatrticle causes a collective oscillation of
the free surface electrons. The free surface electrons are collectively displaced from the particle,
then experience a restoring force due to the couloatbigction between the positive charges of
the nanoparticle nuclei and the displaced electron density. This displacement and the subsequent
restoring force give rise to the classic fAsl o

resonance of a nanopafté¢ (LSPR). In a nanoparticle, these localized surface plasmon
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resonances are standing waves (i.e-pi@pagating) that decay to zero away from the particle,
and the frequencies of the standing waves are related to the morphology of the particle,
somewhaanalogous to the partiecle-a-box problem (e.g. the diameter of the particle directly
influences the LSPR frequency). Clearly, we do not have such a confinement effect when
modeling a surface with periodic boundary conditions. However, recent work\esdad that

some nanoparticles can indeed host propagating plasmons, like surface plasmon polaritons, in
addition to these standingave surface plasmon resonances, and additionally has shown that
nanoparticles can host bulk plasmons along with surfassung?

Bulk plasmons can be described with much the same qualitative picture as above, and are
often discussed in terms of a plasma model. Plasma is a medium comprised of equal amounts of
positive and negative charge, with at least one of the twodne®vte. Since a metal has a sea of
free valence electrons interacting with fixed, positively charged nuclei, we can describe the
collective behavior of metals in these terms. If we displace a small zone of electrons, we induce a
uniform charge imbalance @tcount of this displaced electron density, and an excess positive
charge density also appears as a result. This generates an electric field, which forces the electron
cloud to move as a whole on account of the fact that the nuclei, being fixed incalacet
move?! This electron density oscillation is called a plasma oscillation, apgatumof this
oscillation is called a plasmon. The difference between this picture of a plasmon in a bulk
material and a nanopatrticle is that, in the bulk materialptasmon is a longitudinal wave, while
the LSPR is a standing wave. Longitudinal waves cannot couple to transverse waves, like
electromagnetic waves. Thus, unlike the LSPR of nanopatrticles, bulk plasmons cannot be excited
by ligh?! but can be excited by moving charged particle, e.g. what is done in experimental

EELS.
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The description above corresponds to the Drude model of plasmons. The Drude model
has found success in describing simple metals, but breaks down for noble metals on account of

their d-bandstructure?? In the Drude model, the bulk plasmon frequency is given bya

T ——, whereeis the electron chargg)is the mass of the electron, am the electron

density. The surface plasmon is given as o and the dielectric function is given as

-7 P , with7 the damping timé3 One can combine this term with that of a bound

Lorentz oscillator to develop a phenomempdal model of how the plasmon mode shifts in
relation to an optical absorption band, which we discuss in the contextasfd$ in section
5.3.3222425While the Drude model is extremely useful for developing a conceptual
understanding of plasmons, dils for noble metals in practice.

EELS can measure both surface and bulk plasmons. Again, we must be careful with
terminology and what exactly we measure with
used interchangeabl y owm.tch A ssuurffaaccee pplaassmmoonn pios
plasmon, a charge density oscillation. A surface plasmon occurs at the surface of a material, and
unlike bulk plasmons, surface plasmons can couple to photons, and hence can form surface
plasmon polaritons, which iscuasiparticle arising from the coupling of light with the surface
plasmont®262’The theoretical study of surface plasmon polaritons is a different problem than
the study only of the surface plasmahse. the collective charge density oscillationghes
metal surface, though the two physical phenomena are closely related.

In experimental EELS of metals, we may find both the bulk and surface plasmon peaks,
where the latter become prominent in thin samples or small particles, with the surface plasmon

peak occurring at lower energy than the biflRdditionally, noble metal surfaces have been
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found to support another type of surface plasmon, called an acoustic surface pfaSmtrile
conventional surface plasmons have a finite energy for all waversethe energy of the
acoustic surface plasmon energy approaches zero as the wavenapooaches zers.
Finally, around the same energy regions as bulk and surface plasmon peaks appear, interband
transitions appear. Interband transitions have niateyesting effects on the plasmon modes of
material s. Each of these types of peaks appea
be the region of the spectrum from 0 eV to about 58°aVe discuss these peaks in more depth
in section 5.3.2.

Theoretically, we can generate an EEL spectruainas  ah )), the negative of the
inverse of the macroscopic dielectric function. Within the random phase approximation, the

macroscopic dielectric functiaa given by
- —— (Eqg. 5.1)

i.e., we take only th& = 0, GNf 0 components of:

T -

e M Tan @

. (Eqg. 5.2)
Thus, once we obtain the inverse dielectric, we can directly generate an EEL spectrum.
Additional theoretical details adiscussed in other sections; please see Chapter 6.1 for more
information on how this quantity is obtained in BerkeleyGW and Cha@e3far a more
general overview of RPA methods.

The wavevectorq is an important component of EELS. The liopiy O is called the
long-wavelength limit, and this limit determines the optical properties in the regime accessible to

optical and electronic probésFor example, the absorption spectrum is given as Img°

m .3 We are interested in the lomgavelength limit; however, difficulties arise in attempting
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to compute equation 5.2 directly fgr= 0 because of thseA_s term, which diverges whe@ =
il

= 0, which is the situation we are after. There arvwaways to handle computation of the
macroscopic dielectric function in the lomgavelength limit>3>37In BerkeleyGW, for metals,
the code numerically approximatg#\ O with the smallesi =ki kNj possi bl e gi ven
of k-grid . *®

We choose spfically to investigate Hon Au(111) for a few reasons. First is in the
inspiration from the theory (and theoretical follayp paper) found within the seminal work of
Halas, Nordlander, Carter, and-aorkers38 In this paper, Au nanoparticles of dianrste
ranging from 5.5 to 21 nm loaded onto a 7&Dbstrate were demonstrated to dissociatertd
D> to form HD upon excitation of the Au plasmon resonance. A subsequent theory paper was
published that built upon the initial theory component of this wWoTlhis paper used an
embedded correlated wavefunction method to investigate dissociatioroafat Au(111)
surface. The authors treated the region pdktl nearby Au atoms under a correlated
wavefunction scheme, then coupled this to the remainder sf/#tem, which is treated with
planewave DFT. Here, the authors mapped out theiddociation pathway and examined
reaction barriers of the process, but did not directly model the interaction of the collective
excitations of the surface with the kholecule. In addition to gsplitting, Au nanoparticles have
been shown to convert Ginto methane and ethane under benign conditions, among a number
of other interesting catalytic phenomefd? Finally, the electronic structure ofk$ the
simplest pssible electronic structure of a diatomic molecule, on account le&¥ing only two
electrons. Thus, as our goal is to develop an understanding of the influence of a nearby adsorbate
on the plasmon modes of the Au(111) surface, choosing a simple addwelpet to limit the

possible scope of influences.
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We seek to make use of our subspace summation method developed in Chapter 6. In
subspace summation, we can selectively include or exclude which bands are considered in
equation 5.2 by specifying whighand n @nter into the summation for each matrix element of

ik Al . Thus, when we obtain the RPA simulated EELS for a particular subspace

summation calculation, we examine the EEL spectrum without the influence of the excluded
bands, producing a sptrum that arises from interactions of the included bands. We can use this
as a tool to systematically investigate the effects that certain types of bands have on certain
peaks. Thus, if we can identify which bands contain the mpkybtidization, we ca attempt to
identify how, and to what degree, these particular hybridized peaks influence the EEL spectrum,

providing insight into how klhybridization alters the plasmon modes of Au(111).

5.2 Methods

We are interested in three structures: (a) a cleqtA) surface, (b) Au(111) withzHin
thebridgesi t e fistarting posi tsiiagne, ¢ oasnd i(ocn)s ,H tihre
(Figure 5.1.a, 5.1, 5.1.de, respectively) in the dissociative adsorption process. To obtain the
standard EEL sp&wm with all bands included, we first optimize the structure geometries and
then obtaimeanfield eigenenergies and wavefunctions using the JDFTx protj@ien, we
feed these inputs into the BerkeleyGW epsilon executable to produce the macroscogéc inve
dielectric (eq. 5.1¥° We plot the results via matplotlib in python.

To obtain the subspace summation EEL spectra, we must first identify bands of interest.
To do this, we project thmeanfield wavefunctions onto the H and Au atomic orbitals. We
visualize these bands with the help of band structure and density of states plots obtained in

JDFTx. The highsymmetry kpoint path was chosen based on the SeekPatftt@nce bands
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of interest are identified, we utilize the subspace summation mett@itapter 6.1 to either
include or exclude these bands from a subsequent BerkeleyGW epsilon calculation, which allows
us to obtain eq. 5.1 of only the specified band subspace.

In order to generate the requisite inputs to obtain the RPA EELS in the BerkeleyGW
program, density functional theory calculations are carried out in JDFTX. To obtain the Au(111)
surface, bulk Au is relaxed using a Monkhepstck 20 x 20 x 20-point grid® 30 Hartree
planewavecutoff energy, and 0.1 eV MP smearindg; with the PBE fuctionaf® and SG15
pseudopotentid® The relaxed lattice constant is found to be 4.16 A, in reasonable agreement with
experiment (4.07 A}® The Au(111) surface is cut from relaxed bulk Au with the VESTA
programs* We construct a supercell with threeéas of Au, a adirectional vacuum of 13.8 A and
a 1 x 2 surface unit cell. We relax the top two layers of this surface with a 20 x 2podrit kgrid,
and otherwise keep the same calculation parameters as the bulk. Like many other theoretical works,
we donot account fothe herringbone rearrangement that occurs for the Au(111) surface that leads
to a to a 22 Wio unit cell®? Based on the results of others, we expect that this approximation is
reasonablé?

Upon obtaining the relaxed Au(114)t r uct ur e, we <create two ne\
siteod struct uwmaecurqA ahavelthemantrat bhidge pdsition. Second, for the
Aitepteo system, we add two H atoms -®top6 | abo
dissociated psitions (Figure 5.1-@). These particular structures are chosen based on the DFT
potential energy surfaemapping work of Hon Au(111) by Wijzenbroek and coworkéfs-or
these two structures, we allow only the H atoms to relax, and otherwise foll@artiee
calculation parameters as the Au(111) case. This allows us to attribute differences in the EELS to

electronic effects on account of the presence of the hydrogen without the confounding influence
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of geometric changes to the Au(111) surface. To genttratamearfield wavefunction and
eigenenergy inputs to the BerkeleyGW program, we compute and converge the first 6100 bands
in JDFTx (approx. 50x the number of occupied bands) with an 8 x 8poink grid for each of

the three systems.

For the Berkeley®/ Epsilon calculation, we employ the real afasmalism frequency
dependent method, computing up to 30 eV with a 0.1 eV frequency step and 12.50Ha cut
energy. We approximate gs 0.16 /. Using the partial occupation method developed in
Chapter 6.2ywe employ 0.1 eV smearing in the MPscheme, consistent with the JDFTx DFT

input calculations.

(b)

Figure 5.1 (a) View of the Au(111) 1x2-Bayer surface supercell. (b) Sidei ew of HAbr i dge
posi ti ora)Csoppedtagtouwn vi ew of Abr i.@gSedevyewsfi ti ono
At-epte posi t(e)Cnopgpeddo@rowant wr ewi tod @Hdo dipti on struc

128



5.3 Results and Discussion

5.3.1ldentification of Bands oflnterest: Band Structure and Projected Density of
States

To identify bands of interest, we first compute the band structure and projected density of
states (pDOS) of each system. The band structure and pDOS of the clean Au(111) surface are
shown in Figure 5.2. For the band struetof the two H-Au(111) systems (Figures 5.3 and 5.4),
we construct a weighted plot, with each band caolapped from gray to red depending on the
value of the projection of the band onto the two H 1s orbitals (i.e., a brighblecd band
denotes a high amount of k4 tharacter, and a graplored band denotes no H 1s character).
The bridge site system (Figure 5.3) has a distinct region of bands with a high amount of H 1s
projection, whdthtdr avet ewri.ld Ictalils AiHMp ccertteeacht t o r
DFT where the basis set is a coll-ekhaiaont ef 0 at :
be directly identified by-squared population analysis (e.g., for a real atentered basis set

with a molecular orbital given by B & %o, the contribution of basis functidé into

molecular orbitab is given byB ﬁv), in planewaveDFT, we project the planewave expansion
h

onto a set of atomic orbitals, so theenterm fAc
use it in atorrcentered quantum chemistry calculations.

Since we are interested in determining how mixing of the H 1S into the Au(111) surface
affects the EEL spectra, the high H 1s character region is a good target range with which to
include or exclde bands from subsequent EEL calculations. Because our method does not allow
for the exclusion of bands at particulap&ints (if a band is excluded, it must be excluded at all
k-points), we sum the projection of a given planewaxpanded wavefunction tma given

atomic orbital across-goints. Then, we can determine bands of interest based on the degree of
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H-character relative to the band that contains the highest amount of projection onto the H atomic
orbitals. In the bridgsite case, this cudff corresponds to bands with approximately 15% the
maximum projection, and the bands involved correspond to bar83 &0d 5563. These bands

are found in a region aroun@.7 to-5.0 eV (where 0.0 eV iheFermi leve), except the lowest

index which sits aslightly lower energy (it is the second lowestergy band at the point). We

select bands based on 15% of the maximum rather than, for example, percent of H 1s relative to
percent Au s, p, or d in a given band, because the atomic orbitals do not spantthe same

space, so the sum of the squares of the atomic orbital projections for a given band at-a given k
point are not guaranteed to sum to 1. For this reason, relative percentages ahgidam

momenturatypes are less desirable for determiningdsaof interest.

— AuS!
~ Aup
— Aud

€-(ev)

Figure 5.2 Band structure (lefhand side) and projected density of states (ingimd side) of the
Au(111) surface.
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€-p(eV)

-10

Figure53Band structure and projected densge ty of
system. Bands are colored based on a-gedycolor map of how much the H 1s orbitals are
hybridized into the band.

We can conduct a similar analysis to determine the bands of interest in-8igetop
(ending position) system. The 6 weighted band structure and pDOS are shown in Figure 5.4.
In this system, the hybridized bands of interest are clustered predomimantig &vo energy
regions, one between average energie3.6fand-6.6 eV corresponding to bands 565, and a
higher energy region around tRermi level, about1.3 eV to 0.50 eV on average, corresponding
to bands 113 117. There is one high@nergyband (band 120, 120= 0.75 eV, Eax,120= 3.2
eV), and one loweenergy band (band 49, which is the lowest energy band shown on the band
structure, kin49=-9.2 eV, Eax49=-7.2 €V). We note that the higher energy region achieves the
15%-of-maximum cutoff in the topsite structure but not in the bridgée structure because
there is a larger disparity in the amount of projection between the higher energy and lower

energy region in the bridegte structure.
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€-u(ev)

Figure54Band structure and projected dsitasity of
system. Bands are colored based on a-gedycolor map of degree of projection of the band
onto the H 1s atomic orbitals.

The electronic éband playsn important role in the behavior of collective excitations,
and a donly pDOS for the three systems is shown in Figure 5.5. We discuss the role of the d
band in more depth in section 5.3.3. In our systems, the width and lineshape-bhtie d
remain larg@ly unchanged between the three systems. The bridgelsiedipDOS is slightly
upshifted from Au(111) (orange line vs. blue line), and in the energy region around.B.2V
produces two lower intensity peaks for the-tmje system on either side dietprominent peak at
~4.9 eV for Au(111). The-thand of Au(111) corresponds to bandg ®1, which will be a

target of inclusion/exclusion in section 5.3.3.
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—— d-band top site
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Projected Density of States
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Energy (eV)

Figure 5.5 Projected density of states for Ad brbitals of the three systems: Au(111) (blue),
bridge site H+Au(111) (orange), top sitedAu(111) (green).
5.3.2 TotalElectron Energy L ossSpectra

The loss functions we obtain for Au(111) and the tweAd(111) systems are shown in
Figure 5.6, with (a) the full 30 eV spectrum, (b) thie 1D eV range, and (c) the low energy
features in the D 4 eV range. We focus predominantly on the features frord@®eV. In this
range, there are two areas of interédse low energy peaks from around @ eV, and the region
around the sharp peak at 7.7 eV. On the top site structure, this peak is upshifted to 8.2 eV. The
low energy range (Figure 5.6.c) produces four peaks for Au(111): prominent peaks at 1.0 eV and
1.6 eV, and smaller peaks at 2.8 eV and 3.7 eV. In the bridge site system, there are peaks at 0.7
and 1.6 eV. In the top site system, there are peaks at 0.7, 1.6, and 2.3 eV, though with minimal

prominence, and significantly attenuated relative to Au(111).
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In the energy region of 04 eV in experimental and theoretical studies of Au(111), an

acoustic surface plasmon (ASP), a conventional surface plasmon (CSP, ~2.6 €V), and interband

transitions (onset ~2 eV) have all been repotfed Because the onset of interbamick¢ sp)

transitions for Au films lies below the surface plasmon, the plasmon loss peak tends to become

obscured. In addition to these peaks, broad distributions arobr@¥/3and 6.0 eV are expected

to occur on account of additional interband transitions, though others have attributed a broad

feature at 6.0 eV to a surface plasmonic excitatidh.This same work notes that a dipolar

single-particle transition occurs 8t67 eV>° It has been suggested that the broad feature that

arises from 9 12 eV can be assigned to electtorie pair excitations, based on works on

Cu(111)%5°859A group notes that in studies of bulk Au, from 12 eV onward, the spectrum is

dominatedoy interband transitions, while interband transitions < 12 eV mix with plasmon

excitations?® Motornyi derived a surface loss function for Au(111) from this bulk result, noting

that the result is much the same (interband transitions from 12 eV orfvard).

The acoustic surface plasmon displays a linear dispersion, approaching 0 AV@as q

One group reports that the acoustic plasmon survives up to 2.2 eV with increéisitg q.
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comparable values of g to that used in our work, one experimental group firdk at 0.6 eV,
assigned to the ASP, and another peak at ~1.4 eV, assigned to an interplay between the state
involved in the ASP and interband transitions of the bulk sta#sother group reports an
experimental ~1.0 eV ASP peak at similar q alongaitieeoretically computed ~0.8 eV ASP
peak, with a ~2.®.7 eV CSP? Identification of the acoustic surface plasmon peak can be
achieved by calculating EELS at various g, as it has a distinctly linear dispersion réltion.

It is important to note thatttempting to make quantitative assignments to the above
peaks with the model system we have employed is difficult because the thickness of our surface
is sufficiently thinner than what is needed to observe converged surface behavior. The two sides
of thesurface can interact with each other, coupling together to form new modes. In theoretical
TDDFT-based works, it has been reported that, in order to converge the acoustic surface
plasmon, thick slabs ( > ~5nm, or 24 layers) are required on account oftthieateboth sides of
the slab can form plasmons, and the acoustic surface plasmon originates from a surface band that
extends fairly far into the bufié*?However, such a slab thickness is computationally intractable
given our chosen system.

While direct comparison with results obtained with thick Au(111) surfaces may be
difficult on account of the difference in surface thickness, comparison with other ultrathin film
works, which investigate several molayer thick systems, can be made. When the seiifac
sufficiently thin, the conventional surface plasmon splits into two modes: a higher energy
antisymmetric mode, and a lower energy symmetric md#*Thus, one mané6és dAun
plasmono is another manés A gu aaurs onmnesideroftien e me n

surface. In a Drude metal, as the thickness of the slab increases, the frequencies of these two

peaks converge to the surface plasmon energil/ic, and the frequencies of the two peaks are
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given by the relation 7= P Q 7, wherea is the thickness of the thin film amds the

regular g (wave vectof).®*Further, in very thin films, the acoustic plasmon may appear as
multiple low-energy peaks, and the number of acoustic plasmon modes that appear is related to
the nunber of bands that cross the Fermi |éi?&k number of other phenomena related to
quantum confinement effects have been shown to arise in Na thirffilthsre have been a
several studies employing the jellium model to study metallic ultrathin #i5#§%°Jellium
replaces the lattice of positive ionic charges with a uniform background charge, so it neglects
interband transitions induced by the lattice potential, but is a computationally attractive
alternative to full RPA?

If we compute the predicted frequency of the antisymmetric Drude metal surface plasmon
peak using the parameters of our system (with w1 eV for Au)Y!we find an energy of =
7.8 eV, which is extremely close to the prominent peak at 7.7 eV. Howéeeoretical thin film
studies on jellium models show that the antisymmetric peak tends to be broad, rather than
sharp®%9 Additionally, if we computeé , we find a value of 4.7 eV. No obvious peak is visible
in this region, though it could bedden by interband transitions, as discussed above. Further, the
Drude model works best for simple metals that do not hehend structure, and is wedhown
for its failures in describing noble metals. For example, the Ag(111) plasmon peak is found
expermentally to be 3.71 eV, while the Drude model predicts the peak to be 624%&his
failure occurs because the Aghdnds screen the plasmon, causing significant downshifting. So,

this agreement with s likely coincidence.

Clearly, making defiitive peak assignments in these systems is no simple task, and thus
this chapter will not attempt to make exact assignments. Future calculations will include

computing the EELS spectra at multiplwectors, which can provide us clues as to which type
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of peak is whichDespite this, we can observe the qualitative differences in the spectra between
our three systems and observe the changes that application of the subspace summation yields in
these spectra. Having now identified the bands of interest amegioms of interest and
discussed what these peaks may (or may not) be, we can apply the subspace summation method
to these systems.

One final note before we dive into the subspace summation spectra: an issue arises when
attempting to compare the magnituefepeaks when different numbers of bands have been
excluded. For example, a subspace summation calculation whose only occupied states are d
bands would contain just a portion of the ele

expect the loss fution to obey thé-sum rule, which stated:”®

Q171 04&- E} (Eq. 5.3)

wherg —— andN is the electron densityy ~——. In other words, we can relate the loss

function to the number of electrons, and equation 5.3 tells us something about the magnitude of
the peaks in the loss function. However, we are not computing the loss fungtich a&, but

onlyto30eV. Atfinit¢ ha fiparti al Sum ruled exists:

. a , s

Thus, we expect some relation between the magnitude of our peaks within the subspace

summation approximation and within the-a#inds result. An approximatievould be to assume

h h
h

up to the computed . We can compute the righand side for = 30 eV

directly with the knowledge of how many electrons we have excluded in the subspace

calaulation, and we can compute the {efind side via numerical integration once the loss
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function has been found. To ensure equality, we can then find a factor with which to scale

€  .However, scaling all points on the calculated loss functyoa fixed factor implies that

thenet ratio is constant across gllthat we have computed, which is not necessarily true. We

apply the above approximation to subspace summation loss functions with this in mind.

5.3.3 Subspac&ummation EELS of Au(111)

In Figure 5.7, we partition the Au(111) bands into two sets of subspace summation
calculations: (a)thenennt er secting set of dAonly frontier
thenori nt er secti-bgnded a-bdnienlydsdhede setsheferct@asets
of fully- and partiallyoccupied bands; all fully unoccupied bands are included in every
calculation. The fAonly frontier bandso set <co
at at least one-point. These bands aspin nature, and we expect them to contribute strongly to
the collective modes of the system. TFhis foll
e | e c-tike mandéTheresults of set (a) are shown in Figure 5.7.a, and the results of set (b) are

shown in Figure 5.7.b.
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Figure 5.7 (a) Top row: shows the EELS of Au(111) partitioned into all bands (blue), only
frontier bands (orange), and no frontier bands (green) (b) Bottom row: shows EBLE &)
partitioned into all bands (blue), onlylinds (red), and nolohnds (black).

In Figure 5.7.a., we see that, when we include only the frontier bands, we retain the two
dominant peaks in thei05 eV range (1.0 and 1.6 eV), but the smaller paas8 and 3.7 eV
have vanished in the fronti@nly calculation. The sharp feature at 7.7 eV persists, but has been
attenuated relative to the small peak at ~8.7 eV and has shifted to 7.9 eV. When we exclude
frontier bands, we are left with lower enegybands (below0.74 eV) and ébands (along with
lower energy bands frorRd6 to 105 eV, which we do not expect to contribute to the spectrum at
all, given that the energy difference taken in the denominagguation 2.46vill clearly drive
the term to Gor these states.) Excitations in this subset of bands start to occur around ~2 eV,
with a shoulder around 3.2 eV and peaks at 4.1, 4.6, and 5.1 eV. The spectrum of no frontier

bands continues to grow with increasing eV as a background of excitations.
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InFi gure 5. 7.b, we exami-mandhodv Cdlamuwdsadin o nd
affect the spectrum. | t i s -bianntdesrde scta lncgu Itaot inoonts
includes all of the sjpands of the valence region), we see that the peakl &V has regained its
prominence relative to the shoulder peak at -~
calculation of Figure 5.7.a. | attribute this to the fact that the prominence of the peak is restored
on inclusion ofall occupied sghands, rdter than only the frontier bands.

If we examine thetband only contributions (red line in Figure 5.7.b), we see that the
onset of excitations occurs around ~5 eV, with a broad peak present between 5 and 15 eV, and a
sharp feature occurring around 22.8 &Vthe Oi 5 eV region, removal of thelobands from
Au(111) reproduces the two prominent peaks at 1.0 and 1.6 eV, consistent with the idea that
these peaks originate fromthevalesp and. |t i s chrnds® sShbtsptake
summation calcutai on r eproduces the ndall bandsod cal cul
suggesting that the dominant peaks in this lower energy region are not strongly affected by
inclusion or exclusion of the-band from the computation of the polarizability. Becabsge t
input DFT wavefunctions and eigenenergilesnclude the effects of-Bands, it is possible that,
for this system, these effects are already b
example shown in Chapter22,however, we do see clear chasge the spectrum on exclusion
of only the dbands.

It is important to note that the energy of thbahd relative to the free valence electrons
is critical in determining the properties of plasmonic excitatf8iélnterband transitions arising
from thed-band can damp and shift the energy of plasmonic excitations depending on the

location and width of the-Band. It has been shown previously that LDA and GGA functionals

are prone to underestimating the energetic position of thel#ands in both bulk & and the
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Au(111) surface in theoretical calculatio®€8 This incorrect eband position leads to over
screening of the plasmon excitations. In calculations of bulk and surface Au, Ag, and Cu, this
shift causes the surface plasmon peak to become sagrilficdamped, downshift, and in some
cases disappear, depending on the width and location ofldhed?>32:%%7This phenomenon

can be explained in part by a simple model developed by Wilson of a freqdepegdent
dielectric function invbving Drudetype electrons with a plasma frequencyalongside an

optical absorption band, which predicts how shifts depending on its energetic location
relative to the optical absorption baf{d.

Al kauskas and cowor ker s e mp licalyesuMgifor s on 6 s
response functions obtained with GGA band structures and (separately) with approximate GW
corrections that help shift thelshnd energy downward in GGA and LBA2>"8They find that
GGA does not predict the formation of plasmons in thi& Bu loss function, and find that GW
corrections downshift the-ldands so that a weak plasmde peak appears at 2.65 eV, and a
broad peakinthe556 . 0 eV range f or ms. Using Wi{isonbs
state transitions as the optiedsorption bands, Alkauskas et. al explain that when a model
underestimates thelshnd energy, it causes, for example, the Au surface plasmon to downshift
and broadef>

Similar results were found for the Au(111) surface in theoretical calculations by
Thygesen and coworkers, who note that the LDA functional does not predict the Au(111)
conventional surface plasmon on account of overestimation oftthedi positiort? However,

they find quantitatively correct band positions with the GLLBSC functional, which also yields

guantitatively correct surface plasmon ener gi

calculations, they find a GLLBSGloland range of2 to-8 eV for a 2-layer Au(111) surfacé
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The bulk of our eband range is thus quite low energy, with over 90% of the occugend
contributions in Figure 5.5 occurring between 3 and 7 eV. It is possible that we do not see strong
d-band effects in Figure 5.7.b on agot of this. Thus, a future direction will be to compute the
band structure with a higher level of theory and see if this significantly affects the onset energy

of the dband range.

5.3.4Subspace Summation EELS of Bridgesite H>-Au(111)

We have computetihe subspace summation EELS for two different sets for the bridge
site H system: the nointersecting set of frontier bands vs. no frontier bands, and the non
interacting set of hybridized bands vs. no hybridized bands, shown in Figure 5.8. For the bridge
site system, the hybridized bands are predominantly found within the rary& eV to-5.0 eV
(with one band sitting lower, see sec. 5.3.1). The results of the frontier partitions are qualitatively
very similar to Au(111) (Figure 5.7.a): the fronti@muals contribute to the low energy peaks <
2.0 eV, and the nefrontier bands do not. The frontier bands feature a prominent peak at 7.7 eV,
while the norfrontier bands contribute a broad background signal starting around 2.0 eV. The
primary differencebgte en t he dal | b a n d-padsitios iB-Aultll) andthee t we e n
clean Au(111) surface in thel® eV region is that the 7.7 eV peak is significantly attenuated.
Given the high sensitivity of surface plasmons to nearby perturbations (e.g., witbca e
especially in thin films, if this peak is indeed a surface plasmon peak (See section 5.3.2 for
discussion) this signifies that the presence of thadarby the surface has affected this sensitive
collective mode, but has minimally affected evetiger feature in the < 10 eV region. In such a

case, it would be an interesting future investigation to place an additiosgirtinetrically on
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the other side of the surface, since the plasmon mode would be occurring at this energy on

account of quantum afinement effects.
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Figure 5.8 Subspace summation EELS for the bridgje Hs y st em. (a) Top r ow:
frontierdo bands vs. (fAbn)o Bortotnotm erro w:a nfidhsyob rpiadritzi e
Aunhybonbdyaedarti ti on s-dashedlineskowdtheresulforttieh e bl ac
Au(111) all bands calculation. Inset in the4wojddle figure is the system geometry.

For the Ahybridized vs. unhybridizedo part
unhybrid zed result matches well to the fall bands
bands contribute a background signal starting around ~6.5 eV, with a small peak at %3%eV. H
2.4 A away from the surface in the bridsjée orientation, so it is logical that the bands it
hybridizes into most strongly do not directly significantly alter the spectrum < 10 eV on their

own.
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5.3.5Subspace Summation EELS of Togsite H-Au(111)

Forthe topsite H system, we have obtained the subspace summation EELS partitions
for the Ahybridizedd vs fAunhybridizedo xset, s
top site Ano frontier orbital so feEoBiercal cul at
bandsonly top-site Hb. We show this result alongside the frontier baodly calculations for

Au(111) and the bridgsite system, for comparison, in Figure 5.10 below.
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Figure 5.9 Subspace summation EELS forthe-mife sy st em partitioned int
hybridizedd bands (orange) vs. 0Anaesitewithtel i di zed
bands included, and the black dashed line showstbarads result for Au(111). Inset in the
middle figure is the system geometry.
In the topsite system, bands that project strongly oni@ppear in two regions: close to
the frontier region (between ~1.0 eV and ~0.50 eV), and in a lower energy regiod aft6
eV to ~6.6 eV. Because the-Hybridized bands of the tegite system involve some, but not all,
frontier bands, and some, but not all, bands overlapping with-tleed region, this plot is
difficult to parse. Like the in bridgsite case, we sdhat the peak around 7.7 eV has been
significantly attenuated. Unlike in the bridgiée case, the peak has also blueshifted to 8.2 eV.

Park and Palmer have experimentally investigated changes to the Au(111) surface

plasmon (the converged peak at ~2.5tle&t occurs for nowltrathin film surfaces) upon
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chemisorption of alkanthiol selfassembled monolayers (SAMs). They find at g = 0 that the
bare surface plasmon peak bklafts on addition of the SAMs. They suggest that the origin of
this effect is du¢o shifts in the Au 5ébands to lower energy, and that if this shift is associated
with increased localization of the Aulzinds, that this reduces interband screening of the 6s
electron plasmon, causing a blueshift of the mode towards thel&eteon reult (i.e. the Drude
model). Yan, Jacobsen, and Thygesen use a similar line of reasoning to explain a result of H
bound on an Ag(111) surface. They find the surface plasmon of-tkg HL.1) system is slightly
redshifted, and the dispersion relation is famio that found by Park and Palmer. They attribute
this result to the idea that the adsorbedtbins make the surface more free eleetiiea In our
case, because we have not definitively identified surface plasmon peaks, we cannot make similar
argumens. Further, again supposing that the 7.7 eV peak is plasmonic, this peakiftisieout

not towards the freelectron result (~ 6.4 eV for the surface plasmon)

The low energy region betweemM®V reveals interesting behavior for the-gi@
system. Théi a |l | b esitedELS shbves phat the two prominent {emergy peaks of
Au(111) are suppressed. However, when we include only the unhybridized bands, these peaks
are partially restored, suggesting thahybridization may attenuate these peaks.

InFigur e 5. 10, we show the results for the dnf
calculations for each of the three systems. Au(111) and the bridge site system share similar
gualitative features, except that the bridge site is missing the sharp feat&re\at 8he primary
feature in this region (7.9 eV for Au(111)) is blueshifted for thesitgpsystem (8.5 eV), and
this feature is significantly broadened for the top site, though not the bridge site. The feature in

the 02 eV region is significantly atteiated relative to both the bridge site and the clean Au(111)
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surface. Thus, contributions of the bands in the frontier region to the Au(111) EELS are

significantly affected by the presence of H in the top sites.
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Figure 5.10 Subspace summation EELS for the frontier bands of the three systems: blue line
corresponds to Au(111), orange line corresponds to bridge site frontier bands, and green line
corresponds to tepite frontier bands.

5.4 Conclsion

We have investigated how the presence of hydrogen on the Au(111) surface influences
features of the Au(111) EEL spectrum. We have applied the subspace summation method and
partial occupation developments, detailed in sections 6.2 and 6.3 respettivzdiain these
results. The subspace summation method allows us to probe how the presence or absence of H
on the surface modifies the loss function with bageband granularity. However, these results
demonstrate that establishing a clear picturexatty how hydrogen modifies the modes of
low-loss EELS is difficult, even with the granularity offered by the subspace summation method.

We find that H in the bridge site acts perturbatively on the EEL spectra in the < 10 eV
region, whose primary diffences come in the form of attenuated peaks in-the¥ region and
~ 8 eV region. Spectral features arising from
around 6 eV. These bands form a background signal with no clear features. When there are two

H-atoms on either top site, we see more significant changes to the spectrum relative to the clean
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Au(111) surface. The peaksinthé@ eV regi on are f| asieEELSEd f or
calculation, but are revived when only unhybridized banesraiuded in the calculation. In a
comparison of Afrontier bands onlyodo subspace
systems, we see that the frontier bands of the top site system produce a blueshifted and
broadened feature in the ~ 8 eV region, re¢ato the clean Au(111) and bridge siterdsults,
signifying that the presence of H in the sifes influences how the frontier bands contribute to
the spectrum.

There is a complex interplay betweepathd the Au(111) surface, and this work only
scrathes the surface of these interactions. The most immediate next step for these calculations
will be to perform them at various wavectors g, since how EELS features vary with g can be a
signature of the kind of excitation they correspond to (e.g., acquasmon, surface plasmon,
etc.). Carrying out additional computations on thicker surfaces would also be enlightening, as
guantum confinement effects that allow modes of one side of the surface to interact with the
other side of the surface are likely yiteg a role in the spectra of our th¥ager surface. An
additional development to the subspace summation method would be to allow for band inclusion
or exclusion at specified-points, which would provide additional granularity for bands that are
identified as important. Finally, we must more rigorously formalize asuenfor the subspace

summation spectra, which will allow us to produce quantitative differential EELS spectra.
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Chapter6-Subs bammat i oPar a@cdclup aMe tomasd

Devel opme

6.1 Introduction

Under the GW approximation, the selfiergy of a system of electrons is approximated
by expanding in terms of a single electron
interaction (W). The GW method has found success in computiaigtitfes such as band gaps,
plasmon energies, lifetimes, and many other electronic properties with quantitative aééuracy.
The evaluation of quantities of interest within the GW approximation requires a double
summation over occupied/virtual state paireus, information regarding which individual
quantum states contribute to a specific quantity is encoded in the computation of the guantity.

An understanding of how a change in conditions (e.g. addition of a solvent, or a change to the

electronic struatre via addition of an adsorbate) affects the system as a whole can be developed

by examining how the influence of the quantum states evolve under the change in condition for a

given quantity.

The random phase approximation (RPA) polarizability matrixis t he cor e of

a GW calculation, and is the quantity of interest for the developments contained in this chapter.

The evaluation of the RPA polarizability is one such quantity requiring a double summation over

occupied/virtual state paifS.Thus, information regarding which individual quantum states

contribute to the polarizability is embedded in its computation. The relative importance of a

Gr

particular state to the polarizability can be ascertained by examining how the presence or absence

of thestate affects the computed value of the polarizability. In other words, if we can choose
which states to include in the computation, then we can evaluate which quantum states are

polarized most strongly by an electric field. The development of a methbdlkbws access to
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such an evaluation is the purpose of this work, which we call the subspace summation method.
The polarizability can be used to obtain spectroscopic quantities like an electron energy loss
spectrum (EELSS.’ The lowloss region of EELSontains information on collective excitations

like bulk and surface plasmons, among other electronic structure proféHEELS is a

powerful spectroscopic method that can be used to study the plasmon modes and other electronic
structure features ofamoparticles? 6 Enabling a bandy-band understanding of the EELS of

metallic systems is the motivation of this work.

This chapter addresses two separate -devel o
by-bando approach f or faislorsthealévelopmentaoftie subdpace st , we
summation method. The second development involves incorporating partial occupations into the
BerkeleyGW code. We note that the application worklapter Svould be impossible without

each.

6.2 Subspace Summation

The BerkeleyGW code is an implementation of the GW method whose massive
parallelism has made GW calculations on syste
parallelization scheme is intimately related to the mwer-states computation, as it dibutes
occupied/virtual state pairs over MPI tagka.this work, we modify the BerkeleyGW
parallelization scheme of the Epsilon executable so that any number of individual states can be
excluded from the double summation involved in calculating a quantity of interest. A simplified
version of this capabtly, which excludes valence bands starting from the lowest energy valence
band, exists already and was used to understand {states in the valence band of GaN give

rise to a significantly different EELS spectrum than for AlNowever, this method is itexible,
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as it does not allow for singling out desired states of interest regardless of location in the
energetic spectrum, as only the consecutive lowest energy bands can be excluded. Our work
extends this feature by allowing any arbitrary state to Batesbin the summation. This

extension will allow for the analyses carried out in Ref. [3] to be applied to systems whose states
of interest are not necessarily the lowest energy valence states. Using the new method, we visit
the computation of the simuét EEL spectrum of GaN, and this time we are able to consider 1)
including all valence bands, 2) including only galliurb@hds, and 3) including no gallium d

bands in the calculation to study how the plasmon peak in the spectrum evolves under these
changs, rather than excluding all states below a given threshold state. A more substantial
application, in which we examine how the chemical interface damping affétts the Au(111)
plasmon mode at the starting and ending points of-atiddociative absorn pathway, is

presented in Chapter 5.

The BerkeleyGW code is divided into several distinct executables, each performing a
calculation step on the way to a fBléthe Salpeterequationcalculation, but also each useful as a
standalone executable for ottagaplications. In this work, we focus on the epsilon executable,
whose primary output is the dielectric matri X
BerkeleyGW is calculated within the random phase approximation (RPA). To quickly
recapitulde the relevant portions of 2.2.1 and 2.2.2, in spectroscopy, the macroscopic dielectric

function is a useful quantity, and is obtained from the RPA microscopic dielectric matrix as

o The macroscopic dielectric function provides us wh#h ability to compute an

absorption spectrum as Im( AC 1 , or an electron energy loss spectrum as

Im(-  ah )).}” Thus, through RPA, we have access to important spectroscopic observables.
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To detail the subspace summation method, we ptésge the static ( ™) RPA
polarizability. The method generalizes to the dynamic polarizability discussed in 2.2.2 without
issue. BerkeleyGW computes the dielectric matrix as:

g ATUT,, LA g AT (Eq.6.1)

with0 A 1 the bare Coulomb interaction, andjiven by?*

aq AT g T ow
h i@
In BerkeleyGW, the occupation factbiis given as 1 if the medield eigenenergy - ho
if - - ,and 0.5if- - (though we will implement alternate functions fan

section 6.3). For simplicity, we can write

g AT 0 Ahy O (EQ.6.3)

5 "Ea "B
Thus, the polarizability is computed as a double summation over all possible pairs of occupied

and virtual states, which we cal/l n(val ence,
obtain a lowloss EEL spectrum in which certain bands have beem@gdlfrom the calculation

of equatior6.3, then we learn about how those bands affect the collective modes of the system,

like plasmons. In this section, we focus on the implementation of this method. Additionally,

while this method offers the meanstoandst and a syst emo sysael ari zabi
basis, it also offers computational savings when particular types of bands that do not affect the

property under study can be excluded, which can be the case for energeticaHlyiogvbands.
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While the computational savings of band exclusion are not the primary motivator for this

development, they are a useful bonus, and some benchmarks are discussed.

6.2.1Implementation

The parallel MPI distribution scheme in BerkeleyGW is the linchpin cfutgess. To
carry out this development, we must maintain the core parallelism, despite disrupting this
parallelism with the removal of bands and thus possible (valence, conduction) band pairings. The
native parallelism in the epsilon code distributes (vetg conduction) pairs across MPI tasks.
The exclusion of arbitrary bands necessarily interferes with this scheme. The core of this project
involves the identification and development of a scheme that is as compatible as possible with
the native scheme.

To describe the native parallelism and our modification, we use an example system with
4 valence bands (n =4), 8 conduction bands#& 512), and 4 MPI tasks. In an unmodified

calculation, we must compute:

(Eq.6.4)

z B IV |

We can visualize these bands as rows in a matrix, as shown in €iure

2 occupied

|10)

|11
|12

Figure 6.1 Bands visualized as rows. We consider four occupied bands andieggtupied
bands.
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With our method, we want to exclude any arbitrary band from the calculation. We choose to
exclude bands 1, 2, 6, 9, and 10, so that we compute all valence, conduction pairs between
valence bands 3 and 4 with conduction bands 5, 7, &ntl112. In other words, equatiért

becomes

(Eq.6.5

We can visualize this restricted set as FiguPe

occupied

Figure 6.2 Visualization of the subset of bands to be included in the calculation.

In the unmodified calculation, the distribution of (valence, conduction) pairs is determined in

such a way to minimize memory cost for each MPI tasitewdalancing workload. The tasks are
divided into pools, where each task in a pool is assigned the same set of valence (occupied)
bands. The number of pools is found by testing the amount of memory required for a number of
pools ranging from 1 to the numbof valence bands. If there were to be no pools, then each

MPI task would hold all valence bands, and some subset of conduction bands, which can result

in large memory requirements for each task. Once the number of pools are determined, each task
is assgned to a pool. Each pool is given a set of contiguous valence bands (and each task in the
pool is given a copy of these bands), then all conduction bands are divided amongst the MPI

tasks in the pool in contiguous blocks to each MPI task.
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For our examplethis parallelization scheme can be visualized as in Fig8rdHere, the
MPI tasks are colecoded, as are the bands. If the color corresponding to a task is shown on a
band, then that task owns a copy of the band. In our example, there is ongleree pool (i.e.
one pool containing all four valence bands), so the valence bands are colored red, green, blue,
and purple, to signify that task 1 (red), task 2 (green), task 3 (blue), and task 4 (purple) all own a
copy of these bands. Then, conductiamds 4 and 5 are colored red only, because only MPI
task 1 has a copy of these bands. Bands 7 and 8 are colored green and owned only by task 2, etc.
An MPI task Aownso a band if it holds a copy
Clearly, to maintain the most reasbteload balancing and p&ask memory
requirements, we must intervene in the distribution process before the point at which a given
MPI task comes into possession of a given band. If we begin excluding bands after this point,
then one of two issues aridéither the load balancing becomes suboptimal (e.g. in F&Bre
we could set all elements in bands 1, 2, 6, 9 and 10 to zero and this would achieve our goal, but it
would leave MPI task 3 with no work to do since it is responsible only for (valenahyaitmn)
pairs with conduction bands 9 and 10), or additional MPI communication must be introduced to

to redistribute the bands in a more optimal way.
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occupied

|7; :
8 unoccupied

Figure 6.3 Visualization of the distribution of the nncupied and occupied bands in the full
calculation. Each task owns a copy of the valence bands, while the conduction bands are divided
amongst the MPI tasks.

The native band distribution algorithm only requires as input the number of valence
bands, the mmber of conduction bands, and the number of MPI tasks to distribute the bands
under the scheme shown in Figé8. Thus, we can apply this same distribution algorithm to
our subset of bands to obtain the equivalent distribution. To do this, we mukhonlyhow
many valence and conduction bands each that the user wants to exclude from the calculation.
Continuing our example, passing to the distribution algorithm two valence bands and five
conduction bands produces the distribution scheme shown in Bigutdltimately, the band
indexing is inconsequential to the distribution. That the two valence bands are, in the full
wavefunction file, bands 3 and 4, rather than 1 and 2, does not affect the distribution scheme.

Instead, it affects what we read in fraine wavefunction file, and how we read it.
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1) :
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unoccupied

Figure 6.4 The optimal distribution of bands within the restricted calculation. Note that the
indexing produced by the distribution algorithm does not align thigtbands to be included in
the calculation.

In the epsilon code, there are two separate methods of wavefunctien.réae first
involves reading the wavefunction data, stored as Fortran binary file, into the codeyband
band, then for each band, distiting it to the MPI tasks that require a copy. The second involves
reading an HDF5 wavefunction file. HDF5 is a file format, and HDF5 files can be read using
HDF5 library functions. HDF5 supports parallel file 1/0O and involves defining a region afghe f
to read in, which can be unique for each MPI task making the read. Since we specifically want
each MPI task reading particular sets of bands, and the parallel HDF5 library functions-are well
suited for reading arbitrary regions of a file, we develdpntethod to be compatible with the
HDF5 wavefunction file only/18

I n an HDF5 read, a fAhyperslabo is a rectan
defined, then read into program. Unions of hyperslabs can also be created, and then read into the
progam. Thus, any arbitrary region of data can be read into the program using a single HDF5

read call. In the HDF5 read for the native wavefunction-iradutine, each MPI task can define
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a hyperslab corresponding to its contiguous blocks of assigned @a@rdconduction bands. In
our new method, since the bands that an MPI task must read may or may not be contiguous or be
arranged in any regular pattern, we take unions of hyperslabs until all bands that an MPI task has
been assigned are included in tlypdrslabs.

Before creating these unions of hyperslabs, we must know which MPI task has been
given which band. We have discussed that the distribution algorithm only needs to know the new
number of (included) valence and conduction bands, and the numiailable MPI tasks, to
create the scheme shown in Figéi€. However, this distribution scheme is not aware that the
indexing of bands in the file is not the same as the indexing of bands as assigned in the
distribution routine. For example, in Figusel, MPI task 1 would be assigned conduction bands
3 and 4 (the first two conduction bands), when in the file, it needs bands 5 and 6, the actual
indexing of the first two conduction bands. It would also need valence bands 3 and 4 as indexed
in the wavefundaon file, which appear as valence bands 1 and 2 in the distribution scheme. Thus,
we must devise a way for the MPI task to retain which bands, as properly indexed in the
wavefunction file, it requires, and how these bands map to the band indices itlasdigred
by the distribution algorithm.

The user must provide list of bands tanclude in the calculation in the input file. Rather
than list every band, since there can be thousands, we accept an array that details the band ranges
of included bandsnlour example, the input file keyword and data would appear as:

begin band ranges

35

78

1112
end
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This input section is then converted into-d array inside the program, which we call the
global inclusion array. The input states that the included band ranges &r&B 8, and 1T 12
(i.e., bands 3, 4,5, 7, 8, 11, and 12). Now, given thepserded band ranges information,
which tells us the fitrueo wavefunction band i
the distribution scheme information, which tells us how many valence and conduction bands
each MPI task should have andindexés e s e i n a fAsAl 44 2803, Wway (e. g
4,8A 5,11A 6, 12A 7), we can write our own algorithm to figure out MPI tagecific
inclusion arrays. To generate the taglecific inclusion arrays, we must know the global
inclusion array, how many valence bands the MPI task has been assigned, how many conduction
bandsthe task has been assigned, and the indexing of these valence and conduction bands in the
native distribution scheme (i.e., the native distribution scheme tells us that MPI task 2 needs the
Afirst twoodo valence bands a mraFigurédd). Imosrecond t wo

example, this becomésgure 6.5.
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15)
|5) [7)
|6) -_—

EN ]
B 1) ]
|9} [12)] ]
|10)
|11)
12)

Figure 6.5 Schematic of the full subspace summation fieaalgorithm. The new number of
valence and conduction bands are computed from the glathagion array, which allows us to
produce the distribution shown in Figugd. Given the number of valence and conduction bands
and the global inclusion array, tasgecific inclusion arrays are created, which dictate how to
form the hyperslabs utilized ithe HDF5 readh. Finally, given the global inclusion array, we

can properly index the bands in the subspace calculation.

Now that each task has its own inclusion array, we can begin building the HDF5
hyperslabs necessary to read in the band rangethéhttsk needs. By design, each row in the
taskspecific inclusion array represents one of the HDF5 hyperslabs that the task will take the
union of. That is, the task loops over the number of rows in thesfastific inclusion array (i.e.
the number of yperslabs to union), creates a hyperslab for each row in the inclusion array based

on its corresponding band range, and then union this hyperslab with previous hyperslabs in the
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loop, in order to construct the complete hyperslab that will read in aleddahds that the MPI
task needs from the HDF5 file simultaneously.

After this HDF5 read completes, each task has the band information that it requires. The
rest of the code is unaware of themdexing that has taken place. Because the band energies are
read into an array from the wavefunction file, we mushdex the band energies to match the
included bands only. In our example, the eigenenergies array would look something like
eigenenergydp oi nt , band, spin) wher e iicbndaxthisarrayange s
so that it ranges from 1 to 7 only, and these 7 energies correspond to the bands that were
included (3A 1,4A 2,5A 3,7A 4,8A 5,11A 6,12A 7). This can be done
straightforwardly given the global inclusion array informationc®this reindexing is
complete, the code can proceed as normal, computing what appeaesyatoen 6.4 with n =
1, 2 andhaz 1, .., 5 but is, imctuality, egation6.5 instead. We call this method subspace
summation, as it sums over (valence, conduction) pairs in a subspace of only the included bands.

In order to verify the accuracy of the implementation, we can test in several ways. First,
we can employ the previous thed that can exclude the contiguous lowest energy bands, and
compare the results of this calculation to a subspace summation calculation where the subspace
corresponds to all bands except these lowest energy bands. There is also a BerkeleyGW keyword
toafpe the number of <conduct incondustambdnss, when g . |, i
the wavefunction file may contam > n conduction bands total). We can again compare the
results of this capped calculation to a subspace summation calculationrahgseaps at this
same value. However, neither of these methods can test the accuracy of a subspace summation
calculation in which nortontiguous blocks of bands are included. To do this, we can directly

compare our reath wavefunction arrayandcosegpondi ng ei genener gies to
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wavefunction arrays and eigenenergies by printing out each of these quantities, to ensure that we
have properly reath and indexed the included bands and their energies. Now that we have a
tested, working implementatioof our subspace summation method, we can apply it to some

problem of interest.

6.2.2Example Computation

We choose to apply the new subspace summation method to GaN. In GaN, free valence
electrons give rise to a collective (plasmon) mode. This modeaeppethe lowloss region of
EELS. It has been shown by Dhall, et al. that as the Ga content of epitaxial quantum wells of
AlGaN is increased, the plasmon mode using experimental EELS develops two shouldér peaks.
That is, AIN demonstrates a single, unifopeak, while GaN contains two shoulders, and
guantum wells of mixed content smoothly vary between the two (i.e. as Ga content is increased
and Al content is decreased, EELS reveals the two shoulder peaks growing).

The computed band structure of GaNhswn in Figures.6. The lowestying states are
nitrogen sstates. Next, there is an energy region containing Gallkstatés. Finally, the
valence bonding states lie near Begmi energy. AIN contains nofoand region. Since the
Gallium dstates are nded between states that we want to include in the calculation (the
valence states and the nitrogen s states), this is an ideal system with which to apply our new

subspace summation method.
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Figure 6.6 Band structure of GaN. Bands are colored by atomic orbital projections, and show
clear energy gaps between the-Btates, the Ga-states, the valence states, and the conduction
statesFigure received in privatecorrespadence?®

We compute three separate EEL spectra: a full calculation including all occupied states, a
subspace summation calculation that excludes the Gallistatds, and a subspace summation
calculation that includes only the Gasthtes (i.e., excluddbe Nitrogen sstates and the valence
bonding states). The results of these calculations are shown in Eiguidese results reveal
interference effects between the Gsatdtes and valence electrons. Thestdtes peak downshifts
relative to the estae-excluded peak, which is consistent with the results found in [3]. In the
subspace summation calculation of only Gatates, we see only a small and very broad signal,
suggesting that it is particularly the interaction of the Ggadles with the valeedonding states

that give rise to the additional spectral features.
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Figure 6.7 EELS of GaN for an albands calculation and two subspace summation calculations.
Red line corresponds to all states. Greemesponds to a subspace summation calculation with

the Ga dstates excluded, and orange corresponds to a subspace summation calculation with the
valence states and Nsgates excluded (i.e., only Gasthtes included as occupied states).

Finally, we can ge this system as a test for the computational gains of the subspace
summation method. These results are shown in Tabl&ince the polarizability is obtained in
part by computing all of the (valence, conduction) pairs, and there are typically more conduction
bands than valence bands, substantial savings can be obtained by excluding valence bands that
do not strongly affeéche polarizability (and therefore EEL spectrum, also). We note that the
bands excluded in the timing talwle affect the EEL spectrum, so treating the method like a
restricted active space calculation is not appropriate in this case. Regardlessnte rieveal
that when the eight galliumstates are excluded, the #time decreases by nearly half. When

only the 10 valence neBa dstates are included, we see a similar decrease in run time.
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Table 6.1 Run time in seconds of the three calculations shown in F&ydre

All states No Ga dstates Only Ga dstates
Time(s) 126.6 61.6 72.8
Total number of state; 150 140 142

6.2.3Conclusion

We have successfuliynplemented a subspace summation method for the computation of
polarizability and dielectric in the BerkeleyGW code, which can be used to obtain EEL spectra.
This method allows us to study specific band contributions to the polarizability. We apply this
method to GaN (building on previous theoretical calculations of a collaborator, ref. [3]), which
shows how interaction between Gatdtes and valence bonding states yield the shoulder peaks.
We examine how the exclusion of states affects the timings chthelations, finding that
excluding states can result in significant savings, on account of the number of coupling elements

in equation6.3that must be computed for a given valence band.

6.3 Partial Occupations

6.3.1lIntroduction

We are interested in ¢hplasmon properties of noble metal nanoparticles. The subspace
summation method provides a tool to probe how bands originating from a part of the system
(e.q., in the Ga-dtates in GaN) can affect the plasmon mode of the system as a whole. Thus, we
can gply this new development to chemical interface damping, analyzing how interacting

adsorbate states influence the plasmon mode of a noble metal, as shown in Chapteoh for H
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Au(111). However, the subspace summation development alone is incompletdy tthistu
problem.

Because we are interested in plasmon properties of metals specifically, we benefit from
implementing partial occupations in the BerkeleyGW code. The BerkeleyGW code is massively
parallel, and can scale across tens of thousands of CPikeld3&W has, in one instance,
achieved 100s of petaflofavel performance, scaling across over 27,000 G®BsrkeleyGW
achieves this massive scalability through its highly efficient parallelism (discussed more in
Chapter 7). The numerous parallelism schemes employed in BerkeleyGW are tied closely to the
physics of the code. In fact, exploiting this tie betwt#enparallelism and the physics is how the
first development discussed in this chapter, the subspace summation method, is implemented.
However, BerkeleyGW was originally developed as a code for semicondtie®esause
semiconductors have clearly definectupation factors (1 or 0), BerkeleyGW is able to make
simplifications tothe equations it implementand is able to employ parallelism schemes based
on these simplifications to obtain the coupling elements between occupied and unoccupied states
(e.g, equation6.3 compared to 6.2n 6.2n, ngeun over occupied and empty bamdspectively
because of the definition of the occupation fattased)

Metals have a complex electronic structure atfdmeni energy, and no wetlefined band
gap? Quantitiesof interest in a periodic system represented in reciprocal spacaé¢hat
computed via a sum over all states (or all occupied states, like the electron density) requires an
integration across the Brillouin zoAeNumerically, this integration is carriemit on the kpoint
mesh?2* When an occupied band crosses the Fermi energy, its occupation changes from 1 to 0.
In other words, in systems with such crossings, we must integrate a discontinuous function.

Thus, converging these calculations requires g fire k-point mesH? However, the steep
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scaling of RPA with system size renders this type of convergence method computationally
infeasible for many systems.

An alternative solution is to employ part.i
this cag, the occupation factor step functigu(where, with no smearindgy = 0 if bandi is
unoccupied atdpoint k, and 1 if bandis occupied at 4point k) is converted to a function that
varies smoothly between 0 and 1 as it crosseBéhai level, whit removes the discontinuity
in the occupation function, and therefore the discontinuities when integrating across the Brillouin
zone. There are several schemes to define a contifiide implement Gaussian smearing
and MethfesselPaxton smearing to é¢hfirst order (MP1¥% The principal challenge of the
implementation is in determining a distribution scheme for these partially occupied states that
both fully accounts for all of their interactions, or band pairings, and maintains the massive
scalability of the code.

This derelopment enables us to perform the subspace summation work in chapter 5, and
facilitates the computation of metals within the BerkeleyGW codes. We stress that while some
RPA packages with partial occupations already exist, in general, there is signéidatibn
amongst RPA codes in terms of appro&chhese differences range from formulation, basis set
choices, parallelism, approximations used to achieve a particular target scaling, and a number of
other algorithmic and numeric difference®.* Thelack of consensus in these areas gives rise
to the diversity of implementations, applicable systems for a given implementation, and
subsequent results. Our developments represent an independent algorithmic approach to partial

occupations within the RPA.
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6.3.2Implementation

In BerkeleyGW, because the code was originally designed for semiconductors and thus
without support for partial occupations, each band at eguirkk and spin is assigned an
occupation of either 0 or 1 (or 0.5 if exactly degenerate thitFermi energy). Specifically,

BerkeleyGW implements equati@i3, which is a case &.2where the occupation functidms

given by:24°
pho 7 ¢
G Trd[gg)ﬁ ; ‘ (Eq.6.6)

with] the energy antl the Fermi energy. Now, we seek to implement a scheme where

determined by Gaussian or MP1 smearing, fth:
G -p AOA& (EQ.6.7)
for Gaussian smearing and

. p
. C

p AOA— ——0 (Eq.6.9

for MP1 smearing, where "Q"Yis the broadening.

We discuss in detail the parallelization scheme of the RPA polarizability matrix in the
Section6.2 To summarize, without partial occupations, the computation of the polarizability is
performed by digibuting (valence, conduction) state pairs across MPI tasks (see Bigure
Thus, the crux of the problem is in determining how to distribute the partially occupied states,
while ensuring that all (valence, conduction) pairings, which now include paleartial),

(partial, partial), and (partial, conduction) are included in the computation of the polarizability.

As each MPI task has access to each rfiedshband energy, regardless of whether the

MPI task would own the corresponding band, each M$K tan create a global occupation array
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that contains the occupation for each band at eguirk and each spin. It is necessary for each
MPI task to compute all partial occupations, because the number of valence, conduction, and
partially occupied band$etermines the distribution of state pairs. The occupation is determined
either through Gaussian smearinguaiipn 6.7, MP1 smearing (acation 6.8, or the native no
smearing scheme (egtion 6.6.

Once the occupations have been determined, we muetmgute the number of valence
bands (fully occupied), number of partially occupied bands, and number of conduction bands
(fully unoccupied), as these values may shift after application of smearing. To classify a band as
fully occupied, partially occupied, dully unoccupied, we define an energy window about the
Fermi energy. Ifi|bandi * | falls within this energy window, then the band is classified as partially
occupied. If pand<’ T T window, then the band is classified as fully occupietpdfia>* +7 window,
then the band is classified as fully unoccupied. We visualize this in FBgura natural way to
determine the width of the energy window is as some factor of theoumgded smearing. The
larger the smearing value, the wider the eneagge for which bands become partially
occupied. If the factor is constant regardless of the chosen smearing, this ensures that a particular
occupation cubff is applied. Specifically, we want to consider bands that have a partial
occupation less than 1&° to be fully unoccupied, and bands with a partial occupation greater
than 1i 1x10° to be fully occupied. The factor necessary to ensure thisftaan be solved for

using equation6.7 and6.8.
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occupied partially occupied unoccupied
H — €yindow U U+ Ewindow

Figure 6.8 Schematic of f() and visualization of the partially occupied window. Red color
corresponds to fully occupied and blue corresponds to fully unoccupied. The gradient between
red and blue represents the unoccupied stateduhbon used to determine this smooth
transition between occupied and unoccupied can be chosena®rf.7 or 6.8 inside the code

Now, with the cutoff value in hand, we can determine whether a band at a gipeimk
and spin is classified as fulbccupied, partially occupied, or fully unoccupied by testing where
its energy falls relative to the partial occupation energy window arourfeeth@ energy. If a
band is fully occupied at somepoints but partially occupied at others, it is countedatially
occupied, and similarly, if a band is fully unoccupied at someifts but partially occupied at
others, it is counted as partially occupied. Identifying the occupation types in this way ensures
that the difference in occupation factors takeagmation6.2 wi | | appropri ately
valenceA partial pairings for thedpoints at which the partially occupied band is fully occupied,
and Azer o oAucomiuctiompairingsafor thé paihts at which the partially occupied
band is flly unoccupied.

Once the new number of valence, conduction, and partially occupied bands has been
determined, we must distribute these bands to the MPI tasks in order to begin computation.
BerkeleyGW implements eqtion6.3, which is what equation 6.2 recks to wherifiis defined
as equation 6.6To reconcile egation6.3with equation6.2, in which the partially occupied
states are explicitly considered, we retain the (valence, conduction) pairings for the fully
occupied and fully unoccupied statd=or the partially occupied states, we require four types of

pairings: (valence, partial), (partial, conduction), (partprtiaj), and (partig) partial) pairs,

176



with i, j denoting that both< j andj <i pairing between partial bands are considefidis
requirement initially appears to disrupt the distribution scheme quite significantly, since we no
longer distribute over simple (valence, conduction) pairs, but instead must contend with three
additional types of pairings. However, considering Fegii3, it suffices to count the partially
occupied bands as both occup@t unoccupied to ensure that all four pairing types are
accounted for. In the BerkeleyGW code, these pairings are computed in a nested loop. The outer
most loop runs over the nunma g-vectors for which the polarizability and dielectric are
computed. The next loop runs over the numberpbikts, then the occupied states owned by
the MPI task, then spin. Inside the spin loop, a subroutine is called that calculates the matrix
elements. In this subroutine, a loop is run over the unoccupied states that the task owns. Thus, for
a given occupied state owned by the task (at a partictgairk, for a particular -gpoint), for a
particular spin, the pairing of that occupied state witthemoccupied state owned by the task is
found. If a partially occupied staktés counted as an occupied state in this loop and partially
occupied statgis counted as unoccupied, then all pairings (partahduction), (valence,
partial), and (partih, partiaj) are computed. Now, if we counandj both as occupied and
unoccupied, then we additionally find the pairings (pgrt@nduction), (valence, partjgland
(partial, partial). In other words, we exhaust the pairings that we need, aneduee a
distribution problem that is complicated on the face to including partial bands in the loops over
occupied and unoccupied states (i.e. consider the partial bands to be both simultaneously).

In the computation of the matrix elements, care musaken in the computation of the
energy denominator both to avoid division by zero, and to not erroneously exclude particular

(partial, partial) pairings. In the code, there is a check to ensure that the energy denominator
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between valence band with energyand conduction band with enefigyis not computed for
degenerate states and to explicitly avoid forbidden pairs:

if(7 vi T c < Degeneracy tolerance and ptocc > zero) then
energy denominator (i 7 ¢)

else
energy denominator = 0

endif

On the face, this check should apply also to cases where pantallpied bands are
involved. However, if both valence and conduction are phrisgicupied thenf 17 <
Degeneracy tolerance) evaluates feddor any (partial partiaj) pairings such that >7 . To
overcome this issue, we replace the above pseudocode with the following:

if(T v T c < 2*Energy Window and | i | ¢| > degeneracy tolerance) then
energy denominator (1 7 ¢)

else
energy denominator = 0

endif

We can see that all possible (valence, conduction) pairings are now accoungsdsfaown in
Table 6.2.

Table 6.2 Logic table. Each cell contains logic jifiging why the given pairing evaluates to true.

Conduction
fully unoccupied partially occupied
fully
Valencdoccupied [f v<T ¢ T v<Tc( v<T partia)
partially
occupied [ v<T ¢ ( partia<T c) T v<T ¢+ Z window
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The (fully occupied, fully unoccupied) pairing always evaluatds] ¢ < Z window to true
becausé <T ¢ by definition. The (fully occupied, partially occupied) case also evaluates to true
by definition, becausey <7 partia, @s does the (partially occupied, fully unoccupied) case, since
T partial <7 . Finally, the (partially occupied, partially occupied) case is covered bgcause <
T partialj + Z window fOr any partially occupied bandsindj, becausé window is the energy range
that defines a band as partially occupied. We no longer use this check to explicitly ensure that
forbidden pairs are excluded. Instead, we guarantee this in the new occinaaoincounting
routine to determine the number of valermmduction, and partially occupied bands after
smearing is applied.

Now that we have all possible required pairings accounted for, all that remains is to
include the occupation factor in the full computation of a given term in the sum in ecdtion
which is straightforward, since all MPI tasks create the global array detailing the band
occupations. To test the accuracy of the method, we compare the RPA energies and inverse
dielectric matrix elements obtained on-atbm Pt system with and without smieg applied,
where the smearing applied is vanishingly small. With a small enough smearing, these quantities
will match to the precision for which the value is computed. For larger smearing values, we can
compute by hand what the value of the partial pations should be, then count by hand the new
number of valence, partially occupied, and conduction bands, then ensure that these states are
indeed distributed properly.

Lastly, we must reconcile the partial occupations work with the subspau®ation
work from sectior6.2, since each changes the number of valence and conduction bands in the
calculation. To handle cases in which partial occupations are required for a subspace summation

calculation, we apply smearing anda@unt the number ofalence, conduction, and partially
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occupied bands first. Then, we determine the new number of valence, conduction, and partially
occupied bands based on the yz@wvided inclusion array. Like the band energies matrix
discussed in the subspace summatiatiae(6.2.1) we reindex the partial occupation array so
that only the included bands are present in the array (whose indices have been shifted by the
subspace summation recounting routine). Then, voouat the number of bands again, now

with the shifed occupation array and the corresponding energies of the included bands. We
distribute the bands based on this updated count, then proceed with the rest of the subspace
summation procedure: make the global and-tgcific inclusion arrays, read the kands

dictated by these arrays, and proceed with the rest of the calculation.
6.4 Conclusion

We have developed two methods in the BerkeleyGW code. First, we develop a method
that enables the arbitrary inclusion or exclusion of bands from the calculatioe of
polarizability, dielectric, and inverse dielectric matrices. Such development enables us to study
how individual bands or groups of bands affect these quantities and related quantities like
simulated EELs. We demonstrate this method on a GaN systarhian we show how the EEL
spectrum changes as we include or exclude the-&atés. We implement partial occupations
into the RPA portion of the BerkeleyGW program while maintaining the massive scalability of
the code, which enables us to study metalsgusiodest amounts offoints. Together, these
developments enable us to study the coupling of an adsorbate to a metal, among other systems.
We apply these methods in chapter 5, demonstrating both the utility of the combined partial
occupations/subspacaramation method and the critical importance of maintaining the

scalability of the code.
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Chapter7-Par alOl eéHli glh/ Per f or mance Con

Devel opment s

7.1 Introduction

BerkeleyGW is a highly accurate, massively paralteinitio guantum mechanidsased
physics code used to understand the electronic structure and optical properties of molecules,
solids, and surfaces, with a focus on structures that contain translational syf#igte/code
is a solidstate physicdased implemeation of the GW method, which can be thought of as a
systematic improvement to quantum mechanical riiedohtheories like density functional
theory? The GW method enables quantitative calculation of quantities like band gaps, carrier
lifetimes, plasmorenergies, and moré.BerkeleyGW was originally developed to run optimally
on massively parallel machines, and today scales favorably to hundreds of thousands of cores,
enabling GW calculations on systems of thousands of at8idswever, thearts of the code
employ a wavefunction parallgle I/O algorithm thatreates &ottleneck with large
wavefunction filesBerkeleyGW must read in the necessary resd quantities as a starting
point for the calculation, and this readprocess can consume amsized portion of wall time.

For example, in a private communication sent to me, a collaborator noted that on a BerkeleyGW
calculation of 78 atoms across 14,400 CPU cores, 80% ofhbearlwall run time was spent

reading in the meafield wavefunctiorf In this work, we alleviate this severe file I/O bottleneck

by developing an HDF&nabled reath method for the meafield wavefunction in two portions

of the BerkeleyGW code, replacing the present method of reading in a Fortran binary file. This
work enhaces the efficiency of the BerkeleyGW code, enabling calculations om $drgetures

by conserving compute hours for systems that may require thousands of CPUs.
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The preexisting wavefunction reath method involves reading and broadcasting the
meanfield wavefunction bands one at a time from a Fortran binary file. The method reads the
meanfield wavefunction over two large loops: over thpdint dimension and over the band
dimension of the wavefunction file. For each band, for eaghbikt, the master MIRask reads a
band from the binary file, then broadcasts the data to all worker MPI tasks. If a given MPI task
requires the broadcasted band, then it stores and sorts the band into an Mpécteak
wavefunction array. If an MPI task does not needotlred, it discards it and waits for the master

task to send the next band. This is visualized in the flowchart in Figure
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Figure 7.1 Flowchart of Sigma code read and distribution of binary wavefution file.

This design works well for modestly sized systems that, in my benchmarking, utilize
fewerthan 100 MPI tasks and are less than 1 GB in size. The 1/O performance becomes
increasingly sluggish as the size of the system grows. The numbgoaftk and bands, and the
g-vectors that constitute the size of the bands, grow with the system size, which increases the
amount of data that must be sent, either through the number of broadcast calls required, or the
amount of data being sent per call. Farttas the calculation size grows, the user must request

more computational resources for the calculation to complete within a reasonable time frame and
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avoid running out of memory, which means that during the broadcasting process, more MPI
tasks must recee the data, accumulating additional communication overhead, depending on the
available hardware and broadcast algorithm d$&@hus, as statef-the-art high performance
computing evolves to evenore compute nodes, the readnethod places increagirstress on

the HPC, despite the neperfect scaling of the core of the cdde.

Implementing an HDF5 version of the wavefunction readrocess serves as an
appealing solution to this probl em. HDF5 st an
format that can efficiently write, read, and store large quantities of information and associated
metadata?! With the HDF5 data format comes a set of flexible and performantl/@Pbased
file I/O calls that can be invoked inside of a programhese callsliow for parallel access to
HDF5-formatted files, and data can be read into a program in arbitrary sized and shaped
ichunks 0 c¢ alWhildotheyparalel fild I/® bbsaries exist, like Parallel netCBF
and ADIOS* HDFS5 is popular for scierfic applications, and can achieve performance that
approaches the maximum practical performance of the distributed filesystem it si&'&top.
Further, there is prexisting HDF5 functionality in thepsilon executable of the BerkeleyGW
code. Thus, predence, performance, and easaise encourage the use of HDF5 over other
parallel /O middleware.

The HDF5 library acts as an intermediate layer between the developer an@® MPI
routines. Thus, an alternative option would be to work directly with-MPHowever, the
Fortran binary files that MPIO reads can suffer portability issues, while HDF5 files are highly
portable across operating systems. HDF5 bindings exist for a number of languages, like Fortran,
C, and python. Further, HDF5 is relatively uéeendly compared to MPIO, and can see

similar performancé® Thus, there is no clear advantage to working directly with-MPI
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Similarto MPH O, HDF56s parall el l i brary makes wus
processes to communicate. Once a filepgened, processes can access any part of the file or any
object in the file. HDF5 manages the minutia of M®Ifor the developer.

In this work, we develop a method of reading a highly ndithensional wavefunction
guantity from an HDF¥5 file to a wavefation structure in the BerkeleyGW code. This structure
depends on the reciproesphace basis vector&f along with the band number;, the kpointk,
and the spin. Each of these quantities contributes to the dimensionality of the wavefunction. The
BerkeleyGW code is divided into several main executables: the epsilon executable, which
computes the random phase approximation polarizability and invieteetdc matrix, the sigma
executable, which computes the GW quasiparticle energies, the kernel executable, which
computes electrehole interactions, and tladsorption executable, which computes excitation
energies and excitons via the Be®a&lpeter egations. In this work, we focus on the sigma and
absorption parts of the code. First, we discussijlraa code, our new approach, and

benchmarks on the new approach.

7.2 Sigma Code
7.2.10verview

Thesigma code computes the quasiparticle energi#sfiem the following equatioh:

Q AT tl é A‘Q A q 1 &

L
J(
m

(eq.7.1)
The quantitiesnkarepresent a givenband at kpointk. M is the coupling matrix element, the

same as irquation 6.3F is a term collecting the details of different implementations o7 4q.
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that are not relevant to our developments (see section 4.3 of reflf])are the basis vectors.
T h e @ o u fuectioa referato the set of bands for which the quasiparticle energy

correctiondeq.71)ar e t o be cal cul ated, and are call ed

Ai nnero wavefunctions ckamifdter s t o
nakag| on theinsideof the equation. Note thgt the transition vector, is defined@s k 7 kgeso
thatk 7 g = kganother kpoint. The sum over the finite, truncated set of inner wavefunctions is

an approximation to the resolution of identity, with B &

As Thus, the
number of requested inner bands is directly related to the convergencealttiiation, and it is
almost always the case that many more inner bands must be read in relative to the number of
outer bands. One outer band may need 100s or 1000s of inner bands to achieve reasonable
convergence. Further, the inner and outer band®toatessarily have to originate from the
same meatfield calculation, which allows the user to construct the sigma operator in one basis
(inner), but evaluate in another (outéthough such a choice is less common. Thus, the code
may read in one or twmeanfield wavefunction files.

Whether the code requires one or fweanfield wavefunction files, the approach is the
same. The crux of the problem is to ensure that each MPI task receives the set of-pamis, k
g-vectors, and spins describing the wavefunction that the MPI task needs to compute its assigned
sigma quantities, rad that this process is completed as quickly as possible. For a given outer
band, the code must compute every possible pairing between that outer band and all inner bands.
Thesigma code employs a twlold parallelization scheme. First, MPI tasks are dididhto
Apool s, 0 where each MPI task in a pool is ass
are divided roungobin amongst the pools. In other words, each pool is responsible for a subset

of the quasiparticle energies to be computed. Then,taakhn the pool is assigned a separate
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set of contiguous inner bands, and this task

eg 7.1 between the outer bands assigned to its pool, and the inner bands assigned only to the
MPI task. Such asscheme can be visualized in Figut2 for a calculation with four MPI tasks,
four outer bands, and 8 inner bands. The number of pools is determined Hexaspng

algorithm in BerkeleyGW that minimizes the memory requirements across MPI tasks.

: 12) [ 1 12 |
14 [ ] 141 ]

i i

Pool 1 Pool 2

Figure 7.2 Distribution scheme of Sigma code for an example with four MPI tasks, four outer
bands, and eight inner bands. MPI tasks in a given pool share the same outer bands.

7.2.2lmplementation

Thesigmacode works as follows: the main executable calls the input module almost
immediately. Here, we read the sigma input file that specifies the number of inner and outer
bands requested, among other tsmcified calculation parameters. Then, we determine the
distribution scheme, which sets the number of pools and assigns each MPI task its set of inner
and outer bands. Next, we proceed to the actual wavefunctioim.eHuais is the prexisting
binary reaein routine that executes an MPI broadcast call fehdzand, for each-goint. Upon
completion, this routine populates the wavefunction arrays (inner and outer). Once setup is
complete, we return to the main executable, which uses these wavefunction quantities to

compute eq7.1.
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For this work, we creatersew subroutine that will be called in place of the standard
readin routine when HDF5 functionality is requested by the user. Inside the new routine, four
tasks must be completed. First, we must read the inner wavefunction into the code and store its
guantties in memory such that, in the end of the routine, each MPI task is given the data
corresponding to its assigned set of (bangmikts, spin). Then, we must sort the inner
wavefunction data so that its organization matches the internal wavefunatictur, since the
wavefunction as stored in the HDF5 file is not stored with the same layout. Third, we must read
in the outer wavefunction, which may or may not be the same as the inner wavefunction. Finally,
we sort the outer wavefunction. We note thating the subset of the wavefunction belonging to
each MPI task, in both the inner and outer case, represents a trivial amount of time relative to the
wavefunction reading. We do not benchmark these steps, and focus only on the time it takes to
read thewvavefunction file.

The inner wavefunctions are distributed in contiguous blocksHigeee 7.2). We can
match this distribution pattern in the HDF5 readoutine with the HDF5 construct
Ahypersl abs, 0 which ar e s pe ayiobjectdabe mdnipuaeds of d
To create a hyperslab, special HDF5 variabl es
number of quantities in a given dimension of
in a given dimension, for each MPklg(see section 2.3.3)n the HDF5 wavefunction file, the
k-points are implicit by stacking-gectors. The gector dimension count is set as the total
number of inner wavefunctionwectors, since we want alhgectors for all kpoints. The count
in thespin dimension is the total number of spin dimensions (spin*spinor). The count in the band
dimension is the number of inner bands that the MPI task has been assigned. If the number of

MPI tasks is not evenly divisible into the number of inner bands, Heecaunwill vary by MPI
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task. The offset in the band dimension is the first band that the specific MPI task is responsible
for, which we determine from the input distribution scheme, which assigns inner bands to MPI
tasks.Luckily, in the case of the Siga code, the data-asranged in the HDF5 file is written

such that for each band, thergctors (stacked, for allgoints) and spin are stored contiguously,
so that for a given set of adjacent bands, all associated data is also entayous. We will

find that in the case of the absorption code, such fortune escapes us.

Once thannerwavefunction data has been reanust be sortetb match the expected
wavefunction structure required by the rest of the progidms. sorting is simplified relativie
the binary routine, because in tHBF5 routinethe MPI task already owns a wavefunction
subset containing only the inner bands it needs. It only needsrtdenethese quantities to
reflect how the wavefunction needs to be organized so that ottieiopshe program can use it.
Once this is complete, the inner wavefunction is ready to be used.

The outer wavefunction redad is more complicated than the inner wavefunction Hiead
because the outer bands that a given MPI task owns are not contigtioeach other whenever
there is more than one distribution pool, since outer bands are distributed to poolsotmontd
there is only one pool, then the method described for the inner wavefunction directly applies to
the outer wavefunction, as theteubands are guaranteed to be contiguous in memory.
Otherwise, we must take a different approach.

We use different HDF5 features to overcome this limitation: striding and blocks. We
keep this new method inside the same read routine for the sake otersend clarity, since it
accomplishes the same task as the rest of the routine, albeit in a different way. If a stride in a
given array dimension is set to integethen HDF5 will read in eveny" entry of that

dimension. The pools are organized so that, if therengreols, then each pool gets ever)
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outer band, where the first pool starts at the first band, and"tip@ol starts at thei" band.

Thus, we can set the stride in the band dsmanto be the number of pools, and the offset to be
the rank of the pool (e.g., pool 1, pool 2, etc.). HDF5 blocks give the size of the data in each
stride. Since we are only taking one band per stride, the block size in the band dimension is 1.
The countn the band dimension is the number of outer bands that the MPI task has been
assigned, and thegector count is the sum of thevgctor coefficients associated with the outer
bands. The spin count, as well as all other offsets, remain the same aetlmge.

Once the read is complete, the outer wavefunction is sorted, then the routine exits back to
input, and the program moves on. Since the HDF5 routine returns the exact same quantities as
the original binary routine (though with drastically diffierénner workings), no further changes
need to be made to the code, and the rest of the calculation proceeds as normal. Ensuring the
accuracy of the new read method is straightforward. Since both read routines output the exact
same wavefunction quangs, we can modify the code to read in the wavefunctionlvaith

methods into separate wavefunction arrays, then check equality between these two arrays.

7.2.3Benchmarking

We test and benchmark the new implementation on two different systems Sttate K
HPC cluster, Beocat, and the National Renewable Energy Lab HPC, Eagle. Beocat is a system in
which heterogenous hardware communicates through heterogenous interconnects, and Eagle is a
system in which all hardware and interconnects are completely homagé.e., all compute
nodes are the exact sam@ince we seek to improve the amount ofteak it takes for

wavefunction readn to occur, we measure wall time rather than rloolgrs.
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We report performance for three different systems. Key paranwétrsse systems are

summarized in Tablé.1:

Table 7.1 Summary of benchmark systems.

inner bands | outer bandg k-points| g-vectors| spin | HDF5 file size
Small system 18 10 1 2897 1 184 Kb
Medium system 50 12 31 55967 1 203 Mb
Large system 4000 40 4 910383 1 123 Gb

We benchmarkhe small and medium system on Beocat, restrictimgpttes with 2x &ore
Xeon E52690 processors, 64 GB ram, and 10 Gb/sec quadatatéQDR) infinibandThree
runs were performed for easlistem Webenchmarkhemedium andarges y st em on NREL ¢
supercomputer Eaglavith 2x Xeon Gold Skylake 6154 4®re processors, 96 GB ram, and 100

Gb/sec enhanced datate (EDR) infinibandSince the NREL systesharges by corbour, we

ran eaclEaglebenchmarlonly once. Note that in the results tables below, the HDF5 version

reports a timing for both the inner and outer wavefunction-readhile the binarymethodhas

only one timing. Tis is because the binanyethodperformsboth simultaneously. On Eagle, we

use OpenMPI 3.6.1 and HDF5 1.10.6. On Beocat, we use OpenMPI 3.1.3 and HDF5 1.10.5. We
employ only the default OpenMPI MPI communication algorithms in all benchmarks. We

implement asimple benchmarking procedure, collecting the time immediately before and after

the operation under question has been executed on the master task. While this procedure ignores

some of the nuance of MBlsed parallel performance benchmarking, it reasgraghlights

the timing differences between the two read methods.
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7.2.4Results and Discussion

7.2.4.1Small System

Table 7.2 Small system timings on Beocat in seconds.

HDF5
MPI Tasks Inner Outer Total Binary
1 0.032 0.00 0.032 0.00
2 0.038 0.00 0.038 0.00
4 0.065 0.00 0.065 0.00
8 0.046 0.00 0.046 0.001
16 1.30 0.001 1.30 0.35
32 2.65 6.98 9.63 0.49

For the small system, wabservahat the HDF5 version performgorsethan the binary
version shown in Table 7.2Thisis a sensible resulsincethe bottlenecks from the binary MPI
broadcast call do not occur when only a handful of small broadcasts are bein@ heades
overhead asociated with using HDF5 thet absentor the binary file readn, which is due to
the coordinating of the simultaneous reads of multiple MPI tasks. Sitgea few bands are
read in the binary method overhead is minute, while the HDF5 overheadtiseBldarge We
note thathe 32task outer wavefunction read timing is significantly higher than all other
trials. This is due to the fact that many MPI tasks are trying to access the same small file at once.
In fact, more MPI tasks are trying to rethe file than there are bands in the file, resulting in a

drastic slowdown.
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7.2.4.2Medium System

Table7.3 Medium system timings on Beocat in seconds

HDF5

MPI Tasks Inner Outer Total Binary
1 0.62 0.08 0.70 0.43
2 0.48 0.07 0.5 0.51
4 0.22 0.06 0.28 0.83
8 1.05 0.07 1.12 1.00
16 2.57 2.97 5.A4 1.%
32 3.68 6.84 10.52 1.19
60 4.62 19.37 23.99 1.52
80 4.88 27.03 31.@ 4.48
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Table 7.4 Medium system timings on Eagle

HDF5

MPI Tasks Inner Outer Total Binary
1 0.32 0.06 0.3 0.45
2 0.19 0.08 0.27 0.5
4 0.14 0.09 0.23 0.5
8 0.11 0.12 0.23 0.62
16 0.26 0.11 0.37 0.60
32 0.32 0.14 0.47 1.4
64 0.37 0.27 0.65 140
80 0.37 0.31 0.68 0.67

For the medium system on Beo¢aable 7.3) we again see that the binary method
outperforms thédDF5 method. The inner timings are comparable to the binary timings. The
outer timings shovwpoorscaling with MPI task se and consume a disproportionate amount of
time per bandWe discuss the outer wavefunction performanamore depth in sectionZ.4.3.

In the small and medium cases, we expect the binary routine to perform well. For the medium
system on EagléTable 7.4) we see timings that are competitive with the binary routine. This is
a reflection of the larger cache sizexl highspeed intercamects between nodes on Eagle

relative to Beocat.
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7.2.4.3Large System

Table 7.5 Timings for large system on Eagle in seconds.

HDF5
MPI Tasks Inner Outer Total Binary
72 20.9 127 33.6 752.1
144 36 .0 45 4 &. 744 .
288 18. 4 48 23. 2 709 .
576 2 1. 5.0 2. 73® .
1296 6 I7. 96 7 B. 7 2.10

Table 7.6 Perband timings for large system on Eagle, s/band

HDF5
MPI Tasks Inner Outer Total Binary
72 0.0053 0.317 0.00832 0.186
144 0.01¢0 0. 0424 0. 052 0.015
288 0.021 0. 0694 0.090) 0.028
576 0. 044 0. 092 0.743 0.028
1296 0.80 0. 0614] 0.247 0. 027

For thelargesystem on Eagle, we see favorable results, with the total wavefunctien read
in time with HDF5 outperforming the binary reanl methodby an order of magnitudg@ able

7.5). The HDF5 method takes, at wirgl seconds to read in the wavefunction data, whiée

199



binary method for the same number of MPI tasks (144) takeésetbnds. Our method scales
favorably with number of MPI taskTable7.6 shows these same timings on alp&nd basis
(Total time/number of bandsyhe number of inner, outer, and totahida is400Q 40, and404Q
respectively We see that on a pband basis, the inner read is significantly faster than the
binary, and the outer read timings are competitive with the binary. Note that nodes on Eagle
contain 36CPUcores, so these jobs aw 116, 8, 4, and 2 nodes. For 1 node/36 cores, the
wavefunction required too much memory per MPI task to be read in. We ditkenoiptto run

this calculation on Beocat, since 72 MPI tasks was the minimurrctaskthat Eagle could
handle for both the bary andHDF5 methods and internode communication on Beocat is
significantly slower than intranode communication.

The new HDF5 reath methodcontainsa checkfor if the number of pools is greater than
1. If so, it useghe stridingbaseddDF5 subroutindor the outer wavefunction read. In the small
system, there is only 1 pool up until the 8P| task case. In the medium system, there is 1 pool
until the 16MPI task case. Theignificant increasen outer wavefunctiongadin time at these
MPI taskcountsreflects the use of the striding routine. Tamesystem uses two pools for all
MPI task configurations. The improved performance on Eagle over Beothe 16MPI task
case on the medium systésra reflection of theipgraded cache configuration aside, and data
transfer speeds.

While these results establish that the HDF5 method is far superior foisiasge
wavefunction files, these results are obtained using a wavefunction stored on only a single object
storage target (OST). In high performamoenputing, typically parallel filesystems are
deployed, and both Beocat and Eagle use a particular parallel filesystem implementation called

Lustre. I n Lustre, a file may be stored on
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of the chunks igalled the stripe size, and the number of OSTs is called the stripe count. When a

parall el

program must

read

or write

a |l arge f

storing parts of the file on multiple OSTs allows the MPI tasks totteadata that it needs

while unimpeded by other MPI tasks trying to access the data, since file locking is managed by

each OST separately. Finally, MPO provides two modes of data reading and writing,

fcoll ect

ived and

A1 nde anentedrediate lager betiveectbe HDF5 wo

developer and MPIO, the MPH/O collective and independent modes can be set through

HDF5. The MP4I/O independent mode allows each MPI task to act completely separately from

all others. The collective mode performs sdime n d e r

t

he hoodo

empfEor mi zat |

example, it may condense requested reads from multiple MPI tasks down to one MPI task, which

then distributes the data to the oth€r§hus, we next test the large wavefunction read

performance for idependent and collective MHFD modes, along with the default striping (1

OST, 1 mb stripe sizes) and a stripe count of 60. These results are summarized ir7Table 7

Table 7.7 Timings for stripe counts afne and 60, with independent and collective MBI
modes for large system on Eagle with 1296 MPI tasks.

Inner Outer Total

Stripe count = 6| Independent 8.19 0.883 9.07
Collective 9.27 10.1 194

Binary - - 721

Stripe count = 1 Independent 70.0 0.492 71.2
Collective 62.0 9.58 71.6

Binary - - 721
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We find that the inner wavefunction read benefits massively from an increased stripe
count, with a stripe count of 60 completing 8.5x faster for the independent case, afad@7x
for the collective case. We find that independent vs. collectivel@Phodes make little
difference for the inner wavefunction. Conversely, the outer wavefunction sees little
performance change between 1 OST and 60 OSTs, but benefits massivel§Htd@®
independent mode over collective mode. The inner wavefunction result can be explained from
the fact that it allows each MPI task this du
large, contiguous blocks of data. On the other hand, the watesfunction data is sufficiently
small such that the striping makes little difference. However, the overhead associated with
constructing an MRIO collective call, on account of the optimizations that NlPImakes,
significantly impacts the reaid time of the outer wavefunction. It may not impact the inner read
as the optimization overhead for the collective call may balance out with the improved speed,

resulting in little performance difference between the two modes for the inner wavefunction.

7.2.5 Conclusion

We see significant performance increase on the large wavefunctiemrieativeen the
binary method and the new HDF5 method, and we tune this improvement by identifying that the
wavefunction benefits from increased Lustre striping. For the haayefunction case, we
ultimately obtain a wavefunction reddtime of 9.1 seconds using 1296 MPI tasks, in contrast to
the binary method, which achieves its fastest time of 710 seconds with 288 MPI tasks. Thus, we
achieve a 78x speag in the bestasescenarios.

Additional improvements may be made to the HDF5 Hiegutocess by altering the outer

wavefunction scheme, which, in our developments, performs similarly to the binary method on a
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perband basis. We developed this réadgcheme for the genérease that the outer

wavefunction may not be read from the same wavefunction file as the inner wavefunction,
unaware at the time of implementation that HDF5 striding would incur a large performance
penalty. Because the case that the inner and outer wertiefus come from the same
wavefunction file is more common, we can develop a method that reads only the inner
wavefunction file according to the inner wavefunction distribution, then further distribute the
inner bands that are also required as part obtiter bands. This approach requires only a single
file read and avoids the costly striding of the outer wavefunction read routine. Such a change

would further accelerate the HDF5 method for its most commoicase

7.3 Absorption Code

7.3.10verview

Based on the HDF5 results of the last chapter for sigma and the known performance for
epsilon, alongside HDF50s general advantages
convert the reath process for the remaining portions of the code to HDF5fasigs on the
absorption executable, which is used to obtain optical properties via the Baifeter
equations. Thebsorption code is parallel over thephkint dimension of the wavefunction,
whereas theigma code discussed above, anddgbsilon code tscussed in Chapter 6, are both
parallel over the band dimension. That is, in the absorption code, each MPI task has some k
point information for all bands, while in tisgyma andepsilon codes, each MPI task has all k
point information for some bands. Tuhere is a severe mismatch in the data layout of the
HDF5 wavefunction file and the parallelism of @#sorption code, since the data is band

contiguous in the HDFS5 file. This is a more difficult scenario than in the Sigma case. If the
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wavefunction dat is reaein in datal o ¢ a | Achunks, 0 r endimdsti.e.byg i n
reading in multiple bands at once for alp&ints and for all spins, then the data must be re
distributed in a complicated way, resulting in poor MPI communication tilhtée data is read

in the way that it must be distributed, by making use of HDF5 blocks and striding, then the result
is poor readn times due to the nelocality of the data in file, as was seen to a lesser degree in

the readin of the rounerobin distibuted outer bands in Sigma in teection 7.2This data

layout mismatch is visualized in Figures.

ki k2 k3 k4 ki k2 k3 k4 ki1 k2 k3 k4 k1 k2 k3 k4

|g1g2g3...|313253..‘|glg2g3...Ig1g2g3...|g1g2g3...IgIngS‘.,|g1g2g3...|g1g2g3.,.|g1g2g3,‘, gnggB..‘IgnggS...|g1g2g3... g1g2g3._.|gngg3‘., glg2g3..|elg2g3...

spih 1 spi'n 2 spir'1 1 spir'1 2
\ A J
| |
band 1 band 2

Figure 7.3 Layout in memory for two bands in a wavefunction with foypdints. gvector
coefficients for a given<point are contiguous, thengoints for a given spin, therpoints for a
given band. The data that a given MPI task needs for a gipeinkis spacedk-points)*(m g-
vectors) entries apart from each other.

The Absorption cde implements three different parallelization schemes depending on
thresholds between the number gbdints, number of bands, and number of MPI tasks. In each
of the three cases, the code distributgmints rounerobin amongst the MPI tasks. On account
of the data layout/parallelization scheme mismatch, there is no obviously best HD#i% read
pattern to implement. Before we discuss possible HDF5 implementations, we first outline the
pre-existing Fortran binary file method. In this case, the code loopsiweducible kpoints and
determines which MPI tasks need the wavefunction data associated with the ciporisk

Note that the wavefunction file contains the irreducible setmdikts, while the code itself
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distributes kpoints based on the neaduced kgrid, such that some of thesgkints may

reduce to the same irreduciblgkint, resulting in multiple MPI tasks needing to receive the
wavefunction data associated with the same irreduciplaiit, despite the full grid-koints

being rounerobin distributed. Then, the code loops over each band, the master task reads in the
current band for the currentgoint, and sends this band information to all MPI tasks that need it
(i.e. the MPI tasks who have been assigned the curreaoini).

Since the~ortran binary method makes MPI send/receive calls for each band, for-each k
point (sending the band to the MPI tasks who need the band data fgpdiresthey have been
assigned), the result is a relatively large MPI communication overhead. In sgs\eavarge
communication overhead is unavoidable on account of the memory layout/distribution scheme
mi smatch. The code cannot efficiently read
the data one band at a time). On the other hand, arbHiRFEanbe read out of order using
HDF5 strides, offsets, and blocks, but we find this results in poor performancesigntizecode.

Thus, our HDF5 method will rely on a large number of MPI communications.

7.3.2lmplementations

There are many ways &pproach this problem, and no obvious answer for what sort of
readin method will result in the highest performance. In the simplest case, we could implement
the exact same scheme as the current binary method, except make an HDF5 read call to the
HDF5 wavédunction for each band, rather than a binary read call to the binary wavefunction.
This will almost certainly net no notable performance gain, but would accomplish the task of
making an HDFE&compatible version of the code, and would be minimally invasited

current scheme. Alternatively, we can make use of hybrid HDF5indsldP| distribution
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routines to either reduce the number of MPI calls, or make more efficient MPI calls. We explore
two such options. The first step of both methods is the sameedhédnumber of bands into
even blocks, and assign an MPI task to read that block, similar to the Sigma wavefunction inner
read routine. Once each task has its assigned set of contiguous bands, the methods diverge.
The first methodawd eall othppiibaocadcwsich
band data for several bands and for gildints simultaneously, rather than making the
appropriate send/receive calls for each band, for egqudirk, as is done in the current binary
method. In this methqdve loop over MPI tasks, and broadcast the bands belonging to the
current MPI task. Then, each MPI task determines whether it needs the broadcasted bands. Over
a large number of bands angb&ints, such a method may see significant performance
improvemend over the binary method because it reduces the number of MPI callsyfkem (
points)*(m bands) to the number of MPI tasks. This method requires broadcasting excess data,
and requires more sorting for each task, since for a given broadcast call, mosiltasksneed
to store most of the data. Despite that the duration of a broadcastoadises athe size of data
being broadcastadcreasesthis method is advantageous in terms of reducing the number of
MPI calls®1°This chunkeebroadcast method works similarly to the binary method, except
instead of reading one band at a time for eapbikt, it loops over MPI tasks and broadcasts the
data of the current MPI task to all other tasks, then performs the exact spoiet(lband)
double loop as the binary method. Except, instead of looping over all bands, it loops only over
the bands that belong to the current MPI task. In this way, the broadcast method is conceptually
similar to the binary method, and integrates rgddto the existing routine.
The second method we call the fAisort and re

its set of assigned contiguous bands, we loop oymikts and tasks, rather thasp&ints and
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bands. For eachpoint, every task stagese kpoint data that it owns (i.e. the band data it owns

for the current kpoint). Then, the code loops over MPI tasks, checking if the MPI task needs the
current kpoint data. If so, we perform a MPI reduce call so that each task sends this staged data
to the current task being looped over. This essentially involves (number of redupibiet)

MPI calls to communicate the data. However, it only sends the data that the current task needs,
resulting in a smaller, but potentially more frequent, MPI compatin calls. The shared set

up of the two approaches can be visualized in Figurdor two MPI tasks, with Figuré.5a

visualizing the sorandreduce method, and Figuresb visualizing the broadcaahdsort

method.

(a) (b) K-point distribution
Bands view K-points view Task 1 Task 2
k1 k2 k3 k4 k5 k6 ki k3 k5 k2 k4 k6
(c) Band distribution (d)

Task 1 Task 2 Task 1 Task 2

Figure 7.4 Visualization of bands as rows ang&ints as columns. We note that we visualize
bands as rows for consistency throughout the document; however, because Fortran is-a column
major language, the view is apped in memory (see Figure3) (b) kpoints are distributed
roundrobin. A black outline denotes whichgoints have been assigned to which task. (c) The

first step in both HDFbased methods is to readcontiguous blocks of bands. We divide these
blocks evenly amongst tasks. In the case of two tasks, task 1 reads in the first half of bands, and
task 2 reads in the second half of bands. (d) The blue stripes denote the data that task 1 must
acquire to proceed with the calculation. The two HDF5 methoasgk in how they deliver this

data.
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(a) Sort-and-reduce method
Loop over k-points

Task1l Task 2 Task 1

K-point 1 MPI _reduce
to task 1
k1

Task1 Task 2 Task 2

K-point 2 MPI _reduce
to task2
k2

(b) Broadcast-and-sort method

Loop over MPI tasks, broadcast owned band data
Task 1

Task 2

MPI_broadcast

[
L

to all other tasks

Task 1 sorts the data it received from the broadcast

| I S

ki k3 k5 k1 k3 k5

Figure 7.5 (a) Sortandreduce method. Forgoint 1, task 1 already has the first half of the data
it needs. Task 2 owns the second half. Each task creates an array, populates all entries of the
array with O, fills the appropriate region of the array with okt 1 data, then performs a sum

reduction to
with any

t ask

1.

B e c azers regioa that doestnat svkrias
0 tzareregion, this ik @neffectigenvay to send the data to task 1 without

arr a

performing individual send/rete calls. For kpoint 2, the procedure is identical, except the
data is sunreduced to task 2 instead of task 1. We iterate throughpalirits, reducing to the
tasks that own the-goint. (b) Broadcasandsort method. Figure depicts the task 2 broatica

step. I n this

case,

task 1

receives

a

broadca

data and stores only the data corresponding to-fharkts it has been assigned. In a general case
with m MPI tasks, after one broadcast call, Task [l ave 2inthe total data it needs. In this
case, because there are only two tasks, Task 1 has all required data after just the task 2 broadcast.

7.3.3Results

Benchmarking MRbased parallel performance is a nuanced t@pid, it is difficult to

predicta priori which of the two methods will perform better, given the vast array of factors that

influence the performance of MPI collective cdft€? Because it is unclear which method may

ultimately outperform the other, we concurrently implement the-aadreduce method and the

broadcastindsort method, where a coworker implemented the broadcast method, and the author

developed the reduce meth®dh comparison of benchmark timings for the chunkedadcast
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method, the reduce method, and the binarjhotkts shown in Tabl@é.8 for a 6.7 GB

wavefunction file with 50 bands and 974pk&ints.

Table 7.8 Benchmarks for sor@ndreduce, broadcasindsort, and binary reaith methods.

HDF5
MPI taskg SortReducg BroadcastSort Binary

4 21 2 57

36 8 3 67
144 8 4 67
288 8 6 59
576 8 2 61
1296 18 2 59

The broadcasandsort method outperforms both the binary and the reduce method. The
fact that the reduce method sends less data per MPI task ultimately does not offset the fewer
overall MPI calls of the broadcaahdreduce method. Given this, the broast@ndreduce
method is likely to be superior for any case where a large numbgrvahts are involved, as its
number of MPI calls are-gointindependent. The reduce method may prove superior in cases of
Afewoknt s, Riyp@ systems, asdt aids broadcasting a large amount of
unnecessary data in these scenarios. However, whisggtha andepsilon codes are often run as
Af eewoknt s, many bandscasefotrtheb smopt i oommodeuss N
points, few b a rabtandsort Mdihodis the superior penemae dlgorithm,
and its lack of kpoint dependence in number of MPI calls is likely the cause of its stability in

readtime across 4 to 1296 MPI tasks.
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A logical next step in development would be tenrerk thereduce method so that the
reduce call is extracted from thepkint loop. That is, make the reduction once per MPI task,
such that all staging and reducing is performed for-glbikts assigned to an MPI task
simultaneously. This requires a more comguatensive staging step, but makes MPI calls for
the exact amount of data required, and does it only once for each MPI task, combining the best
features of the two methods. An additional future step would be to probe the underlying MPI

implementations, andin additional tests on other implementations beyond OpenMPI.

7.4 Conclusion

We have introduced HDF5 wavefunction raactapability to two parts of the
BerkeleyGW code: the sigma and absorption executables. In sigma, we see major improvement
in read timdor the wavefunction, and have successfully alleviated a severe bottleneck in the
code. In the absorption code, we implementtwo#ead al gor i t hms, fi-nding t
ands ort 0 met hod owtdpeducems mehdodsoMine new HDF!
absorption outperforms the previous Fortran binary method by an order of magnitude. The HDF5
method in sigma outperforms its previous Fortran binary method by two orders of magnitude.
This difference in degree of improvement is on account of the faictita sigma code
parallelization scheme is compatible with the manner in which the wavefunction is stored in the
HDFS5 file, while the absorption parallelization scheme is at odds with the file layout. These
developments enable compugtficient access t&W calculations on larger systems than

previously possible.
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Chapter8-Concl usi on

Our efforts in modeling thaoble metaladsorbate systent®ntained hereihaveallowed
us some insight into thateractions between the twio. Chapters 3 and 4, we probe the
interactions of the Nand H adsorbates with silver atomic wires. Chapter 3 sets the stage for
Chapter 4, performing benchmarking on DFT functiofakey parameters the AgN: (X = 4,
6, 8) systemdjke binding energy and dipole momehy compamg against higher level
wavefurction-based methods like coupled cluster singles and doubles (C@8aijionally, we
conduct aseries of comparisons between the GGA functi@r86and the longange corrected
functionalLC-¥ P B BHere, we findhat the GGA functional predictsdifferent groundstate
geometry thah.C-¥ P B. B absorption spectra computed with the same geometry, we find that
BP86gives rise to a number spurioudow-oscillatorstrengthtransitions andbreaks the xy-
symmetry of the transverse plasmon excitatidius, we concludehattreatment of these
systems with a longange corrected DFT functional is importan

Based ororbital analysi©nthe hybridization of Nwith the wiresalongsideanalysis of
the linear combinations of singfrrticle transitions that givese to thepeaks in th& R-TDDFT
absorption spectrum, we identify transitions of interest at which to excite thethvére
longitudinal plasmon peak, the transverse plasmon peak, and a charge transfer peak whose
energy in the LRTDDFT absorptiorspectrum lay between the twbhrough RFTDDFT/ED
calculations exciting at these energi@s, find that excitatiorat high field strengtinto the
charge transfer peak and the transverse plasmon mode lead to similar degrees of modest
activation, while exd¢ationinto the longitudinal plasmon peak results in dissociation of the N

These resultprovided a starting point for the work carried out in Chapter 4.
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In Chapter 4, we expand our initial RRDDFT/ED results on the activation and
dissociation of Mby includinga new orientatioof the Noon the wire by additionally probing
the activation and dissociation of Bin the same wires, and by expanding the quantities of
interest that we extract from our RIDDFT/ED calculationsln particular, we make heawse
of charge analysis to explore haWwarge is exchanged between the wire and adsorbate
subsystems/e find that formation of a transient negative ion occurs in the systems that
dissociate or strongly activatd, demonstrates a clear trend in the deg@fegharge transfer with
increasing electric field, whereas in this trend is less clean general, H activates more
readily than N for the same electric field strength, adsorbate orientation, and excitation energy.
We find thatthe activation obothHz and N> is dependent on the field strength and geometry,
and that the longitudinal plasmon mode results in significantly exserbatectivation than
the transverse plasmon mode.

In Chapter 5ye take a drastically different approach to the investigaof the
interaction of a small molecule with a Helmnetal systenn order to investigate the interaction
of the plasmon modes with the adsorb¥¥e. apply the subspace summation method (Chapter 6)
to probe how the presence or absence of thenHhe surface modifies the loss function (or
simulated electron energy loss (EEL) spectrui@. learn that this interaction is quite
complicated andparsing outhe various contributions to these interactipresved difficult.
Despite this, we were abie observe qualitative changes to the EEL spectra between a clean
Au(111) surface, an Au(111) surface with anniblecule above the bridge site, and two H
atoms adsorbed onto the top sid& find that H on the bridge site primarily mixesto an
energyregion that overlaps with the Au(111bdnd, though these bands project predominantly

onto the H 1slt is surprising that a relatively perturbative interaction between ttantithe
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surface produces clear changes to the EEL spacifwo H atoms on th&op sites hybridize

significantly more into the #Afr orérmikvelandegi ono

we observdarge deviations of this EEL spectrum from the clean Au(111) surface.

This project was an exciting foray into applicatioarwutilizing approacksthat hae
traditionally been in the domain sblid-state physics and materials scienidee solidstate
physics picture of plasmons and collective excitations is quite different than the quantum
chemistry view In the latter, we ften think of plasmons astgpe oflinear combination of

singleparticle excitationsandsystems large enough that the plasroan be fully characterized

with classical means to simply be one end of the limitingcd$es s fAqguant umispl as mo

central to our sier atomic wire workand affords us a molecular orbital framework with which

to relate our resultOn the other handhe solid-state physics pictureftenframes plasmonis

the contexbf a free electrogas relatingquantum mechanical results like those obtained within

the RPAback to the (familiar in their own domaialassicaDrude modell am still unsure quite
how toconceptuallymergethese two pictures togethiarthe context of plasmeadsorbate
interactions in (very) thin filmsut my hope is that this work serves as a stepgiage in this
direction.

The worlsin Chaptes 6 and 7 are computational development works at their, core
performed in collaboration with Derek VigHowler (Chapters 6ral 7) and Mauro del Ben
(Chapter 7)Chapter 5 is garticular application of thevo computationatlevelopment
Chapter6The first devel opment, t he fhesaxdusignarc e
inclusion of arbitrary bands in the RPA polarizabiliya material The secondlevelopment

involves implementation of partial occupations to the BerkeleyGW caihech allows us to

sumn

model metalsn a computationally efficient wayxhapte 7 turrst owar ds mor e fipur eo
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performance computing work. That is, while the works of Chapteq@6ire careful
consideration gfand interfacing withthe underlying parallelism of the cqdbe works in
Chapter 7nvolve implementing changes to tiparallel I/O of the codér the sole purpose of
improving its performance on high performance computing macHime®ing so, we alleviated
file 1/0O bottlenecks that surface when running lasgale calculationd am grateful to have been
afforded the pportunity to work on these sorts of projeatsspite them being a bit outside the
tradition view of physical chemistry research.

Overall, air investigations intplasmonradsorbate interactions, ranging from linear
response anceakttime electromuclear dynamics of atomic nanowires with &hd N, tothe
RPA EELS of H on an Au(111) surfa¢grovide us insight into the nature of these interactions
Our works in method developments and high performance computing developments facilitate the

study of thee interactions
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Figure A.1 RT-TDDFT/ED N-N bond lengths over 70 fs for each electric field polarization,
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Figure A.2 Electrononly RT-TDDFT dipole moments over first 20 fs of simulation for each
electric field polarization, electric field strength, and adsorbaentation of AgN2. Note the y
axis scale varies by figure.
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