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Abstract

Graphene is a two-dimensional material possessing unique electrical and physi-
cal properties. London dispersion interactions play a signi�cant role in its adsorp-
tion and friction on metal surfaces. Accurate computationalmodeling of these
processes is complicated by the fact that conventional density-functional methods
do not include the proper physics to describe dispersion interactions. Model-
ing dispersion between a metal surface and substrate is found to be particularly
complex as models based on properties of the free metal atomsalone cause the
interaction strength to be over-estimated. As an alternative, the exchange-hole
dipole moment (XDM) method is a density-dependent dispersion correction that
has previously been shown to model dispersion interactionsaccurately for both
molecules and solids. In this thesis, we �rst test the validity of XDM for model-
ing surface-substrate dispersion interactions for a set ofsmall aromatic molecules
physisorbed on noble-metal (111) surfaces. Upon validationof XDM for molec-
ular adsorption, we investigated interfaces of single and double-layered graphene
on selected transition-metal surfaces in two rotational orientations. Our results
show that thermal e�ects greatly a�ect the potential energysurface for graphene
on a nickel surface. In general, the rotational orientationsigni�cantly a�ects
graphene interlayer distances and interactions and there is an energetic preference
for substrate alignment. Our results also demonstrate thatmetal substrates af-
fect interlayer distances and exfoliation energies for bilayer graphene systems that
chemisorb to metal surfaces. The sliding of multi-layered graphene is investigated
in detail for copper surfaces. It is shown that the energetically preferred sliding
interface is between graphene and the copper surface, even when subjected to an
applied constraint. Our results consistently demonstratethat XDM captures the
proper physics required to model surface dispersion interactions.
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Chapter 1: Introduction

Two-dimensional (2D) materials possess a planar, lamellarstructure formed

upon exfoliation from the bulk. The interlayer interactions of the bulk allotrope

are dominated by London dispersion,1,2 which has become a de�ning characteristic

in identifying new 2D materials.2 These materials show di�erent physical and

chemical properties as an isolated single-layer than in their bulk allotropes. Some

2D materials have the potential to replace silicon in electronics3,4 and have shown

promise for photocatalytic applications.5{7 The applications for these materials

range from molecular sensors4,8 to solid lubricants.9{11

The number of 2D material classes are too many to be discussedhere, but

a few have dominated the recent literature.1,2 Transition metal dichalcogenides

(TMD) are layered compounds with a general formula of MX2, where M is a

transition metal and X is a chalcogen, such as S, Se or Te.8 Each 2D TMD

consists of repeating layers that are three atoms thick: a transition metal layer

sandwiched between two chalcogen layers. These materials have been shown to

be promising photocatalysts and optical sensors.8,12,13 Boron nitride (BN) has

become an important 2D material for nano-electronics because it is an excellent

insulator and interacts weakly with other materials. This has made BN an ideal

substrate base for creating layered electronic components.14,15 Materials such as

silicene and black phosphorus have also been heavily investigated.13,16

Graphene is the archetype 2D material. First theoretically predicted,3,4 then

experimentally isolated in 2004,17 it has been studied thoroughly because of its

unique electronic band structure that is sensitive to changes in chemical environ-

ment, speci�cally molecular adsorption.3,4,18 Graphene also has ideal lubrication
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properties due to its continuous aromatic pi region that interacts weakly with sub-

strates via London dispersion.9,10,19 It has also become one of the few 2D materials

to become commercially available and incorporated into consumer products.18

Methods to manufacture 2D materials can be subdivided into two classes: ex-

foliation methods,3,17,18,20 where layers are physically separated from the bulk

material, and synthetic methods,21{23 where the 2D material is synthesized on

a substrate using a precursor. Laboratory material samplesare typically gener-

ated using a mechanical exfoliation method,17 which is not scalable for industrial

production. Chemical-based separation methods, where charged solvent atoms

di�use between the van der Waals interlayer, have also shownpromise for some

2D materials.6,24{26 The repulsive force of the solvent ions is greater than the at-

tractive dispersion interactions, resulting in bulk layerseparation. However, exfo-

liation methods can result in surface defects that hinder active material properties.

Synthetic routes, if mastered, can e�ciently produce defect-free 2D materials.26

Mechanical sputtering27,28 and chemical vapor deposition (CVD)20,21,23,29 are two

leading synthetic methods. Synthetic methods require the use of a substrate, like a

metal surface, to use as a sca�old for monolayer formation. Both methods deposit

a precursor, either in solid or vapor form, onto a substrate surface. The precursor

then reacts to form the 2D material.20,23

Interactions between materials and metal surfaces have been investigated both

experimentally29{34 and theoretically35{37 in order to optimize production processes

and to investigate manipulation of material properties, such as the electronic band

gap. Mechanistic studies have been carried out to better understand monolayer

formation on metal sca�olds38 and to understand the parameters that drive defect

formation during CVD.36,37 Such studies have been used to explain orientation-

dependent interactions of graphene on metals34 and to explain Moir�e pattern for-

mation,39 which refers to the overlay pattern of the 2D material laid ona substrate.

Metals also provide a source for charge donation. It has beenshown that charge

transfer from a metal to a 2D material can alter a material's band gap4,20 and

2



enhance catalytic activity.40 This has been speci�cally shown for TMDs where

charge donation enhances the material's metallic character, increasing catalytic

activity for the hydrogen evolution reaction.24

2D materials are also excellent solid lubricants because oftheir weak interlayer

dispersion interactions. Bulk allotropes of 2D materials,like graphite, have been

used for many years as lubricants.11 Even the adsorption of a single 2D layer

signi�cantly decreases the friction at a surface.41,42 As the number of 2D layers

increase at the sliding interface, the friction decreases.41{44 2D coatings also make

the surface more resilient to wear because of strong lateralinteratomic bonds

in these materials.45 Maximum lubricity occurs when the 2D material lays 
at

on a substrate and strongly interacts with the surface.19,41,46 Material rippling

due to defects or lattice constant mismatch reduces lubricity. 42 Creating new 2D

materials for lubricants is an active research area.

Computational investigations of 2D materials can provide insight into sub-

strate e�ects on adsorption energies and physical properties. Surface adsorption

processes are traditionally classi�ed as either chemisorption, where covalent and

ionic interactions dominate, or physisorption, where molecules bind primarily via

weak non-covalent interactions.47 Therefore, chemisorption interactions are typ-

ically stronger than physisorption. 2D materials typically physisorb or weakly

chemisorb onto metal surfaces.23,48,49 Inclusion of dispersion interactions is es-

sential to accurately model molecular adsorption, particularly physisorption, and

for modeling 2D materials.36,50{52 Even when 2D materials chemisorb to metal

substrates, dispersion interactions constitute a signi�cant contribution to the ad-

sorption energy.52,53

Most computational surface-adsorption investigations use periodic-boundary

density-functional methods with the local density approximation38,53 or general-

ized gradient approximation functionals.54 These methods perform well for cova-

lent or ionic bonding, but historically fail to predict accurate adsorption of most

2D materials to substrates due to the neglect of dispersion interactions. Dispersion
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interactions in materials can be accurately modeled using the random phase ap-

proximation.39,50 However, the cost of this method makes it impracticable to apply

to large systems.55 A practical way to �x the failure of local density-functional

approximations is to add a dispersion-energy correction.56{61

Dispersion energies can be calculated using a pairwise interaction approach

based on perturbation theory for interacting instantaneous multipoles.56{61 At

the start of this thesis, it was largely believed that pairwise atomic models could

not properly model surface dispersion interactions.59,62,63 Early pairwise disper-

sion energy corrections typically over-estimated adsorption energies and underes-

timated bond lengths for physisorbed molecules on surfaces.56,64 This was because

these methods used �xed- empirical parameters for the dispersion coe�cients and

not because they were a pairwise atomic approach. Neglect or inaccurate treat-

ment of dispersion interactions will result in large errorsin calculating material-

metal distances, adsorption energies, and frictional barriers.53 It is therefore im-

perative to properly model the material-metal surface interactions.

The objective of this thesis is to show that metal{2D-material interactions can

be accurately modeled using density-functional theory (DFT) with the exchange-

hole dipole moment (XDM) dispersion correction.60,61 Graphene is chosen as a

model 2D material because of its central importance in modern materials chemistry

and because of its good lattice match with noble-metal substrates.

This thesis consists of a sequence of papers, published or in-process, that dis-

cuss the role of dispersion interactions at metal surfaces as modeled by the XDM

dispersion correction. Background information about experimental methods used

to validate our results is presented in Chapter 2. The theoretical methods used

in our investigations, such as DFT, are reviewed in Chapters 3-4. We begin by

showing that a 
exible pairwise dispersion model, speci�cally XDM, can accu-

rately reproduce experimental adsorption energies of small aromatic molecules on

noble metal surfaces in Chapter 5. This was the �rst benchmark to show that

pairwise dispersion methods, like XDM, can provide accurateenergies for adsorp-
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tion on metal surfaces. In Chapter 6, we verify that the accuracy of DFT-XDM

for molecular adsorption processes transfers to the adsorption of graphene on the

Ni (111) surface, which is a particularly challenging case because of the sensitive

balance between dispersion and electrostatic interactions that controls the shape

of the potential energy surface. We then expanded our investigation of graphene

adsorption to additional (111) metal surfaces and benchmarked our results against

reported structures and energies calculated using the random phase approximation

in Chapter 7. In Chapter 8, substrate contributions to bilayer graphene interlayer

distances and sliding energy barriers are investigated. Finally, Chapter 9 discusses

sliding-energy barriers of multiple graphene layers over Cu (111) at equilibrium

and under compression. Though we concentrate on graphene, the approaches that

were developed for this thesis can be generally applied to other 2D materials.
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Chapter 2: Experimental Methods

A variety of experimental methods can be used to characterize surfaces. How-

ever, this section will only concentrate on methods that provided data for direct

comparison with the theoretical results presented in this thesis. It is important to

understand these experimental methods because each methodhas inherent limita-

tions in what they measure. A large disadvantage of these experimental methods

is that they measure surface-averaged values and lack the resolution required to

measure the single-molecule{surface interactions that are studied here.

2.1 Temperature Programmed Desorption (TPD) Methods for

Adsorption Energies

Molecular adsorption energies are typically determined via temperature pro-

grammed desorption (TPD) methods. TPD spectra were originally produced using


ash-�lament desorption,65 in which a gas-phase substrate is streamed at a steady

rate through a cell containing a sample surface. The pressure at this steady state

is marked as a baseline. A heated �lament inside the cell prevents the substrate

from adsorbing on the surface. Turning the �lament o� cools the system, allow-

ing the substrate to adsorb to the surface. The feed and exhaust gas ports are

then shut, creating a closed system. As the system cools, pressure decreases. The

amount of molecules adsorbed at any instant can be obtained either from a pres-

sure burst upon 
ashing the �lament, or from the decrease in cell pressure during

adsorption. From the cell pressurePc, adsorbent areaAc, system pumping speed

Sp, cell volume Vc, and gas temperatureTg, the rate of desorption,d� =dt, of a
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molecule from the surface upon �lament 
ashing is

d�
dt

=
�

Vc

AckB Tg

� �
dPc

dt
+

Sp

Vc
Pc

�
, (2.1.1)

where � is the molecular surface coverage in molecules per unit area.65

A more accurate way of obtaining the desorption rate is by analyzing desorption

spectra with a mass spectrometer. This method was introduced by Gert Ehrlich

in his study of molecular nitrogen on tungsten surfaces.65 His results showed that

nitrogen weakly adsorbs to tungsten surfaces and established a new paradigm for

determining molecule-surface adsorption energies. Generating TPD spectra with

a mass spectrometer is simpler than using 
ash desorption analysis. To obtain

a TPD spectrum, a mass spectrometer focuses on the mass of themolecule of

interest. The sample surface is heated at a continuous rate� (K/s) while the

mass spectrometer records the intensity of molecular desorption. The produced

curve of time versus intensity can then be used for analysis.66,67

All TPD analysis methods are derived from an Arrhenius-type expression

known as the Polanyi-Wigner equation,67{71

r (�) =
d�
dt

= � (�)� e� Ed =RT
. (2.1.2)

The rate of molecular desorption,r (�), as a function of surface coverage, �,

is dependent on the temperatureT, the molecular desorption energyEd, and a

pre-exponential factor� (�) in s � 1. R is the molar gas constant in J�mol� 1K � 1.

Many TPD analysis methods are derived from this equation. Determination of

Ed for a molecule is trivial if � (�) is known; however, this is rarely the case.

In order to remove coverage-dependencies, approximationssimplify the Polanyi-

Wigner equation. A popular approximation is the Redhead equation:72

Ed = RTm [ln(� dTm=� ) � 3:46]. (2.1.3)
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This equation is valid only for �rst-order desorption rates. In this method, � (�) is

coverage independent (� d) and is chosen to be 1013=s, a value derived by Redhead

from a �t of � (�) to desorption rates of hydrogen and argon on tungsten. This

allows the activation energy to be determined from a plot of desorption rate versus

Tm , the temperature of maximum desorption. Furthermore,� d can be determined

if Ed is known:

� d = ( Ed�=RT 2
m � nD � 1

0 )eEd =RTm , (2.1.4)

where nD is the desorption rate order. This is a coverage-independent approxi-

mation. As such, the Redhead approximation fails when molecules have strong

coverage dependencies.68 However, Ed is usually predicted to be within 1.5% if

� d is known.66 Generally, a poor approximation of� d results in an inaccurate ad-

sorption energy. This property, known as the compensation e�ect, states that an

overestimated� d results in an overestimation ofEd and an underestimation of� d

results in an underestimation ofEd.68 Methods have been developed to determine

accurate pre-exponential factors and add coverage dependence.70

In complete analysis,70 � (�) and Ed are coverage dependent. For coverage at

time t, � t is given by

� t = Sp=(AckB T)
Z 1

0
Pcdt. (2.1.5)

An Arrhenius plot of ln[r (� t )] against 1=T is constructed corresponding to a cov-

erage � t . Since the pre-exponential factor is a constant at constant�, the slope

yields E(�), independent of � (�). Repeating the procedure for di�erent values of

� t constructs a plot ofE(�). If the plot satis�es

E(�) = ln [ � (�)] + nD ln [�] , (2.1.6)

� (�) is not coverage dependent. If the plot is non-linear, then � (�) is coverage
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dependent.69{71 Complete analysis has been shown to yield more accurate pre-

exponential factors and adsorption energies than Redhead analysis.66,68

TPD-derived adsorption energies are important for benchmarking computa-

tional methods for surface adsorption. Computationally determined adsorption

energies for benzene have matched well with experimental TPD data47 because

benzene does not have a coverage-dependent surface orientation or strong in-

termolecular interactions.73 More complex molecules, such as nucleobases, have

lower computationally predicted adsorption energies thanRedhead TPD-derived

adsorption energies because they have strong intermolecular interactions as well

as coverage-dependent surface orientations.66,70 Due to the lack of accounting

for intermolecular interactions and coverage-dependent properties, TPD-derived

adsorption energies should be taken more as approximationsthan as exact adsorp-

tion energies. The experimental adsorption energies reported here were obtained

from either complete analysis or Redhead TPD experiments.

2.2 Angle Resolved Photo-Electron Spectroscopy (ARPES)

Angle resolved photoemission spectroscopy (ARPES) is a spectroscopic tech-

nique used to probe electronic properties of solids. The basis of ARPES is Ein-

stein's photoelectric e�ect, where adsorption of a photon leads to an electronic

excitation, causing the ejection of an electron. An ARPES measurement can

decompose important features of a solid, such as electronicband structure and

density of states.74

An ARPES spectrum is produced by focusing a monochromatic beamfrom

a discharge lamp or synchrotron source onto the surface of a sample, ejecting

an electron. The analyzer then determines the intensity andangle of the pho-

toelectron emission based on the collision of the photoelectron with the lens.75

Photoemission intensity is a function of the photon energy,�h! p, where ! p is the

frequency of the photon and �h is the reduced Planck's constant (J/s). Since energy

is conserved, the energy of the photon must be equal to the energy of the emitted
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photoelectron:

Ekin + jEB j+� = � h! p, (2.2.1)

whereEB is the binding energy of the electron in the sample,Ekin is the kinetic

energy of the photoelectron, and � is the work function energy. From the kinetic

energy of the electron, the crystal momentum �hk can be calculated as

�hk =
p

2meEkin � sin� e, (2.2.2)

where me is the mass of an electron. The angle� e is the electron emission an-

gle with respect to the surface normal.76 From this, it is possible to determine

the electron energy as a function of the reciprocal lattice vector k, producing an

electronic band structure. Most ARPES experiments are performed at ultraviolet

frequencies, particularlyh! p less than 100 eV. This is because the momentum

resolution of ARPES is high at lower energies. The ARPES emission can be fur-

ther decomposed theoretically into a product of one-particle spectral functions

and Fermi distribution functions, allowing direct insight into the Bloch states of

a solid.77

ARPES has an important role in characterizing solids and it remains a main

experimental technique to determine electronic band structures. Furthermore,

because surface states are highly sensitive to perturbations, ARPES is used for

structural analysis of layered materials via changes in their component band struc-

tures. Heterogeneous materials, where layers strongly interact, have a band struc-

ture that is perturbed with respect to that of the isolated component. This thesis

compares computationally predicted graphene-metal interactions with reported

results that used ARPES measurements.75,77
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2.3 Low Energy Electron Di�raction (LEED)

Low energy electron di�raction (LEED) is a powerful tool used to image surface

structures.78{81 The principles of LEED are similar to other di�raction methods,

in that a material is bombarded with electrons and the structure is resolved from

the resulting scattering pattern.79,80,82 Though measuring a LEED spectrum is

relatively simple, electronic scattering theory is employed to decipher the electron

refraction pattern. It is therefore a hybrid analytic technique that requires both

laboratory and computational approaches to resolve a surface structure.83{85

A typical LEED optical setup consists of a �lament that provides a mono-

energetic source of electrons by thermionic emission. Focusing electrodes are

employed to produce a narrow electron beam and a detector assembly is set to

eliminate electrons that inelastically scatter from the sample. The energy of the

bombarded electrons is varied from 50-500 eV in 1 eV increments.80 Scattering

intensities of the di�erent di�raction beams are plotted as a function of energy.

The highest intensities in the spectrum will occur for single scattering sites{atoms

that represent the periodic Bragg condition.82 Electron di�ractions that occur

from surface atoms vary due to the complicated nature of surfaces. However, the

scattering spectra can be resolved with electronic scattering theory.81

LEED became a powerful tool in the 1970s when computational power and

electronic structure theory converged such that it could accurately resolve the

scattering spectra.79,82 A spectrum is resolved by comparing the experimental

spectrum with a series of theoretical scattering spectra with systematically varied

atom positions.83{85 The theoretical spectra can be calculated independent of the

experiment. As such, most LEED software comes with a dataset of theoretical

spectra. All structural variables are grouped into a single root-mean squared

distance parameter,RLEED , related to a given theoretical spectrum. A search

through the dataset of theoretical spectrum is carried out to minimize theRLEED

parameter with respect to the experimental spectrum.83,84 Surface analysis is
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completed upon minimization ofRLEED . Improving RLEED minimization increases

the accuracy and the detail of LEED analysis.85

LEED analysis has been employed to study CVD of graphene on metal sur-

faces.23,33,86 It has been used to show how monolayer growth evolves and gives a

qualitative measure of the graphene-metal interaction strength.28,87 Speci�c ro-

tational and translational orientations of graphene, termed Moir�e patterns, have

also been resolved using LEED analysis.34,88,89 LEED studies of graphene on

metal surfaces are used in this thesis to con�rm computationally-predicted stable

orientations.

2.4 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) can be used to measure the friction coe�cient

of surfaces.90{94 An AFM friction study is relatively simple; an AFM needle on

a cantilever is moved across a surface and the force of the interaction is mea-

sured.91{93 The friction coe�cient is determined from normal and lateral forces

measured by the AFM needle. However, an AFM requires careful calibration to

measure the friction coe�cient.92

The normal force, FN , between the tip and the sample is measured by the

vertical displacement of the cantilever,ZC :

FN = kCZC , (2.4.1)

wherekC is the cantilever spring constant. Some studies also employa piezoelec-

tric cantilever beneath a sample that measures the substrate deformation during

AFM scanning. This is not needed for hard substrates, like metals, where the

cantilever force does not plastically deform the sample.91 The cantilever spring

constant depends on its shape and is generally calculated through inherent mate-
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rial properties, such as its Young's modulus,YC (N/m 2):

kC =
YCwC t3

C

4L3
C

, (2.4.2)

where LC , wC , and tC and the length, width and thickness of the cantilever in

meters.

Measuring frictional forces requires lateral scanning of amaterial's surface and

measurement of the lateral forces. As the AFM scans across the surface, the

cantilever has a lateral displacement,Z l , and the lateral force is

Fl = klZ l . (2.4.3)

The lateral spring constant of the cantilever,kl , is similar to kc:

kl =
GCwC t3

C

4L3
C

, (2.4.4)

whereGC is the cantilever shear modulus.91,93 As the AFM tip scans across the

surface, the needle bends at an angle� C . The combined normal and lateral forces

at the tip are

FAFM = Fl (cos� C + sin � C ) + Fn (cos� C � sin� C ). (2.4.5)

As the AFM tip moves across the surface, the normal force changesby � FN . The

total of the lateral and normal forces measured as the AFM tip slides across the

sample becomes

FAFM = � (FN � � FN ) cos� C � (FN � � FN ) sin � C + (2.4.6)

� (FN � � FN ) sin � C + ( FN + � FN ) cos� C .

The friction coe�cient, � , is de�ned asFl=(FN � � FN ) and is averaged over two

lateral passes,x and � x. Simplifying the previous expression and solving for the

13



friction coe�cient yields

� =
� FN;x + � FN; � x

2FN � � FN;x + � FN; � x

(� 2L t sin� C + LC cos� C )
(2L t cos� C + LC sin� C )

, (2.4.7)

whereL t is the length of the AFM tip.

The method presented above is a generalization of how the friction coe�cient of

a surface can be measured using AFM.90{94 Other approaches have been developed

that determine the coe�cient using di�erent variables related to the cantilever

shape and substrate-tip heights.90 AFM frictional studies are cited in this thesis

to measure the friction coe�cient of graphene on metals and how it changes with

the number of graphene layers.41,43,95,96

2.5 Quartz Crystal Microbalance (QCM)

The quartz crystal microbalance (QCM) is a tool that can measure masses

of single monolayers. It is typically used to weigh molecule-sized masses on sub-

strates,97 but has been adapted to measure friction between weakly interacting

systems,97{100 such as noble gases on surfaces. A QCM consists of a single crys-

tal of quartz, which has a natural vibration frequency! q. Upon adsorption of a

molecule or �lm, the frequency changes by�! q, which is related to the adsorbate's

mass:

�! q

! q
= �

mf

mq
, (2.5.1)

wheremq is the mass of the quartz crystal andmf is the mass of the adsorbate.

The mass per area of the adsorbed �lm,� f , can be related to the frequency shift:

�! q

! q
= �

� f

� qtq
, (2.5.2)

where� q is the density andtq is the thickness of the quartz crystal.

Krim and Widom adapted QCM to measure frictional interactions between
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substrates and adsorbents.97,99,100 Atomically thin adsorbed �lms shift the quartz

oscillation frequency and the quality factor,Q, a unit-less parameter that describes

the resonance behavior of quartz oscillation. As a �lm moves across the quartz

surface,Q and ! q change proportionally to the �lm's characteristic slip time � ,

the time it takes to move across a periodic length of a surface:

� (Q� 1) = � 2�� �! q. (2.5.3)

In a QCM frictional study, Q and ! q are simultaneously measured to calculate� .

The interfacial viscosity, � f , describes the frictional interaction of the �lm on the

surface and is calculated from� and � f :

� f =
� f

�
. (2.5.4)

The frictional interaction is proportional to � f ; high values indicate large friction

and low values indicate low friction.

QCM has been employed to study how molecular friction varieson di�erent

metal substrates and on graphene surfaces.98 This thesis cites studies that have

employed QCM to understand molecular friction on graphene surfaces. These

studies were used as reference systems for comparing our results for substrate

e�ects on interfacial graphene bilayer friction.101,102
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Chapter 3: Electronic Structure Methods for Solids

A variety of electronic structure methods are employed in this thesis. This

section begins by reviewing the foundations of periodic-boundary plane-wave pseu-

dopotential methods. Post-processing methods that are used to characterize material-

surface interactions are also explained.

3.1 Periodic Boundary Conditions and Plane Waves

The periodicity of a crystal allows one to study a bulk solid while only having

to speci�cally de�ne the positions of atoms contained in a single unit-cell. The

periodicity can be represented by a Bravais lattice vectorT composed of the

crystal's primitive lattice vectors a:

T = n1a1 + n2a2 + n3a3, (3.1.1)

where n is an integer representing the number of lattice translations. A plane

wave, ei k �r , can suitably describe the crystal's wave function, (r ), because it

satis�es the periodic Born-von Karman boundary condition:

 (r + na) =  (r ). (3.1.2)

Bloch's theorem103 states that the electronic wave function obeys these conditions

and can be written as the product of a plane wave and a one-electron potential

uk (r ), which has the same spacial periodicity as the crystal lattice:

 k (r ) = ei k �r uk (r ). (3.1.3)

16



The vector k relates an electron's momentum to a point in the crystal's recipro-

cal space. Using Bloch's theorem, the general form for a uniform crystal's wave

function can be constructed as:

 k (r ) = ei k �r
X

G

Ck + G ei G �r
, (3.1.4)

whereG contains all the recirprocal lattice vectors andCk + G is a Fourier coe�-

cient. Bloch's theorem103 and the Born-von Karman boundary conditions are the

foundation for plane-wave quantum mechanics.

3.2 K-Point Sampling and Integral Smearing

There exists an in�nite number of k vectors in a crystal; however, only a

minimal set of k vectors that adequately cover the crystal are needed to accurately

sample the space. A sample ofk-points within a crystal is known as ak-point

mesh. As the number ofk-points in a mesh approaches in�nity, the trial wave

function,  k (r ), approaches the real crystal wave function. Creating an e�cient

k-point mesh reduces computational cost without sacri�cingaccuracy.

A good k-point mesh should be uniformly distributed ink-space and ensures

that a trial wave function is not biased in any coordinate plane. Choosingk-

points at symmetrical points allows the number ofk-points to be reduced while

maintaining an accurate crystal sampling. This is the basisof Monkhorst-Pack

k-point grids.104 A crystal mesh can be rotated ink-space to maximize uniformity

and increase symmetry, which reduces computational time. Because these prop-

erties largely depend on crystal geometry, most computational packages generate

crystal-dependentk-point meshes on the 
y.

The k-space discontinuities occur in metals between occupied and unoccupied

states that require a large number of plane-waves to adequately reproduce the

cusp between states. Smearing the discontinuity between states with a smoothing

operator increases convergence with respect to the number of k-points. Quicker
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convergence is achieved with high smearing, but usually at the expense of accu-

racy. An early smearing method is Fermi-Dirac smearing,105 which models the

discontinuity boundary as a Fermi-Dirac distribution function for a temperature

T equal to �=k B , where� is the smearing parameter andkB is Boltzmann's con-

stant. However, the presence of partially occupied states results in energies that

are no longer variational.

A simpler method is Gaussian smearing,106 which uses a Gaussian function to

smooth the occupation numbers. Because of its simplistic mathematic formation,

energies converge faster with respect tok-points, but like the Fermi-Dirac method,

energies derived from Gaussian smearing are not variational. The Methfessel-

Paxton method107 is a more rigorous smoothing method than either Fermi-Dirac

or Gaussian. This method expands the occupied states in terms of Hermite poly-

nomials, allowing energies to vary less as integral smearing increases. However,

it can produce unphysical negative occupied states. Marzari and Vanderbilt �xed

this by multiplying the smearing function by a �rst order polynomial.108

Insulators and semiconductors do not require smearing because there is a

smooth transition between occupied and unoccupied states.For metals that have

few fragmented states at the Fermi energy cut-o�, simple methods like Fermi-

Dirac and Gaussian smearing are su�cient. For complex metallic states, where

many states are partially occupied and fragmented by the Fermi energy cut-o�,

more rigorous smearing methods, like Methfessel-Paxton and Marzari-Vanderbilt,

are required. The Marzari-Vanderbilt smearing method is used in all calculations

reported here.

3.3 Atomic Pseudopotentials

A pseudopotential divides an atom into two energy regions: valence and core.

Core-electron wave functions are frozen since they are not chemically active and

are incorporated into an atomic valence wave function as an e�ective potential.

The valence electron wave function then becomes the e�ective atomic wave func-
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tion. Each pseudopotential is characterized by a core radius that originates at the

nucleus and terminates at the boundary of the valence state.Norm-conserving

pseudopotentials109 hold that

Z 1

0
j� real(r )j2r 2dr =

Z 1

0
j� ps(r )j2r 2dr , (3.3.1)

where� real is an all-electron atomic wave function and� ps is the pseudopotential

wave function. Norm-conservation is achieved by orthogonalizing core and valence

states. This restriction ensures small changes in energy eigenvalues with atomic

environment, allowing a single atomic pseudopotential fora given element to be

used in many chemical environments.109

Norm-conservation creates a hard cuto� for p orbitals in �rst-row elements

and d orbitals in transition metals because there are no corestates with equal

angular momentum to impose orthogonality with the valence state. The norm-

conserving pseudopotential valence wave function for these elements is nodeless,

requiring a large number of plane waves to adequately describe the total electron

potential for these elements. Vanderbilt proposed110 that relaxing the charge-

conservation constraint of the core region allows core wavefunctions to indirectly

interact with the valence wave functions via an overlap matrix. This \softens" the

cut-o� between the core and valence region, lowering the wave function energy cut-

o� and reducing the number of needed plane waves. This allowscore functions

to be indirectly expanded in the plane-wave basis set, increasing accuracy and

reducing computational time.

3.4 The Projector Augmented Wave (PAW) Method

The projector augmented wave (PAW) method is a hybrid plane-wave and

atomic pseudopotential method. It is conceptually based onSlater's augmented

plane wave (APW) method111 where the total wave function within a crystal is

divided into two sections: an intra-atomic region and an inter-atomic continuum.
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The intra-atomic region is modeled as an atomistic radial function with a radius

R; outside the atomic regionR, the wave function is represented as a linear

combination of plane wavesei G �r . At the boundary of the atomic region, the plane

wave and atomic radial functions must equal each other. However, self-consistent

convergence of the APW equations is slow. These convergence problems were

�xed in the linear augmented plane wave (LAPW)112 method by including energy

derivatives at the edge of the atomic region. The orthogonalplane wave (OPW)

method113 divides the atomic region into core and valence regions. Core wave

functions are well localized about lattice sites, like in augmented wave methods,

while the valence region is described by plane waves. The total wave function is

then constrained to be orthogonal to the core wave function.

The PAW114 method combines pseudopotential methods with augmented plane

wave methods. LAPW and OPW schemes have rapid oscillations near the atom's

valence boundary that are computationally intensive to evaluate. The PAW

method transforms these oscillating functions into smoothfunctions that are eas-

ier to evaluate, reducing computational wall time. Using a linear transformation,

the all-electron wave-function can be reconstructed from asmooth pseudo wave

function  ps:

j real i = bT j psi , (3.4.1)

where the linear function bT is de�ned as

bT = 1 +
NX

i

(j� real;i i � j � ps;i i ) hpi j . (3.4.2)

The projection function hpi j projects the pseudo wave function on to the all-

electron wave function. There are several advantages to PAW.Foremost, it com-

bines the accuracy of augmented wave methods, but reduces the required number

of plane waves. Its formalism allows easy implementation ofpopular exchange-

correlation functionals in electronic structure programs. Because of its accuracy
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and e�cient computational performance, PAW is one of the most popular plane

wave methods and is the chosen DFT framework used in this work.All calculations

presented here use Kresse and Joubert's version of PAW potentials.115

3.5 Charge Transfer

Atomic charge is not a uniquely de�ned observable of a typical DFT calcula-

tion. Instead, it is determined via the converged electron density. Bader proposed

in his quantum theory of atoms in molecules (QTAIM)116 that the total electron

density can be partitioned into atomic basins. These atomicbasins are de�ned as

the region within a zero-
ux surface such thatr � (r ) � vr = 0, where vr is a unit

vector perpendicular to the surface atr .117 Atomic volumes and charges can then

be computed through numerical integration over each atomicbasin.

The numerical method used to calculate atomic charges in this paper is one

created by Yu and Trinkle.118 It uses a weighted grid approach to determine the

atomic volumes and charges from the density. In standard grid approaches, a

volume grid is overlaid onto the set of zero-
ux surfaces. The sum of grid volumes

associated with an atom yields an atomic Bader volume. A threshold is set, based

on the percentage of an atom's zero-
ux surface, to either add or neglect the

addition of the grid volume to the total atomic Bader volume. In contrast, a

weighted grid approach accounts for all grid volume contributions where a zero-


ux surface is present, but contributions are scaled based on the percentage of

zero-
ux surface in the grid volume.

Charge transfer is de�ned as the di�erence in atomic charge before and after

molecular surface adsorption. The magnitude of charge transfer provides insight

into the type of adsorption interactions occurring betweena molecule and surface.
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Chapter 4: Density-Functional Theory (DFT) and Dispersion

Corrections for Modeling Physisorption

Using local or semi-local density functionals alone is not suitable to model

2D materials on metal substrates as they neglect London dispersion interactions,

which contribute a signi�cant portion to the adsorption energy.56{61 This section

reviews four functional classes and four types of popular dispersion corrections. It

concludes with an overview of the exchange-hole dipole moment (XDM) model 60,61

of dispersion, which is the density-functional dispersion-correction method used

in this thesis.

4.1 The Local Density Approximation (LDA)

The local density approximation (LDA) is the earliest density functional.119 In

the LDA approximation, the exchange-correlation energy depends solely upon the

value of the electron density at each point in space. The LDA expression for the

exchange energy is:

E LDA
x [� ] = �

3
4

�
3
�

� (1=3) Z
� (r )4=3dr , (4.1.1)

where � (r ) is the electron density. There is no analytical expressionfor the LDA

correlation contribution. However, Ceperley and Alder computed a numerically

�tted function for LDA correlation that, due to the function 's nature, will not be

printed here.120

The LDA provides a reasonable description of bond lengths and adsorption

energies for many van der Waals layered systems, such as graphite. Although the
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LDA returns reasonable energies and geometries, the results arise from cancella-

tion of errors. Dispersion interactions modeled in LDA arise from the exchange

functional and not from a physically correct treatment of long-range correlation.

For chemisorbed molecules that have both covalent and dispersion energy contri-

butions, the LDA usually predicts relatively accurate adsorption energies because

covalent-binding contributions are over-stabilized.121,122 However, LDA typically

overestimates adsorption energies and underestimates bond lengths. For example,

Liu et al. used the LDA to investigate benzene on gold and platinum and found it

to overestimate the covalent binding of benzene on platinum(adsorption energy

2.30 eV predicted, 1.57 eV expt.123), while underestimating the physisorption en-

ergies of benzene on gold (0.49 eV predicted, 0.73 eV expt124).47

4.2 The Generalized Gradient Approximation (GGA)

The generalized gradient approximation (GGA) is an improvement over the

LDA for general thermochemistry because it includes contributions from the den-

sity gradient. A GGA functional has the general form of

E GGA
XC [� ] =

Z
dr f [�; r � ]. (4.2.1)

The exchange contribution is modeled as

E GGA
X =

Z
dr � unif

X [� (r )]FX (s), (4.2.2)

where � unif
X is the exchange contribution from a uniform electron gas.FX (s) is

the enhancement factor dependent on the reduced density gradient, s, de�ned as

jr � j=� 4=3. It has been shown that GGA ionization potentials, electrona�nities,

and optimized geometries are generally more accurate than with the LDA. 47,125
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The correlation contributions are

E GGA
C [� ] =

Z
dr � [� unif

C (�; � )] + H (�; �; r � )]. (4.2.3)

The correlation energy is split into two contributions, theenergetic contribution

from a uniform electron gas� unif
C , and the gradient contributionH , which is depen-

dent on the electron density, density gradient, and the relative spin polarization

� .126 Molecular adsorption energies are also more accurate than with the LDA

for strong covalent or ionic binding. However, GGAs lack a proper description

of the non-local correlation e�ects needed to describe dispersion interactions and

do not exhibit the same error cancelation as the LDA.60,61 Therefore, GGAs fail

to adequately predict adsorption energies for physisorbedmolecules. Calculated

adsorption energies of benzene on platinum and gold surfaces using the PBE func-

tional in a study by Liu et al. were signi�cantly less than experimental values:

0.81 eV for benzene/platinum (1.57 expt.123) and 0.15 eV for benzene/gold (0.73

eV expt124).47

4.3 The Random Phase Approximation (RPA)

The random phase approximation (RPA) is a framework to calculate electronic

correlation energies.127 Though it is considered to be a DFT method, the RPA cor-

relation energy is not calculated in the Kohn-Sham framework, as for the LDA or

GGA functionals.55 Instead, the method calculates the correlation energy through

the interactions of 
uctuating densities with di�erent fre quencies! , represented

by the density-density response function� (r ; r ; i! ).55,127{130 The RPA correlation

energy is calculated by evaluating

EC [� ] =
1

2�

Z 1

0
d�

Z 1

0
d!

Z
drdr 0� � (r ; r 0; i! ) � � 0(r ; r 0; i! )

jr � r 0j
, (4.3.1)
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where � is the interaction strength. The density 
uctuations are non-interacting

when � = 0 and fully interacting when � = 1.

The density-density response function can be formulated using a variety of

electronic structure methods. Approaches that have been used to calculate the

RPA correlation energy are many-body Green's functions, time-dependent density-

functional theory, and coupled-cluster theory.127,130 RPA has gained a resurgence

in the last two decades because it is a parameter-free methodand recovers the 1=R6

asymptote required to model van der Waals interactions.131 However, RPA-based

methods are computationally expensive compared to LDA and GGA functionals

because they require the inclusion of excited states. RPA calculations scale as

O(N 6),128 but recent implementations have reduced the cost toO(N 4).127,132 RPA

methods also require using Kohn-Sham orbitals generated with LDA or GGA

functionals and have not been implemented self-consistently.130

It has been shown that both the interactions between noble-gas atom pairs

and graphite exfoliation energies can be accurately calculated with respect to

experimental data.39 Because of its accuracy and parameter-free formalism, RPA

energies are used to benchmark DFT dispersion correction methods.131 Reported

RPA energies are used for comparison to those reported in this thesis.

4.4 The Non-Local van der Waals Density Functional (vdW-DF)

In order to properly describe dispersion interactions, functionals based on

GGAs have been developed with speci�c non-local energy contributions. These

functionals, classi�ed as vdW-DF functionals, split the correlation contribution

into local and non-local contributions:133

EXC [� ] = E GGA
X [� ] + E LDA

C [� ] + E nl
C [� ]. (4.4.1)
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The non-local contribution, E nl
C , is evaluated as

E nl
C =

1
2

Z
drdr' � (r )f (r ; r 0)� (r 0), (4.4.2)

where f (r ; r 0) is the vdW-DF kernel, an analytical function based on density-


uctuation theory. 122,134 E nl
C has been paired with several popular GGAs, such

as PBE.126 Carter and Rohl systematically investigated adsorption energies of

benzene on copper using several vdW-DF functionals.135 Their results show that

vdW-DF functionals recover much of the required non-local correlation contribu-

tions lost by their corresponding GGA functionals (e.g. -0.06 eV revPBE, 0.40 eV

for revPBE-DF and 0.59 eV expt.136)135 Toyoda et al. also had much success

investigating adsorption energies for pentacene on noble metals with vdW-DF,

predicting an adsorption energy of 1.47 eV for pentacene/copper compared to an

experimentally predicted value of 1.6 eV.137,138

4.5 The Grimme Density-Functional Dispersion Correction (DFT-D)

The simplest approach to account for dispersion interactions is to add an energy

correction to the converged DFT energy. The concept of a dispersion-energy cor-

rection was �rst proposed by Ahlrichs, Penco and Scoles, who used semi-empirical

dispersion coe�cients to correct Hartree-Fock energies.139 The magnitude of this

correction is determined via an analytical function. Grimme created a similarly-

framed dispersion correction for DFT where a set of empirically-�t homoatomic

dispersion coe�cients are employed to calculate averaged pairwise dispersion in-

teractions.140 The dispersion energy has the form:

Edisp = � sG

Nat � 1X

i =1

NatX

j = i +1

C ij
6

R6
ij

f damp (Rij ). (4.5.1)
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Molecular dispersion coe�cients C ij
6 are calculated as a simple average of ho-

moatomic dispersion coe�cients:

C ij
6 = 2

C ii
6 C jj

6

C ii
6 + C jj

6

. (4.5.2)

The weight of the dispersion contributionC ij
6 =R6

ij is determined by a global scal-

ing factor sG, as well as a damping functionf damp (Rij ), which ensures that the

dispersion correction is not unphysically applied at small internuclear separations:

f damp (Rij ) =
1

1 + e� sG (R ij =R0 � 1)
. (4.5.3)

R0 is the dispersion cut-o� radius. Grimme's DFT-D provided a large improve-

ment to standard GGA functionals, but due to its empiricism,lacks accuracy for

applications where molecules are dissimilar to those in the�t set. 56

Transferability of the dispersion correction method to encompass the entirety

of the periodic table was reached in the DFT-D2 model.57 Each homoatomic

dispersion coe�cient is determined empirically as

C ii
6 = 0:05CGI p� i (4.5.4)

and the two-body dispersion coe�cients are

C ij
6 =

q
C ii

6 C jj
6 . (4.5.5)

This model provided better values for small-large atom-pair dispersion coe�cients.

The homo atomic dispersion coe�cient is a function of the atomic ionization po-

tential I p and the static free atomic polarizability � . CG is a �tted constant

dependent on the row of the periodic table for an element. Despite success for

molecular dimers, the DFT-D2 method has been found to over-bind molecules to

metal surfaces.141

A third iteration of DFT-D (DFT-D3) 56 is a variable-C6 approach using com-
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puted atomic polarizabilities, allowing the dispersion correction to change depend-

ing on the chemical environment. The dispersion coe�cient between atomsi and

j is related to the polarizability of their analogous elemental hydrides, ImHn and

JkHl . The DFT-D3 dispersion energy is de�ned as:

C ij
6 =

3
�

Z 1

0
Imd!

1
m

�
� Im Hn (! ) �

n
2

� H2 (! )
�

�
1
k

�
� Jk H l (! ) �

l
2

� H2 (! )
�

,(4.5.6)

where� is the atomic polarizability and m; n; k; l are stoichiometric factors. The

constant � H2 is the polarizability of molecular hydrogen. The D3 correction also

includes a higher-order two-bodyC8 dispersion term:

C ij
8 = 3C ij

6

p
Qii Qjj (4.5.7)

whereQi is:

Qii =
p

Z i
hM 4i ii

hM 2i ii . (4.5.8)

The terms hM 4i and hM 2i are multipole expectation values andZ is the atomic

nuclear charge. Three-body corrections can be included in D3, if needed, and are

approximated to be:

E ijk =
C ijk

9 (3 cos(� i ) cos(� j ) cos(� k) + 1)
(Rij Rjk Rki )3

(4.5.9)

with the three-body dispersion coe�cients represented as:

C ijk
9 = �

q
C ij

6 Cki
6 C jk

6 . (4.5.10)

Both two and three-body energy corrections are damped with afunction that

depends on the �tted constants,s1 ands2, and the order of the dispersion constant,
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n:

f damp;n (Rij ) =
1

1 + 6(Rij =(s1;nR0)) � s2;n
. (4.5.11)

The cut-o� radii, R0, and the inter-atomic distances,Rij , are either the two-body

distances or averaged three-body distances. The constants, s1 or s2, scale the

dispersion coe�cient depending on the order,n, of the dispersion term.

DFT-D3 adsorption energies are more accurate than DFT-D and DFT-D2

energies. For thiophene adsorption on copper, Callsen and co-workers compared

DFT-D2 and DFT-D3 thiophene/copper adsorption energies and demonstrated

that the D2 correction overestimates the molecular adsorption energy (1.02 eV),

while the D3 adsorption energy (0.61 eV) was in good agreementwith experiment

(0.59 eV142).141

4.6 The Tkatchenko-Sche�er van der Waals

Correction (vdW-TS)

Another variable-C6 DFT dispersion-correction is the vdW-TS method pro-

posed by Tkatchenko and Sche�er.58 In this method, the heteroatomic dispersion

coe�cients are approximated as follows:

C ij
6 =

2C ii
6 C jj

6�
� j

� i C ii
6 + � i

� j C jj
6

� , (4.6.1)

where C ii
6 is the homoatomic dispersion constant and� is the atom-in-molecule

polarizability. Atom-in-molecule dispersion coe�cientsare obtained by scaling the

free-atomic dispersion coe�cients, using a relation between atomic polarizability

and volume:

C ii
e� ;6 =

�
V i

e�

V i
free

� 2

C ii
6;free. (4.6.2)
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Vfree is the volume of the free atom. The e�ective atomic volumes,Ve� , are com-

puted via Hirshfeld partitioning of the electron density. Within the vdW-TS

framework, three-body terms are essential to properly describe dispersion interac-

tions.143 The three-body dispersion coe�cient is de�ned as:

C ijk
9 =

8
3

Pi Pj Pk(Pi + Pj + Pk)
(Pi + Pj )(Pj + Pk)(Pk + Pi )

(4.6.3)

where

Pi = C iii
9;free

�
V i

e� [� e� (r )]
V i

free[� free(r )]

� 3 � j � k

� 2
j

. (4.6.4)

The three-body energy equation is the same as in Grimme's DFT-D3.57 However,

the damping functions are quite di�erent from DFT-D3. The two-body damping

function f damp (Rij ) is de�ned as

f damp (Rij ) = 1 � e� bij
TS R ij

n=6X

k=0

(bij
TSRij )k

k!
; (4.6.5)

where bTS is a range parameter that re
ects the atom-pair size. The three-body

damping function is simply the product of the three combinations of the two-body

damping functions:

f damp (Rijk ) = f damp (Rij ) � f damp (Rik ) � f damp (Rjk ). (4.6.6)

It has been shown that vdW-TS overestimates molecular-surface adsorption ener-

gies because it does not adequately compute dispersion coe�cients between surface

atoms and molecules.124

A more accurateC6
ij coe�cient for surface atoms is created by scaling it using

the Lifshitz-Zaremba-Kohn (LZK) theory for van der Waals interactions between

an atom and a solid surface.144,145 LZK theory states that the dispersion coe�cient
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between a solid's surface and a molecule is

C ij
3 =

�h
4�

Z 1

0
d!� i �

j
B (i! ) � 1

� j
B (i! ) + 1

, (4.6.7)

where� j
B (i! ) is the solid's dielectric function and is taken from experiment. From

this, the two-body dispersion coe�cient between a moleculeand a surface atom,

C ij
6;LZK , can be determined as

C ij
3 = ns

� �
6

�
C ij

6;LZK , (4.6.8)

wherens is the number of atoms per unit volume in the bulk. The heteronuclear

interaction is decomposed into homonuclear terms as

C ij
6;LZK =

2C ii
6 C jj

6;LZK

� j
LZK
� i C ii

6 + � i

� j
LZK

C jj
6;LZK

. (4.6.9)

Both � j
LZK and C jj

6;LZK are constant for a solid. These constants are determined

through a system of equations using vdW-TS gas-phase molecular dispersion coef-

�cients and polarizabilities (C ii
6 and � i ) and from C ij

6;LZK , which is calculated from

Equation 4.6.8. Once� j
LZK and C jj

6;LZK are determined,C ij
6;LZK for any molecule

will vary by way of a molecule's environment dependentC ii
6 and � i

0. Surface ad-

sorption energies from LZK-corrected dispersion coe�cients are more accurate.

For benzene on gold, vdW-TSsurf predicts an adsorption energy of 0.74 eV, close

to the experimental value of 0.73 eV.47

4.7 The Many-Body Dispersion (MBD)

Correction

The many-body dispersion (MBD) correction62,63,146 of Tkatchenko and co-

workers is a DFT dispersion correction based on the RPA.62 It models an atom

as a quantum harmonic oscillator with a frequency! MBD . The polarizability of
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atom i is equal to the vdW-TS polarizability, � TS
i . The polarizability of atom i in

the presence of atomj is calculated using the self-consistent screening equation:63

� SCS
i = � TS

i + � TS
i

NX

i 6= j

� ij � SCS
j , (4.7.1)

where � ij is the dipole interaction tensor. The long-range correlation energy is

calculated by evaluating the MBD Hamiltonian:

HMBD = �
1
2

NX

i =1

r 2
� i

+
1
2

NX

i =1

! 2
i; MBD � 2

i (4.7.2)

+
NX

i>j

! i; MBD ! j; MBD

q
� SCS

i � SCS
j � i � ij � j ;

where� i is related to the mass and displacement of the quantum harmonic oscilla-

tor. Diagonalization of the interaction matrix yields a numerically exact solution

to the Schr•odinger equation. The dispersion interaction is then equal to the energy

di�erence between the coupled and uncoupled quantum harmonic oscillators:

EMBD =
1
2

3NX

i =1

p
� i �

3
2

NX

i =1

! i; MBD ; (4.7.3)

where� i is the eigenvalue to the solution of the MBD Hamiltonian. Papers147,148

have shown that MBD gives accurate energies for benzene on noble metals, yielding

an adsorption energy of benzene on Au (111) to be 0.67 eV (0.65 eV expt.)148

Though MBD is an accurate method, it is more expensive than comparable DFT-

D3 and XDM dispersion corrections, scaling asN 3 due to the required interaction

matrix diagonalization.63,146 Furthermore, accurate MBD results require the use

of a hybrid-GGA functional, which is quite expensive to employ for solid-state

calculations.147,148
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4.8 The Exchange-Hole Dipole Moment (XDM) Model

The exchange-hole dipole moment (XDM) model is another post-SCF disper-

sion energy correction.60,61 In XDM, dispersion interactions are modeled using

the dipole moment between an electron and its correspondingexchange-hole as

the source of the instantaneous dipole moments responsiblefor dispersion. Using

second-order perturbation theory, the dispersion energy is de�ned as

Edisp = �
1
2

X

n=6 ;8;10

X

i<j

Cn;ij

Rn
ij

f damp (Rij ). (4.8.1)

The dispersion coe�cients,Cn;ij , are derived from atomic polarizabilities� i , and

the electron/exchange-hole multipole momentshM 2
l i i :

C6;ij =
� i � j hM 2

1 i i hM 2
1 i j

hM 2
1 i i � j + hM 2

1 i j � i
; (4.8.2)

C8;ij =
3
2

� i � j (hM 2
1 i i hM 2

2 i j + hM 2
2 i i hM 2

1 i j )
hM 2

1 i i � j + hM 2
1 i j � i

; (4.8.3)

C10;ij = 2
� i � j (hM 2

1 i hM
2
3 i j + hM 2

3 i i hM 2
1 i j )

hM 2
1 i i � j + hM 2

1 i j � i
+

21
5

� i � j hM 2
2 i i hM 2

2 i j

hM 2
1 i i � j + hM 2

1 i j � i
. (4.8.4)

All dispersion coe�cients are computed from the electron density and are non-

empirical. The series expansion for the dispersion-energycan be extended to in-

clude higher-order atomic coe�cients, but is truncated because it has been shown

that contributions beyond C10
ij contribute little to the dispersion energy. The cor-

rection is damped using the interatomic van der Waals radii,RvdW
ij , to prevent the

dispersion energy from being unphysically large at short interatomic separations

Rij :

f damp (Rij ) =
Rij

Rij + RvdW
ij

, (4.8.5)
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whereRvdW
ij is de�ned as

RvdW
ij = a1Rc

ij + a2. (4.8.6)

Rc
ij is the critical radius for atomic dispersion interactions obtained using a ra-

tio of the dispersion coe�cients. The constantsa1 and a2 are the only empirical

parameters used in XDM. These parameters are �tted to minimize the mean ab-

solute percent error for a set of 49 gas-phase dimers. Each density functional has

a unique set of corresponding XDM damping parameters.

XDM has successfully been used to investigate metallophillic149 interactions

as well as molecular dimers150 and crystals.151 The purpose of this thesis is to

demonstrate that the XDM dispersion correction accurately models surface dis-

persion interactions as demonstrated through modeling adsorption of molecules

and graphene on metal surfaces.
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Chapter 5: Surface Adsorption from the Exchange-Hole Dipole

Moment Dispersion Model

Original reference: M. S. Christian, A. Otero-de-la-Roza,and E. R. Johnson, J.

Chem. Theory Comput. 12, 1049 (2016).

5.1 Abstract

The accurate calculation of intermolecular interaction energies with density-

functional theory (DFT) requires methods that include a treatment of long-range,

non-local dispersion correlation. In this work, we explorethe ability of the exchange-

hole dipole moment (XDM) dispersion correction to model molecular surface ad-

sorption. Adsorption energies are calculated for six small aromatic molecules

(benzene, furan, pyridine, thiophene, thiophenol, and benzenediamine) and the

four DNA nucleobases (adenine, thymine, guanine, and cytosine) on the (111)

surfaces of the three coinage metals (copper, silver, and gold). For benzene, where

the experimental reference data is most precise, the mean absolute error in the

computed absorption energies is 0:04 eV. For the other aromatic molecules, the

computed adsorption energies are found to be within 0:09 eV of the available

reference data, on average, which is well below the expectedexperimental un-

certainties for temperature-programmed desorption measurements. Unlike other

dispersion-corrected functionals, adequate performancedoes not require changes

to the canonical XDM implementation, and the good performance of XDM is

explained in terms of the behavior of the exchange hole. Additionally, the base

functional employed (B86bPBE) is also optimal for molecular studies, making

B86bPBE-XDM an excellent candidate for studying chemistry on material sur-
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faces. Finally, the non-covalent interaction (NCI) plot technique is shown to detect

adsorption e�ects in real space on the order of tenths of an eV.

5.2 Introduction

Molecule-surface interactions in
uence all processes that occur on the surface

of a material. Modeling these interactions accurately is important in the study

of topics as diverse as monolayer formation on metal surfaces,152 construction

of DNA microarrays,153 molecular electronics,154 and heterogeneous catalysis.155

Molecular adsorption has been traditionally classi�ed as a) chemisorption, which is

relatively strong and where covalent interactions betweenmolecule and substrate

are predominant, and b) physisorption, which is dominated by weak non-covalent

interactions. Chemisorption and physisorption also di�erin the extent to which

the electronic structure of the molecule and surface are disrupted at the adsorbed

geometry. Chemisorption perturbs the surface band structure as well as the elec-

tronic energy levels of the adsorbate, whereas physisorption occurs through long-

range e�ects that have little impact on the electronic levels. The nature of an

adsorption event (chemisorption or physisorption) depends on the properties of

both the molecule and surface. Simple aromatic molecules, such as benzene, thio-

phene, and pyridine are known to physisorb on noble-metal surfaces.73,142,156{160

Since long-range e�ects are essential to describe molecule-surface interactions,

it is critical to have an accurate representation of dispersion forces when modeling

physisorption and, to a lesser extent, chemisorption phenomena.59,161 If disper-

sion models are included, quantum-chemical methods can be applied to complex

systems, such as predicting polymorphic self-assembled monolayer structures in

good agreement with experimental results.162,163

Accurately predicting physisorption geometries and energies with density-func-

tional theory (DFT) is challenging because conventional functionals do not account

for London dispersion interactions.164,165 Indeed, previous physisorption studies

using non-dispersion-corrected functionals yielded drastically underestimated ad-
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sorption energies, relative to experiment.141,166,167 The addition of a dispersion

correction greatly increases the accuracy. Several recentstudies have modeled

physisorption with an assortment of dispersion-correctedfunctionals, including

pairwise,47,56,124,141,168{172 many-body,148 and non-local47,135,172{175 dispersion cor-

rections. The majority of these studies focused on the adsorption of benzene on

noble metals { copper, silver, and gold.47,56,124,135,168{173,175

Computational methods provide more detailed information regarding the na-

ture of individual molecular-surface interactions than can be determined from

experiments, which are complicated by di�ering molecule-surface interaction ori-

entations, monolayer formation, and surface defects. Experimentally, molecular

adsorption energies are generally measured via temperature-programmed desorp-

tion (TPD) analysis. The desorption energy is determined from the temperature

of maximum desorption via Redhead's analysis.66,72 This procedure is appropriate

in the zero-coverage limit and where monolayers involve only weak intermolecular

interactions. Since Redhead's analysis only accounts for intermolecular interac-

tions through the pre-exponential factor, results can di�er from actual adsorption

energies.68 In the particular case of benzene on coinage metals, Liuet. al148 re-

cently determined the adsorption energy of benzene using the complete analysis

method, which is expected to be more accurate than the Redhead model. Ben-

zene also does not have a coverage-dependent molecule-surface orientation below

monolayer coverage. Hence, benzene on coinage metals is an excellent system to

conduct benchmarking calculations of dispersion-corrected density functionals.

In this work, we present the �rst comprehensive performancestudy of the

exchange-hole dipole moment (XDM) dispersion model60 applied to molecular

surface adsorption. XDM models the dispersion energy as a sumover all pairwise

atomic interactions, with non-empirical, density-dependent dispersion coe�cients,

involving C6, C8, and C10 terms. When paired with suitable base density function-

als, XDM has been demonstrated to be highly accurate for molecular dimers,150

molecular crystals,151 and graphene,61 as well as for metallophilic interactions,149
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without any system-speci�c re-parameterization. A study similar to this work

was conducted by Chwee and Sullivan170 for benzene on noble-metal surfaces,170

where the authors successfully used a modi�cation of XDM involving only the C6

and C8 terms, to calculate adsorption energies for benzene on noble metals. While

their results show that XDM predicts suitable physisorptionenergies, the damping

parameters used were taken from earlier work involving post-Hartree-Fock calcu-

lations176 and are not expected to be generally applicable. In addition, severalad

hoc modi�cations to the XDM method were used.

Previous works have suggested that simple pairwise methods56,168 are not suit-

able for accurate calculation of physisorbed energies.47,124,148,171,172 In this chap-

ter, the canonical XDM implementation with the usual dampingfunction parame-

ters (determined for gas-phase dimers61,150) is used to demonstrate that a pairwise

dispersion correction does not only represent molecule-surface interactions accu-

rately, but it does so to an accuracy on par with previous estimates using either

more complex dispersion corrections (including many-bodye�ects) or purposely-

built methods for molecule-surface interactions, such as vdW-TSsurf ,171,172 and at

a computational cost that is comparable to a semi-local DFT calculation. The

nature of the molecule-surface interactions is further analyzed using non-covalent

interaction (NCI) plots, 177,178 where we demonstrate that NCI detects the minute

energetic adsorption e�ects between molecule and substrate in real space. This

chapter con�rms that physisorption energies can be accurately calculated using

the XDM dispersion model for single-molecule adsorption andthat XDM is an

excellent method for modeling chemical processes on material surfaces.

5.3 Computational Methods

Copper, silver, and gold (111) surfaces were modeled using (4� 4) super-cells.

The model surfaces were four atomic layers thick and a vacuumof 25 �A was in-

serted between each slab. The atomic positions of the two bottom layers were

held �xed while the top two layers were allowed to relax. Our molecular test set
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consisted of ten small aromatic molecules, including the four DNA nucleobases:

benzene, furan, pyridine, thiophene, thiophenol, 1,4-benzenediamine (BDA), ade-

nine, cytosine, guanine, and thymine. Each molecule was initially placed roughly

3 �A above the surface in a parallel position such that the aromatic region was

centered over a surface atom and the geometry optimized. Additional calculations

were performed for furan, pyridine, thiophene, and thiophenol, with the molecule

initially placed perpendicular to the surface, such that the heteroatom was directly

above a surface atom.

Periodic-boundary DFT calculations were performed using the pseudopotential

plane-wave approach and the Projector Augmented Wave formalism.114 Calcula-

tions were carried out using Quantum ESPRESSO61,179 version 5.3.0 with the

B86b180 exchange functional and PBE126 correlation, known to perform well in

conjunction with XDM. 151 Additional XDM calculations with the PBE exchange-

correlation functional126 were performed for benzene adsorbed on the three metal

surfaces for comparison with other literature results. PAWdatasets were gen-

erated using LD1 version 4.3.2 using pslibrary 0.2.5 inputs. The datasets also

included scalar relativistic e�ects and non-linear core corrections.181 All datasets

were checked to ensure that there was no PAW sphere overlap for each optimized

geometry. The calculations used a 2� 2� 1 �-centered k-point grid, a plane-wave

cuto� of 50 Ry and a density-expansion cuto� of 400 Ry, and cold smearing,108

with a smearing parameter of 0.01 Ry. Subsequent single-point energy calculations

with 4� 4� 1 k-points, as well as higher plane-wave and density-expansion cut-o�s

of 60 and 800 Ry respectively, were performed at the relaxed geometries. Results

of convergence tests, with respect to the number of metal layers,k-point grid, and

plane-wave cut-o� are reported in Appendix A.

The XDM dispersion functional is a post-SCF correction to thebase DFT

energy, calculated using one of the usual semi-local functionals:

E = Ebase + EXDM ; (5.3.1)
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EXDM = �
X

n=6 ;8;10

X

i<j

Cn;ij f n (Rij )
Rn

ij
: (5.3.2)

In this equation, the sum runs over all pairs of atomsi and j in the system.

Rij is the interatomic distance,f n is a damping function that reduces the disper-

sion correction at short range, and theCn;ij are pairwise dispersion coe�cients.

In the XDM model, eachCn;ij is approximated non-empirically via second-order

perturbation theory using the multipole moments of a reference electron and its

exchange hole and atom-in-molecule polarizabilities for the interacting atoms.60

The XDM dispersion model o�ers excellent accuracy for both gas-phase150 and

condensed-matter61,151 systems, notably including the interactions between noble-

metal complexes.149

The adsorption energy is de�ned as the di�erence between thecalculated en-

ergy of the adsorbed molecule and the energies of the bare surface and isolated

molecule:

Eadsorption = Esurf + Emolec � Ecomplex : (5.3.3)

The contributions of image interactions135 on Emolec, arising from the use of pe-

riodic boundary conditions, were evaluated by calculatingthe molecular energy

in two con�gurations. First, energies were calculated for each molecule in a large

vacuum to nullify any self-interactions. Second,Emolec was calculated for an iso-

lated molecule in a cell with the same dimensions as the surface unit cell. The

results are compared in Appendix A. For the six small aromatic molecules, the

energy di�erences between these two de�nitions were negligible, with the largest

variations of 0.03 eV occurring for thiophene and 1,4-benzenediamine (cis). How-

ever, image interactions for the nucleobases were found to be as large as 0.10 eV,

due to their greater molecular sizes and polarities. In order to eliminate the e�ect

of these image interactions, all adsorption energy resultsare reported relative to

a periodic array of molecules with the same cell dimensions as for the physisorbed

complex.

Non-covalent interaction (NCI)177,178 plots at the optimized adsorption geom-
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etry were generated using the Critic2 program182 to investigate the nature of the

interactions between the physisorbed molecules and the metal surfaces. The NCI

index reveals non-covalent contacts based on the electron density and the reduced

density gradient (RDG) de�ned as

s =
1

2(3� 2)1=3

jr � j
� 4=3

. (5.3.4)

This approach provides qualitative information about the presence and extent of

non-bonded atomic contacts using isosurfaces of the RDG. These isosurfaces are

de�ned to enclose regions with low density and low RDG that are a signature

of non-covalent interactions.177 Weak dispersion interactions typically appear as

broad, green isosurfaces, while stronger directional non-covalent interactions (such

as hydrogen bonds) appear as localized blue domains.

5.4 Results and Discussion

5.4.1 Benzene

Because abundant theoretical predictions and highly-precise experimental ad-

sorption-energy results148 are available, we focus �rst on the adsorption of benzene

on the three metal surfaces. From the B86bPBE-XDM calculations, the benzene

molecule adsorbs roughly parallel to the surface and the equilibrium distances

between the nearest atoms in the benzene molecule and the metal surface are

2.71, 3.03, and 3.15�A for copper, silver, and gold, respectively. The benzene-silver

distance is in good agreement with the only available experimental measurement

of 3.04� 0.02 �A.148 Table 5.4.1 compares our calculated adsorption energies with

results from other dispersion methods in the literature, and with experimental

results using complete analysis.148

In agreement with previous studies,141,166,167 the PBE functional without any

dispersion correction, predicts only extremely weak physisorption, with adsorp-

tion energies around 0:1 eV, compared to the experimental values of 0.65{0.69 eV.
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Table 5.4.1: Comparison of reported adsorption energies for benzene on noble-
metal surfaces in eV. The combination of base density functional and dispersion
correction are noted in each case. The mean absolute error (MAE) is computed
for the functionals for which the three adsorption energieshave been reported.

Base Disp.
Cu Ag Au MAE Ref.

Functional Method
PBE none 0.08 0.08, 0.09 0.08, 0.150.57{0.59 171,172
PBE D2 0.86 | 1.35 | 168
PBE D3 0.99 0.74 0.86 0.19 169
PBE D3(ABC) 0.79 0.61 0.73 0.08 169
PBE vdW-TS 1.02, 1.07 0.82, 0.87 0.80, 0.840.20{0.25 171,172
PBE vdW-TSsurf 0.79, 0.86 0.73, 0.75 0.73, 0.740.08{0.11 171,172
PBE MBD 0.63 0.57 0.56 0.09 148
HSE MBD 0.78 0.68 0.67 0.04 148

opt-B86b vdW-DF 0.82 0.76 0.86 0.14 173
opt-B88 vdW-DF 0.74 0.72 0.82 0.09 173
opt-PBE vdW-DF 0.68 0.71 0.71 0.03 173
revPBE vdW-DF 0.53 0.55 0.56 0.13 173
rPW86 vdW-DF 0.49 0.52 0.55 0.15 173
SCAN rVV10 0.74 0.68 0.73 0.04 175
PBE XDM 0.54 0.58 0.61 0.10 This work

B86bPBE XDM 0.59 0.68 0.64 0.04 This work
Expt. 0.69� 0.04 0.68� 0.05 0.65� 0.03 148

Among the dispersion corrected functionals, the DFT-D2 dispersion correction to

PBE causes an overestimation of the adsorption energies, particularly for ben-

zene on gold.168 This overestimation is likely due to a combination of the useof

empirically-derivedC6 dispersion coe�cients for the metal atoms (which in PBE-

D2 are independent of the chemical environment) and, perhaps, to the omission

of higher-orderC8 and C10 terms.

The more sophisticated DFT-D3 dispersion correction, in which the dispersion

coe�cients do depend on the adsorption geometry, shows improvement over D2,

with a mean absolute error (MAE) of 0:19 eV. PBE-D3 improves upon PBE-

D2 for silver56 and gold,169 but severely overestimates the adsorption energy for

benzene on copper.169 It has been argued that the overestimation of dispersion

coe�cients for metals with D3 may be due to the use of neutral hydrides with

various coordination numbers as model systems and that improved coe�cients
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for metals could be obtained by changing the choice of reference.183 The PBE-D3

result is further improved if a 3-body dispersion term is included, since the 3-body

term is repulsive and serves to o�-set the over-binding.169

The Tkatchenko-Sche�er (TS) dispersion method58 also strongly overestimates

adsorption of benzene to metals,171,172 likely due to the free-metal-atom reference

for the dispersion coe�cients. A version of the TS method speci�cally designed

for surfaces has been proposed124 that recovers theC3 dispersion coe�cient for the

metal surface.145 In practice, this is achieved by scaling the dispersion coe�cients,

resulting in lower adsorption energies with a MAE of around 0.1 eV compared to

the experimental values. The newer many-body dispersion (MBD) modi�cation

to the original TS method62,63 accurately predicts the adsorption energies for

benzene on the noble metals,148 giving a mean absolute error of only 0:04 eV when

combined with the range-separated hybrid functional HSE (which is considerably

more computationally expensive than PBE).

Non-local van der Waals functionals133,184 provide an alternative, non-empirical

approach to model dispersion. Non-local functionals of the vdW-DF type display

good performance for determining adsorption energies of benzene on noble met-

als.135,172,173 While there is signi�cant spread of the vdW-DF results depending

on the choice of base functional, opt-B88, opt-PBE, and revPBE o�er good agree-

ment with experiment and all predict e�ectively degenerateadsorption energies

for the three surfaces, in agreement with experimental observations. The perfor-

mance of opt-PBE is particularly good with a mean absolute error of only 0:03 eV,

within the precision of the experimental data. The SCAN meta-GGA combined

with the non-local rVV10 dispersion correction175 also performs quite well, with a

MAE of 0:04 eV, again comparable to the experimental precision.

The adsorption energies calculated with XDM are generally lower than the

other pairwise dispersion corrections. The adsorption energies are found to be

nearly degenerate down the group, in agreement with the vdW-TSsurf and MBD

results. The B86bPBE functional provides better performance when paired with
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XDM than does the PBE functional, in agreement with previous work.151 This is

to be expected given the improved behavior of the B86b exchange enhancement

factor in the large reduced-gradient limit.61,180,185 With a MAE of 0.04 eV, the

B86bPBE-XDM adsorption energies are in comparable agreement with experiment

as those obtained with the more computationally expensive HSE-MBD. B86bPBE-

XDM also yields lower errors relative to vdW-TSsurf and the vdW-DF functionals,

except for opt-PBE, which shows superior performance.

It should be noted that the combination of B86bPBE and XDM performs well

for physisorption without any modi�cation or re-parameterization of the dispersion

model and that the same functional has been shown to give accurate results for

lattice energies of molecular crystals61 and other non-covalently bound materials.60

Hence, B86bPBE is a good candidate functional when adsorption on material

surfaces is only one aspect of the system under study and a good representation of

interactions between molecules on the surface is also necessary (e.g. heterogeneous

catalysis, self-assembled monolayers, etc.).

5.4.2 Dispersion Coe�cients: The Role of the Exchange-Hole Dipole

Moment

In this section, we consider why the XDM model is capable of providing an

improved treatment of surface adsorption relative to otherpairwise dispersion

corrections. In XDM, the C6 (and higher-order) dispersion coe�cients are deter-

mined from the atomic polarizabilities and integrals involving the exchange-hole

dipole moment. Speci�cally, for a homonuclear pair of atoms, the C6 dispersion

coe�cient is

C6;ii =
1
2

� i hM 2
1 i i ; (5.4.1)

where

hM 2
1 i i =

X

�

Z
wi (r )� � (r ) [r � (r � dX� )]2 : (5.4.2)
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Table 5.4.2: Free-atomic polarizabilities (� , in �A3) for copper, silver, and gold.
Also shown are thehM 2

1 i moments and the homoatomicC6 dispersion coe�cients
(in atomic units) obtained for the bulk metal, the bulk metal chloride (MCl, in its
fcc structure), the top layer of the metal surface, and the free atoms with XDM.
The dispersion coe�cients are compared with literature values for the bulk metal
and free atoms from the vdW-TSsurf model.124

Metal � hM 2
1 i XDM C6 XDM C6 vdW-TSsurf

free
bulk bulk

surf free
bulk bulk

surf free
bulk

free
metal MCl metal MCl metal

Cu 6.2 5.27 6.82 6.19 9.71 103 130 120 180 59 253
Ag 7.2 7.30 9.79 9.19 15.64 179 226 221 351 122 339
Au 5.8 6.43 9.28 8.70 13.86 137 182 170 271 134 298

In these equations,wi (r ) are the Hirshfeld partitioning weights;186 dX� is the

dipole moment between the reference electron and its corresponding exchange hole,

evaluated using the Becke-Roussel model;187 and � i is the atomic polarizability,

evaluated by a volume scaling of the reference free-atomic polarizabilities.188 Both

the atomic polarizabilities and moment integrals show considerable dependence

on the atomic environment, resulting in highly variable values for the dispersion

coe�cients. 189

Table 5.4.2 shows the free-atom polarizibilities, as well as the dipole moment

integrals and homonuclear dispersion coe�cients for copper, silver, and gold. Val-

ues are reported for the free atoms, bulk metal, and surface,taken as the atoms

in the top layer in the bare slab model used in the adsorption calculations. Liter-

ature C6 values from the vdW-TSsurf model124 are also given for comparison. The

computed XDM dispersion coe�cients are larger than the analogous vdW-TSsurf

values for the bulk metals for copper and silver, although these values match XDM

for gold.

The tabulated data shows that silver is more polarizable than copper and

gold and therefore has larger dispersion coe�cients. Relativistic e�ects increase

the electronegativity of gold,149 decreasing its polarizbiliy, and causing it to have

dispersion coe�cients closer to those of copper than silver.

The dispersion coe�cients decrease considerably (by nearly a factor of one
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half) going from the free atoms to the surface and bulk metal.This explains

the over-binding tendency of other pairwise dispersion corrections (Table 5.4.1),

which do not capture this large decrease inC6 for the bulk metals. The decrease is

not due to changes in the atomic volumes, which vary by less than 10%. Rather,

Table 5.4.2 reveals that the di�erence in the dispersion coe�cients originates from

the exchange-hole dipole moment integrals.

The variation in the moment integrals can easily be understood by considering

the nature of the exchange-hole in the valence region of a free atom compared to

a bulk metal. In the free atom, the electron density decays exponentially and the

exchange hole will remain centered on the atom, even when thereference electron

is relatively far from the nucleus.187 This results in large values of the exchange-

hole dipole moment. Conversely, the electron density between two atoms in a

metal remains quite 
at,190 causing the exchange hole to be centered very near

the position of the reference electron.187 Indeed, for a uniform electron gas, the

exchange hole is centered exactly at the reference point. This results in small

values of the exchange-hole dipole moment.

Table 5.4.2 also shows the calculated moments and coe�cients for the metal

in the rock-salt-type phase of the bulk metal chloride MCl (M= Cu, Ag, Au).

This phase is the experimentally-observed structure of AgCl, and a metastable

phase in AuCl and CuCl, and has been used in the past to explore the importance

of metallophilic interactions in simple solids.149 It is interesting to note that the

crystallographic positions of the metal atoms are the same in the chloride as in the

elemental metal. The critical in
uence of the atomic environment on the XDM

moments, and hence on the dispersion coe�cients, is clearlyexempli�ed by com-

paring the elemental metals with the corresponding chlorides. The atomic volumes

in the metal are larger than in the chloride (e.g. 128.5 bohr3 in AuCl compared

to 136.3 in Au metal). However, the XDM moments are smaller in themetal,

because the exchange-hole dipole is signi�cantly smaller and, in consequence, the

metallic dispersion coe�cients are lower.
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We note that pairwise dispersion-correction methods such as DFT-D2 and the

original Tkatchenko-Sche�er model, which depend on reference free-atom disper-

sion coe�cients, will be unable to predict a greatly reducedC6 for the bulk metal.

The necessary physics to describe this variation in the dispersion coe�cients is

captured by the behavior of the exchange hole, but not by a simple volume scal-

ing.

5.4.3 Comparison to Other Experimental and Theoretical Adsorption

Energies

Table 5.4.3: Comparison of calculated adsorption energies(in eV) with available
experimental data for selected molecules on copper, silver, and gold surfaces.

Molecule Metal Calc. Expt.
Thiophene Cu 0.66 0.66142

Thiophene Ag 0.67 0.52156

Thiophene Au 0.62 0.68157

Furan Cu 0.53 0.43158

Pyridine Cu 0.69, 0.86 0.53, 0.84159

1,4-BDA Au 1.12 1.0160

MAE 0.09

Table 5.4.3 shows a comparison of B86bPBE-XDM results with experimental

TPD adsorption energies, where available. With the exception of the complete

analysis results for benzene,148 discussed previously, all of the TPD reference data

will have fairly low precision. This occurs because the conversion of the temper-

ature of maximum desorption to a desorption energy uses an empirically-chosen

pre-exponential factor, typically taken to be 1013/s.72 Coverage-dependence of

the pre-exponential factor68 can introduce uncertainties of up to 0:2 eV for the

molecules considered here. Additionally, some heteroaromatic molecules can ad-

sorb in multiple stable con�gurations, resulting in a rangeof measured physisorp-

tion energies from TPD. For pyridine, the two reported experimental values159

were compared with the computational results for the parallel and perpendicu-

lar orientations. The mean absolute error (MAE) is 0.09 eV, showing that the
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XDM results agree with the reference values to within the expected experimental

precision.

The case of 1,4-benzenediamine (BDA) on gold has also been studied us-

ing a vdW-DF functional by Li et al.191 and will be discussed in more detail.

For this system, an experimental adsorption energy of 1 eV wasmeasured using

temperature-dependent helium atom scattering.160 BDA can adsorb to coinage

metals in two geometries, where the amine groups on both sides of the phenyl

ring are in relative cis and trans positions. Our calculated adsorption energies

are 1.10 eV forcis and 1.12 eV fortrans and both values are in good agreement

with the experimental result. For comparison, PBE-vdW-DF gives 0.94 eV for

the trans and 0.98 eV for thecis orientations,191 closely matching our results

and experiment. For thetrans orientation, the tilt angle is predicted to be 8.4�

with B86bPBE-XDM, in agreement with the optimal tilt angle of 8� found with

PBE-vdW-DF. 191 This is signi�cantly smaller than the angle of ca. 35� obtained

with PBE in the absence of a dispersion correction.191 Thus, dispersion causes

the trans form of BDA to lie 
atter on the surface. Interestingly, the \ weak but

non-negligible amine-Au bond" observed in previous studies160,191 is revealed by

an increased energetic contribution from the base functional in the trans con�g-

uration (Table 5.4.4) and also by the blue domains shown by the NCI plots in

Figure 5.4.1. This same chemisorption e�ect is detected in the NCI plots for some

of the other systems studied.

5.4.4 Molecular Trends: Dispersion Contributions and Non-Covalent

Interaction Plots

The complete set of adsorption energies for the six small aromatic molecules

with the three noble-metal surfaces is collected in Table 5.4.4, together with the

XDM-dispersion and base-functional contributions. The dispersion contribution

to the adsorption energies generally decreases down the group of coinage metals.

Also, this energy decomposition shows that adsorption is entirely due to dispersion
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Table 5.4.4: Calculated adsorption energies of selected molecules on the copper,
silver, and gold surfaces, in eV. The contributions to the adsorption energies from
the XDM dispersion correction and the base functional are also reported.

Molecule
Total XDM Base functional

Cu Ag Au Cu Ag Au Cu Ag Au
Benzene 0.59 0.68 0.64 1.01 0.85 0.75 -0.42 -0.17 -0.11
Furan 0.53 0.52 0.51 0.72 0.63 0.56 -0.19 -0.12 -0.05
Furan perp. 0.24 0.25 0.22 0.31 0.33 0.29 -0.08 -0.08 -0.07
Thiophene 0.66 0.67 0.62 0.90 0.77 0.69 -0.24 -0.11 -0.07
Thiophene perp. 0.40 0.40 0.25 0.49 0.47 0.32 -0.08 -0.07 -0.07
Thiophenol 1.00 0.90 0.91 1.15 1.05 0.90 -0.16 -0.15 0.01
Thiophenol perp. 0.35 0.36 0.33 0.44 0.39 0.34 -0.09 -0.03 -0.01
Pyridine 0.69 0.58 0.60 0.83 0.81 0.70 -0.14 -0.23 -0.09
Pyridine perp. 0.86 0.66 0.64 0.55 0.49 0.46 0.32 0.17 0.19
1,4-BDA (cis) 1.17 1.04 1.10 1.17 1.15 0.98 -0.01 -0.11 0.13
1,4-BDA (trans) 1.24 1.09 1.12 1.18 1.13 0.96 0.06 -0.04 0.16

interactions, with the two exceptions of pyridine, in the perpendicular orientation,

and 1,4-benzenediamine, where bonding between the molecular lone pair and the

surface can result in a non-negligible contribution to adsorption from the base

functional. However, the total adsorption energy, even in these two cases with

incipient chemisorption behavior, is still dominated by the dispersion contribution.

Lone-pair{surface interactions will be discussed in detail throughout this section.

We now turn to the dependence of the absorption energies on molecular prop-

erties. We �rst consider the cases of benzene, furan, thiophene, and thiophenol,

all of which prefer a parallel orientation to the surface such that dispersion in-

teractions are maximized. The adsorption-energy trend forthis series is furan<

benzene< thiophene< thiophenol, which can be attributed to increasing molec-

ular size and polarizability. Additionally, the heteroatom lone pairs become softer

across this series due to greater polarizabililty of sulfurin the thiols than oxygen

and the change from an sp2 sulfur in thiophene to an sp3 sulfur in thiophenol.

Experimentally, benzene and furan have been found to bind parallel to the

surface,73,192,193 in agreement with our calculations. However, thiophene and

thiophenol have coverage-dependent surface orientations. At low coverages, both

molecules prefer a parallel surface orientation, maximizing dispersion interactions
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Figure 5.4.1: NCI plots for selected molecules adsorbed on thegold surface using
an s = 0:6 isosurface.

(a) benzene (b) pyridine (c) furan (d) thiophene

(e) pyridine
perpendicular

(f) trans
p-benzenediamine

(g) cis
p-benzenediamine

(h) thiophenol

(i) adenine (j) thymine (k) cytosine (l) guanine
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between the aromatic ring and the surface, but as the coverage increases, thiophene

and thiophenol adopt perpendicular orientations where sulfur-surface interactions

dominate.142,193{195 Our calculations (Table 5.4.4) predict that the parallel orien-

tations are energetically preferred over the perpendicular orientations, in agree-

ment with experimental observations. However, the perpendicular orientations

of thiophene and thiophenol are still energetically favorable, and the stabilization

during monolayer formation can be attributed to the additional dispersion interac-

tions between the adjacent� -stacked molecules and to the monolayer being more

densely packed if the molecules are perpendicular to the surface.

NCI plots, shown in Figure 5.4.1 for the gold surfaces, provideadditional in-

sight into the nature of the molecule-surface interactions. Broad green isosurfaces

in the NCI plots correspond to dispersion interactions between the aromatic ring

and the surface. The plots clearly show that dispersion interactions are dominant,

in agreement with the adsorption-energy decomposition in Table 5.4.4. Addi-

tionally, the increased adsorption for softer lone pairs can be clearly seen in the

coloring of the NCI plots. For thiophene, the NCI surface directly under the sulfur

lone pair is light blue, indicating a slight increase in interaction strength. For thio-

phenol, the bluer region of the NCI plot shows that the sulfur interacts with the

surface even more strongly, re
ecting the greater adsorption energy. This is con-

sistent with the known strong adsorption of thiophenol to gold in self-assembled

monolayers.196,197 While the NCI plots show favorable interactions between the

sulfur atoms and the surface, they are not strong enough to signi�cantly tilt the

molecules, which form angles of 7� or less with the surface in the parallel orienta-

tion. The adsorption geometries (distances and angles between the aromatic ring

and the surface) are given in Appendix A.

Like thiophene and thiophenol, pyridine's orientation on metal surfaces is

coverage-dependent.159 At low coverages, pyridine prefers a parallel orientation

where dispersion interactions dominate. As coverage increases, pyridine adopts a

perpendicular orientation, interacting with the surface via the nitrogen lone pair
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Figure 5.4.2: The polarization density for the physisorption of pyridine on a cop-
per surface in the perpendicular orientation. The green iso-surface indicates an
accumulation and the blue iso-surface depletion in electron density, for the ad-
sorbed species relative to the separated molecule and surface at �xed geometries.
The dipole of pyridine polarizes the surface, which inducesfurther polarization of
the nitrogen lone pair. This iso-density value is 0.016 a.u.

and the monolayer is further is stabilized by� -stacking.159 In the parallel orienta-

tion, pyridine has an adsorption energy similar to benzene (see Table 5.4.4), which

is dominated by dispersion. However, interactions between the nitrogen atom and

the surface cause the molecule to tilt slightly.198 The tilt angle is largest for the

copper surface and is 24� , compared to 13� and 9� for Ag and Au, respectively. In

the perpendicular orientation, the NCI plot shows the loss ofdispersion interac-

tions between the surface and the pyridine� -system and an increased interaction

between the surface and nitrogen. Perpendicular pyridine has the largest density

in the NCI regions of all the molecules considered here. Indeed, perpendicular

pyridine is one of only two molecules predicted to adsorb on the surface by the

base functional alone and the interaction energy is greatest for copper.

A plot of the polarization density, de�ned as the di�erence in electron density

between the adsorbate and the isolated molecule and surfaceat �xed geometries,

is shown for pyridine on the copper surface in Figure 5.4.2. Inthe perpendicular

orientation, the dipole moment of pyridine is pointed directly down, towards the

surface. This dipole polarizes the copper surface locally,inducing further polar-
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ization of the adsorbed pyridine. The strength of this interaction for the silver

and gold surfaces is found to be roughly equal to the extent ofdispersion stabiliza-

tion, such that the adsorption energies for perpendicular and parallel orientations

are e�ectively equal. However, the results show that the perpendicular orienta-

tion of pyridine is favored for copper, where pyridine approaches the surface more

closely. In this case, the induced electrostatic interactions become more favorable,

as seen from the larger adsorption-energy contribution from the base functional

(Table 5.4.4).

As discussed in the preceding section, 1,4-benzenediamine can adsorb as ei-

ther a cis or trans isomer. Our results predict that thecis isomer has a weaker

adsorption energy than thetrans isomer. Adsorption of thecis isomer is entirely

due to dispersion; it lies 
at, with a near zero tilt angle andthe amine hydro-

gens pointing down, towards the surface. As for perpendicular pyridine, a strong

nitrogen-metal interaction appears in the NCI plot for thetrans isomer and this

results in a slightly tilted orientation on the surface withangles of 7-8� . Calcu-

lated adsorption energies for thetrans isomer of BDA are approximately the sum

of both perpendicular and parallel pyridine adsorption energies. The adsorption

motif of trans BDA suggests that thecis isomer may adsorb more strongly if both

nitrogen lone pairs were directed towards the surface, instead of away from it, as

shown in Figure 5.4.1. However, thetrans isomer experiences signi�cant polariza-

tion, which is not possible in thecis isomer if both nitrogen lone pairs are directed

towards the surface.

5.4.5 Nucleobases

Calculated adsorption energies for the nucleobases on the metal surfaces are

given in Table 5.4.5. Our results show that adsorption is primarily driven by dis-

persion interactions. The dispersion energies follow the order cytosine< thymine

< adenine< guanine, with greater molecular size leading to increased dispersion

attraction. Adenine has a 
at surface orientation since the nitrogen lone pairs all
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conjugate with the � -system and have little direct interaction with the surface.

Thymine has a slightly tilted geometry for copper and silversurfaces, but lies

almost 
at on gold, in agreement with STM images.199,200 Conversely, cytosine

and guanine adopt tilted geometries, at angles of 12-14� to the gold surface, each

with the C=O group pointing slightly downward.

The NCI plots in Figure 5.4.1 o�er a picture consistent with theadsorption ge-

ometries, showing that the oxygen atoms interact fairly strongly with the surface,

in an analogous fashion to our results fortrans 1,4-benzenediamine. Favorable

interactions between the C=O groups and the surface also result in less repul-

sion from the base functional and the total adsorption energies follow the trend

thymine < cytosine < adenine< guanine, though the ordering of cytosine and

adenine are reversed for copper due to a stronger interaction of the oxygen atoms

with this surface.

The calculated nucleobase adsorption energies are compared with experimen-

tal TPD adsorption for gold surfaces in Table 5.4.6. The computed adsorption

energies are roughly half of those reported experimentally.201,202 This is because

the calculated energies correspond to the adsorption of a single, isolated molecule

on the surface and lack the intermolecular interactions between adjacent nucle-

obases that are re
ected in experiment, speci�cally hydrogen bonding. The ex-

perimental determination of single-molecule adsorption energies for nucleobases is

di�cult because of the formation of strong intermolecular hydrogen-bonds lead-

ing to the formation of molecular lines and clusters on metalsurfaces, even at

low coverages.202 Since the TPD adsorption energies are measured for higher

coverages, they contain contributions from intermolecular interactions within the

monolayer201{207 that must be included in the theoretical treatment as well. Note

that these experimental values are also expected to have fairly large uncertainties

given the high coverage sensitivity of Redhead analysis.68

To properly account for intermolecular hydrogen-bonding e�ects, periodic-

boundary DFT calculations should be performed on a complete adsorbed mono-
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Table 5.4.5: Calculated nucleobase adsorption energies for the copper, silver, and
gold surfaces, in eV/molecule. The contributions to the total adsorption energies
from the XDM dispersion correction and the base functional are also reported.

Molecule
Total XDM Base functional

Cu Ag Au Cu Ag Au Cu Ag Au
Guanine 1.07 1.03 0.94 1.22 1.14 1.00 -0.15 -0.11 -0.06
Cytosine 0.96 0.90 0.77 0.91 0.88 0.79 0.05 0.02 -0.02
Adenine 0.83 0.86 0.81 1.08 1.04 0.91 -0.25 -0.18 -0.10
Thymine 0.67 0.69 0.67 0.91 0.92 0.79 -0.24 -0.24 -0.12

Table 5.4.6: Comparison of calculated and experimental TPDadsorption energies
for the nucleobases on the gold surface, in eV/molecule. The contribution of in-
termolecular hydrogen bonding is shown for both an estimated additive correction
(Est.) and from the results of calculations on small nucleobase clusters (Calc.).
The total DFT adsorption energies correspond to the sum of thesingle-molecule
adsorption energies and these hydrogen-bond corrections.

Molecule Surface
H-Bond Total

Expt.
Est. Calc. Est. Calc.

Guanine 0.94 0.86 0.84 1.80 1.78 1.44,202 1.51201

Cytosine 0.77 0.65 0.73 1.42 1.50 1.26,202 1.35201

Adenine 0.81 0.65 0.60 1.46 1.41 1.41,202 1.36201

Thymine 0.67 0.43 0.53 1.10 1.20 1.08,202 1.15201
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layer. However, this presents considerable practical di�culty since the cell lengths

corresponding to the monolayer and metal surface are not necessarily commensu-

rate. Thus, to approximately account for intermolecular hydrogen-bonding, it was

assumed that all possible donor and acceptor sites on the nucleobases would par-

ticipate in hydrogen bonding, with an average strength of 0.22 eV (5 kcal/mol).

Since two molecules are needed to form each hydrogen bond, this results in an

energetic contribution of 0.11 eV (2.5 kcal/mol) per hydrogen-bond per molecule.

The estimated hydrogen-bonding contributions are given inTable 5.4.6, consider-

ing that the four nucleobases can form four (thymine), six (cytosine and adenine),

and eight (guanine) hydrogen bonds in total. Naturally, thisis a rough estimate,

but it serves to illustrate the origin of the missing stabilizing contribution.

As an alternative, approximate hydrogen-bond energies werealso computed

using the small nucleobase clusters whose structures are shown in Appendix A.

These structures were chosen to match previous STM/DFT studies.199,204,205,207

The calculations were performed with Gaussian09208 using the LC-! PBE209,210

functional, XDM dispersion,150 and the pc-2-spd basis set.211 The results are

given in Table 5.4.6 and show that the calculated and estimated hydrogen-bond

contributions are in good agreement, and are generally on the same order as

the single-molecule adsorption energies. Adding either of these hydrogen-bonding

corrections gives total physisorption energies that are ingood agreement with the

experimental TPD values.201,202

5.5 Summary

This chapter investigated the ability of the XDM dispersion model to predict

surface adsorption energies. Adsorption energies for a collection of molecules (ben-

zene, furan, pyridine, thiophene, thiophenol, benzenediamine, and the four DNA

nucleobases) on the (111) surfaces of coinage metals were calculated using the

B86bPBE-XDM functional.

The adsorption energies are found to be dominated by dispersion interactions
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and increase with molecular size. Inclusion of polarizableheteroatoms also tends

to increase the adsorption energies and leads to a preferential molecular adsorp-

tion orientation (e.g. perpendicular). The non-covalent interaction (NCI) plot

technique was applied to probe the nature of the molecule-surface adsorption in

real space. In general, NCI reveals incipient chemisorptioncontributions in cases

where a molecular lone pair interacts with the surface and there is an increased

adsorption contribution from the base density functional.

The calculated adsorption energies are in excellent agreement with experi-

mental best-estimates for benzene on the various metal surfaces, with a mean

absolute error (MAE) of 0:04 eV, which is comparable to the experimental pre-

cision. The MAE from similar dispersion-corrected functionals for benzene on

the three metal surfaces is 0:19 (PBE-D3), 0:20{0:25 (PBE-TS), 0:08{0:11 (PBE-

TSsurf), 0:04� 0:08 for MBD, and a range of 0:03� 0:15 eV from several vdW-DF

functionals.

Our results dispel previous doubts about whether pairwise dispersion correc-

tions can be used for the modeling of surface adsorptions. Contrary to previous

applications of XDM and in contrast to PBE-TSsurf , physisorption can be reliably

modeled with the canonical implementation of XDM combined with the usual

B86bPBE base functional, which is known to give very accurate results for inter-

molecular interactions. Hence, we conclude that B86bPBE-XDMis an excellent

approach to reliably model chemical processes occurring onmaterial surfaces, with

a cost comparable to any semilocal density functional.
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Chapter 6: Adsorption of Graphene to Nickel (111) Using the Exchange-

Hole Dipole Moment Model

Original reference: M. S. Christian, A. Otero-de-la-Roza and E. R. Johnson, Car-

bon 118, 184 (2017).

6.1 Abstract

Graphene is a promising material for a number of technological applications

due to its unique electronic properties. It can be mass produced by depositing

carbon atoms on metal sca�olds, such as nickel. This chapterpresents a detailed

study of graphene adsorption on the nickel (111) surface using the exchange-hole

dipole moment (XDM) dispersion correction. XDM is shown to model accurately

graphene-nickel interactions, providing adsorption energies in excellent agreement

with available experimental data and with RPA calculations. All six graphene-

nickel orientations studied present a physisorption energy minimum, but only three

exhibit chemisorption. The physisorption and chemisorption minima are close in

energy, and are separated by a barrier of� 1 kJ/mol per carbon. The relative

strength of the chemisorption and physisorption interactions is found to depend

heavily on the nickel lattice constant. Thermal expansion stabilizes chemisorption

relative to physisorption. The pairwise dispersion coe�cients depend strongly on

the graphene-nickel distance, and their variation is determined by the exchange-

hole dipole moments. If this dependence of the dispersion coe�cients with the

environment is properly captured, a pairwise dispersion correction (like XDM) is

suitable to model surface adsorption.
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6.2 Introduction

Graphene and its potential applications have received muchattention over the

past decade. Interest in this material grew as a result of theseminal investiga-

tion by Novoselov et al., in which the authors presented an experimental pro-

cedure, the \scotch-tape" method, to isolate high-qualitystable graphene layers

from graphite.17 In the past few years, numerous papers have detailed graphene's

unique electronic structure and properties.4,9,17,18,45, 212{220 Though the scotch-

tape method is well suited to creating laboratory samples ofgraphene, the pro-

cess is not applicable in the industrial scale. A promising scalable method for

commercial graphene manufacturing involves depositing carbon atoms on metallic

sca�olds,20,22,221,222 via processes such as chemical vapor deposition (CVD).

In the CVD method, small molecules, such as methane and ethanol, are

vaporized at high temperature (� 1000 K). The resulting carbon soot is de-

posited on a metal surface, producing a single monolayer of adsorbed graphene.

Once the monolayer is synthesized, a polymer resin is applied to the graphene

surface and the metal is typically removed with an acid bath.The graphene

layer can then be transferred to the desired substrate and the polymer resin dis-

solved.22,23,223,224 Nickel is an excellent substrate for graphene synthesis because

it is both inexpensive and its (111) surface has cell dimensions commensurate with

graphene.50,52,87,225,226 It has been shown that multi-layer graphene can be man-

ufactured similarly, although the exact mechanism as to howmulti-layers form is

still under debate.9,18,22,223

Multiple studies of the graphene-nickel system using density-functional the-

ory (DFT) have been published.35{37,49,50,53,227,228 These articles show that gen-

eralized gradient approximation (GGA) functionals alone grossly fail to predict

experimental adsorption energies and geometries of the graphene-nickel system

because GGAs do not adequately describe London dispersion interactions. Even

when dispersion interactions are taken into account (e.g. by using one of the
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multiple available dispersion corrections56,58,60,164,165,229), reproducing the exper-

imental graphene-nickel adsorption energies and interlayer distances is a chal-

lenge.36,37,49,53 The di�culties arise from the competing factors that determine the

nature of the metal-graphene interaction in this system. Experimentally, graphene

is known to chemisorb on the nickel (111) surface;87,230 its adsorption energy and

distance depend critically on a �ne balance between Pauli repulsion, dispersion,

and the strength of the incipient chemical bond between graphene and the metal

surface.38

The random phase approximation (RPA) method50,231 is a signi�cant improve-

ment over both the local density approximation (LDA) and GGA functionals re-

garding the calculation of intermolecular interactions. Unlike dispersion-corrected

GGAs, RPA incorporates dispersion interactions in a non-empirical seamless fash-

ion, albeit at a much higher computational cost. Mittendorfer et al.50 and Olsen

et al.231 used RPA calculations to show that graphene not only chemisorbs on

nickel, but also physisorbs at larger interlayer distances, giving the adsorption

potential energy surface (PES) a characteristic double-minimum pro�le, with the

chemisorption and physisorption minima being very close inenergy. Since RPA

is too expensive for large surface models, GGA-based functionals have been pro-

posed in the past that include dispersion either via an explicit non-local correlation

contribution133,232,233 or by adding a dispersion energy correction.56{58,60,61,124,140

Janthon et al.53 recently examined the ability of several of these density function-

als to predict the graphene-nickel adsorption energy. Goodadsorption energies

and interlayer distances were obtained with optB86b-vdW232,234 and DFT-D.57

The latter is somewhat surprising given that both vdW-TS and DFT-D overes-

timate the strength of molecular physisorption on noble metal surfaces.168,171,172

More recent developments of the same functionals (DFT-D3 andMBD) o�er bet-

ter performance.235

In this work, we investigate the adsorption of graphene on nickel (111) using

GGA functionals combined with the exchange-hole dipole moment (XDM) disper-
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sion correction.60,61,236 XDM has been previously shown to accurately model a

wide variety of systems where dispersion interactions playan important role: small

noble gas clusters,237,238 molecular dimers,149,150,239 supramolecular systems,240

and molecular crystal absolute151 and relative lattice energies.241,242 More relevant

to this paper, we have demonstrated previously that XDM successfully predicts

physisorption of molecules to surfaces.64,243 An important point to note in these

studies is that XDM shows good performance in widely di�erentsystems without

any change to the formalism, implementation, or damping parameters, hence mak-

ing it an ideal candidate for studying chemistry on surfacesand the interaction

between inorganic materials and organic molecules.

In the remainder of this work, we show that XDM describes the graphene-

nickel system accurately. Our results reproduce reported RPA potential energy

surfaces50,231 and agree with available experimental adsorption energies.244 We

also show that the predicted mode of adsorption (chemisorption or physisorption)

is highly sensitive to the nickel lattice constant, and thataccounting for thermal

e�ects favors the chemisorption state. The results are discussed in the context of

the mechanism of bilayer graphene formation on nickel substrates.

6.3 Computational Methods

Periodic-boundary DFT calculations were performed using the pseudopoten-

tial plane-wave approach and the Projector Augmented Wave (PAW) formal-

ism.114 Calculations were carried out using the XDM implementation in Quan-

tum ESPRESSO61,179 with the B86bPBE functional,126,180 known to perform

well in conjunction with XDM. 150,151 Calculations using the LDA245 and PBE126

exchange-correlation functionals were also conducted forcomparison. PAW datasets

for each functional were generated using LD1 version 4.3.2 using pslibrary 0.2.5

inputs. The datasets also included scalar relativistic e�ects and non-linear core

corrections.181 All datasets were checked to ensure that there was no PAW sphere

overlap for each optimized geometry. An 8� 8 � 1 �-centered k-point grid was
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used, with a plane-wave cuto� of 60 Ry, a density expansion cuto� of 800 Ry,

and cold smearing108 with a smearing parameter of 0.01 Ry. All calculations used

an initial spin-polarization and were checked for convergence to the correct spin

state.

The XDM dispersion functional is a correction to the base DFT energy:

E = Ebase + EXDM ; (6.3.1)

EXDM = �
1
2

X

n=6 ;8;10

X

i 6= j

Cn;ij f n (Rij )
Rn

ij
: (6.3.2)

In this equation, i and j run over atoms in the system andRij is the interatomic

distance. f n is a damping function that attenuates the dispersion correction at

short range, and theCn;ij are pairwise dispersion coe�cients. EachCn;ij is approx-

imated non-empirically via second-order perturbation theory using the multipole

moments of the electron plus exchange-hole distribution and atom-in-molecule

polarizabilities for the interacting atoms.60

The nickel (111) surface was modeled as an in�nite slab consisting of six atomic

layers. All calculations used a (1� 1) surface unit cell, with a vacuum of 25�A

inserted in the z-direction to separate each slab from its periodic image. Six

orientations of graphene on nickel were considered for thisstudy (see Figure 6.3.1).

The adsorption energies were calculated as the di�erence between the graphene-

nickel system and the energies of the bare surface and isolated graphene sheet,

whose geometries were optimized independently:

Eadsorption = � (Eadsorbate � Esurf � Egraph ) . (6.3.3)

Throughout the article, adsorption energies are reported per carbon atom.

Potential energy surfaces (PES) for adsorption were generated by systemati-

cally varying the z distance between graphene and the nickel surface and perform-

ing a series of single-point energy calculations. The experimental lattice constants
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Figure 6.3.1: Six orientations of graphene on nickel. The nickel top layer is shown
in light gray, the second layer is blue, and the third layer from the surface is
green. The nomenclature for the di�erent graphene orientations follows previous
works.52,227

(a) bridge-fcc (b) bridge-hcp (c) bridge-top

(d) fcc-hcp (e) top-fcc (f) top-hcp

of graphene and nickel at room temperature are similar, but not exactly equal,

and lattice vibrations cause a small, but not negligible, thermal expansion. As

such, the dependence of the adsorption energy on the bulk lattice constant of the

nickel slab was analyzed. Note that this lattice constant de�nes the length of

the two symmetry-equivalent x; y-axes for the nickel slab, and the nickel-nickel

interlayer distances as well. Calculations were performedwith the lattice constant

ranging between 2.45�A and 2.50 �A in 0.01 �A increments. This range encom-

passes the minimum-energy interatomic distances in bulk nickel (2.450�A with

B86bPBE-XDM and 2.451�A with PBE-XDM) and in graphene (2.462 �A with

both functionals), as well as the minimum-energy lattice constant of a pure nickel

(111) surface (2.465�A with B86bPBE-XDM and 2.464 �A with PBE-XDM). It

also encompasses the experimental interatomic distances in graphite (2.46�A246),

in bulk nickel (2.49 �A246), and in the nickel (111) surface (2.49�A247). The �nal

PES, minimum-energy structures, and adsorption energies for all orientations were

obtained by quadratic interpolation between the results for each discrete value of
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Table 6.4.1: Calculated B86bPBE-XDM interlayer distances and adsorption ener-
gies for all orientations of graphene on the nickel (111) surface at the minimum-
energy nickel lattice constants. For the orientations in which chemisorption occurs,
both the chemisorption (C) and the physisorption (P) valuesare given. Exper-
imental distances87,249 and adsorption energies53,244 are shown for comparison.
Distances are in�Angstrom (�A) and energies are in kJ/mol per carbon.

Orientation Interlayer Adsorption
Distance Energy

bridge-fcc P 3.25 8.00
bridge-hcp P 3.26 7.97
fcc-hcp P 3.34 7.54
bridge-top C 2.14 7.31

P 3.18 8.33
top-fcc C 2.22 7.79

P 3.15 8.50
top-hcp C 2.28 6.48

P 3.17 8.40
Expt. 2.04{2.18 7.20{11.20

the nickel lattice constant. This was done due to the strong dependence of the

XDM dispersion coe�cients on both the lattice constant and graphene-nickel sep-

aration (see Appendix B).

Finally, The nature of the graphene-nickel interaction was investigated using

Bader's Quantum Theory of Atoms in Molecules (QTAIM).116,248 QTAIM atomic

charges were calculated using the Yu-Trinkle algorithm118 implemented in the

CRITIC2 program.182 The di�erences between the QTAIM charges for the isolated

nickel and graphene sheet and the adsorbate determines the degree of charge

transfer.

6.4 Results and Discussion

6.4.1 Orientation E�ects on Adsorption

The computed B86bPBE-XDM interlayer separations and adsorption energies

for all six graphene orientations are reported in Table 6.4.1. Reference distances

taken from microscopy experiments87,249 are given for comparison. The reference
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Figure 6.4.1: Adsorption energies as a function of interlayerdistance for the six
graphene-nickel orientations using the B86bPBE-XDM functional. At a given
graphene-nickel distance, the minimum-energy lattice constant is used.
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adsorption energy range is reported as in the work of Janthonet al.53 and is

based on the energies for graphene-nickel adsorption244 relative to the interlayer

adsorption in graphite.250,251

Figure 6.4.1 presents the calculated PES for adsorption of graphene in all six

orientations, which clearly show the previously reported competing chemisorption

and physisorption minima.50,231 The PES for all six orientations show a physisorp-

tion minimum at interlayer distances between 3.15�A and 3.35 �A. However, only

three of the six orientations exhibit a chemisorption minimum, consistent with

previous DFT studies.52,226{228 The top-fcc orientation is found to be the most

stable, in agreement with experimental observations.87,228 Both the chemisorption

and physisorption energies fall well within the experimental range. The predicted

interlayer distances for the chemisorbed geometries are also close to experiment,

although slightly longer. The PES show that the energy barrier between the

chemisorption and the physisorption regions is small, in agreement with previous

RPA results,50,231 and varies depending on the orientation. Although physisorp-

tion has not been experimentally observed for graphene on the nickel (111) surface,
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it has been observed in rotated Moir�e patterns.225,252,253

All orientations present essentially the same physisorption energy, which is in

line with Olsen et al.'s RPA results.231 Analysis of the separate base functional

and XDM dispersion contributions to the adsorption potential energy surfaces

(Appendix B) shows that the XDM dispersion energy is e�ectively independent

of the graphene-nickel orientation. Thus, all variations in the shape of the PES

for the various graphene orientations originate at the basefunctional level, from

di�erences in both exchange-repulsion and charge-transfer between the surface and

substrate.

The ordering of the adsorption energies for the di�erent orientations can be

understood by examining the interactions between the individual carbon and nickel

atoms, as shown in Figure 6.3.1. For the physisorption minima, the bridge-fcc and

bridge-hcp orientations show slightly stronger adsorption than fcc-hcp because

there is slight, though signi�cant, carbon-nickel overlap. At shorter interlayer

distances, these three orientations (bridge-fcc, bridge-hcp, and fcc-hcp) all show

a steep repulsive wall whereas the other three (top-fcc, top-hcp, and bridge-top)

show the formation of a chemisorption energy minimum. In thechemisorbed

orientations, one carbon is either directly on top of a nickel atom (top-fcc and

top-hcp) or two carbons straddle a single nickel (bridge-top), which is indicative

of a weak chemical bond between both layers. The sub-surfacenickel atoms lie

directly under the second carbon atom in the top-hcp orientation, which provides

less stabilization than if the sub-surface nickel atoms liebelow the center of each

graphene ring, as in the top-fcc orientation. The bridge-top orientation has a

shorter interlayer separation despite its lower adsorption energy because the two

carbon atoms bridge two nickel atoms, allowing the grapheneto approach the

surface more closely.

The small energy barrier between chemisorption and physisorption minima for

the most-stable, top-fcc orientation suggests that physisorbed states may be ac-

cessible through thermal 
uctuations.252 It also may provide insight into graphene
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Figure 6.4.2: Adsorption energies as a function of interlayerdistance for the top-
fcc orientation using the B86bPBE-XDM (black), PBE-XDM (red), and LDA
(orange) functionals. The RPA results digitized from the work by Mittendorfer
et al.50 (blue circles) and by Olsenet al.231 (green squares) are also shown. The
experimental distance and energy ranges are shown as a shaded box.53,87,244,249

For B86bPBE-XDM and PBE-XDM, two results are shown: energies using a
minimum-energy lattice constant (solid lines) and the experimental bulk nickel
lattice constant (dashed lines).
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bilayer formation mechanisms. A graphene bilayer forms from the creation of a

new graphene layer under an existing nickel-adsorbed graphene layer.20,226,252 The

proposed mechanism is based on nickel's carbon solubility during CVD.20,226,252

Upon cooling, the carbon atoms exit the bulk, but are trapped beneath the existing

chemisorbed graphene monolayer. The carbon atoms must pushup the adsorbed

graphene to assemble at the nickel surface and form a second underlying layer of

graphene. The presence of a small energy barrier between thechemisorbed and

physisorbed minima means that it would take little energy todisplace an existing

graphene monolayer, allowing for the facile accumulation and migration of carbon

on the surface necessary to the formation of the graphene bilayer.
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6.4.2 Comparison of Selected Density Functionals

Calculated adsorption energies as a function of interlayerdistance for the top-

fcc orientation using B86bPBE-XDM, PBE-XDM, and the LDA are compared

with reference RPA values50,231 in Figure 6.4.2. For the XDM-corrected func-

tionals, two sets of potential-energy curves are shown, using either the minimum-

energy nickel lattice constant (as in Figure 6.4.1) or using the experimental nickel

lattice constant to allow direct comparison with the RPA results.

Figure 6.4.2 shows remarkable agreement between the minimum-energy

B86bPBE-XDM potential-energy surface and experiment; the chemisorption en-

ergy is in the experimental energy range, and the distance isonly 0.04 �A higher.

Additionally, the equilibrium distances and absorption energies at the experimen-

tal nickel lattice constant are in good agreement with the analogous RPA calcu-

lations.50,231 The B86bPBE-XDM chemisorption and physiorption energies are

within 1 kJ/mol and 0.5 kJ/mol, respectively, of the RPA equivalents. Interlayer

distances are also in excellent agreement with RPA. PBE-XDM provides simi-

lar potential energy surfaces to B86bPBE-XDM, although the PBE-XDM curves

are slightly higher in energy and also have higher energy barriers between the

chemisorbed and physisorbed minima.

It has been suggested that accurate modeling of surface adsorption can only be

achieved through use of many-body dispersion corrections and not with \simple

pairwise" methods.63,147,148,254 A signi�cant advantage of the XDM dispersion

model over simple pairwise methods is that the dispersion coe�cients are sensitive

to the chemical environment in a physically-motivated way and this dependence

was key to the high accuracy of the method in studies of molecular physisorption

on noble metal surfaces.64 In the present study, the surface nickel-carbonC6

dispersion coe�cients were found to exhibit a strong dependence on both the

interlayer separation and the lattice constant (see Appendix B). In particular,

theseC6's decrease substantially as graphene approaches the nickel surface, due

to a decrease in the exchange-hole dipole moment integral caused by compaction of
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the interface region between the graphene and the nickel surface. This behavior is

only seen for nickel atoms at or near the surface; beyond the top two layers, there

is no longer any change in the dispersion coe�cients upon graphene adsorption.

It is clear from the good agreement between the B86bPBE-XDM results and both

RPA and experimental data that environmental e�ects captured by XDM's use

of the self-consistent ground-state electron density are at least as important as

non-pairwise many-body e�ects when modeling dispersion.

Comparison with literature adsorption energies and interlayer distances for

the other orientations is included in Appendix B. B86bPBE-XDMand PBE-

XDM both predict chemisorption for the bridge-top and top-fcc orientations and

physisorption at the fcc-hcp orientation. These are two of the three criteria set by

Janthon et al.53 for accurate modeling of graphene-nickel interactions. The third

criterion proposed by these authors is that graphene-nickel adsorption energies

must be greater than the exfoliation energy of graphite, which is also met by

B86bPBE-XDM (5.27 kJ/mol61) and PBE-XDM (4.76 kJ/mol 61). These values

are in good agreement with RPA's graphite exfoliation energy(4.63 kJ/mol50), as

well as the reference experimental value (5.07 kJ/mol250).

Finally, although the LDA predicts a chemisorption energy and interlayer dis-

tance in good agreement with experiment, the chemisorptionenergy is less than

the calculated LDA graphite exfoliation energy (2.39 kJ/mol50), in violation of

the last of Janthon's criteria. Figure 6.4.2 shows that the LDApotential-energy

surface is quite di�erent than the DFT-XDM or RPA curves. The LDA physisorp-

tion minimum is very shallow and lies much higher in energy, due to the neglect

of long-range dispersion stabilization. Thus, while the LDA predicts adequate

adsorption energies and interlayer distances for chemisorption, the failure to cor-

rectly describe physisorption means that LDA cannot be recommended for any

applications involving surface chemistry.
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6.4.3 Lattice E�ects on Adsorption

Our calculations reveal a strong dependence of the calculated chemisorption

and physisorption energies on the nickel lattice constant.The optimum lattice

constant for the graphene monolayer is predicted to be 2.46�A with B86bPBE-

XDM which is the same as seen in experiment.255 However, there is notable

di�erence between theory and experiment for the nickel lattice constant. The

energy minimum for the bare nickel surface was found to occurat a lattice constant

equal to 2.465�A for B86bPBE-XDM (as well as PBE-XDM), which is smaller than

the experimental value of 2.49�A.247 This underestimation of the nickel lattice

constant is characteristic for relatively soft materials,and occurs due to neglect

of vibrational and other thermal-expansion e�ects. These are more signi�cant in

nickel than graphene because of the more compressible nature of the nickel surface.

Figure 6.4.3 illustrates how small changes in the lattice constant a�ect the

graphene-nickel potential energy surface. At the smallesttested lattice parame-

ter, there is no chemisorption and only a physisorption minimum. Increasing the

lattice constant lowers the repulsive shoulder signi�cantly and the chemisorption

minimum appears. The strongest physisorption occurs for a lattice constant of

2.46{2.47 �A, which corresponds to the graphene lattice constant. However, the

strongest chemisorption occurs when the lattice constant is equal to 2.48�A. At

this lattice constant, the C-C bonds are slightly stretchedfrom 1.421�A to 1.432�A,

but the energy penalty incurred in this process is o�set by the much stronger C-Ni

interactions. Thus, the physisorption minimum is destabilized and the chemisorp-

tion minimum stabilized as the lattice-constant approaches the experimental nickel

lattice constant of 2.49�A.247

Figure 6.4.4 is a two dimensional potential energy surface that shows how the

top-fcc adsorption energy changes as a function of lattice constant and interlayer

distance. The chemisorption minimum begins to stabilize at2.46�A and is compet-

itive with the physisorption minimum near 2.47�A. At 2.48 �A, the physisorption

minimum is destabilized and the chemisorption minimum becomes the more stable
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Figure 6.4.3: The B86bPBE-XDM potential energy surface for the top-fcc
graphene-nickel orientation for lattice constants ranging from 2.45�A to 2.49 �A.
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region of the potential. Above 2.50�A, the entire system destabilizes due to the

highly stretched C-C bonds. Generally, the physisorbed con�guration is preferred

when the lattice constant is closer to the experimental graphene lattice constant

and the chemisorption con�guration is preferred as the lattice constant approaches

the experimental nickel lattice constant.

The important result coming from Figures 6.4.3 and 6.4.4 is that, for all lattice

constants above a given threshold value (ca. 2.48�A), the chemisorption minimum

is more stable than the physisorption minimum. The simple but reasonable as-

sumption can be made that the adsorption free energy is givenby Figure 6.4.4,

after adjusting the geometry for the e�ects of thermal expansion. This approxi-

mation is equivalent to a combination of a quasi-harmonic approach and a neglect

of the di�erences in the free-energy contributions as a function of temperature,

which we expect to be smaller than the di�erences in electronic energies. Un-

der this assumption, our data predicts that chemisorption is favored compared to

physisorption at the experimental geometry, in agreement with the experimental

observations. We therefore expect chemisorption to be somewhat preferred over
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Table 6.4.2: Charge of the two unique carbon atoms in the (1� 1) cell and the
surface nickel atom obtained from QTAIM analysis of the B86bPBE electron densi-
ties. Results are shown for the three chemisorbed orientations at a lattice constant
of 2.49�A and for the top-fcc orientation with lattice constants ranging from 2.46
to 2.49�A. In all cases except bridge-top, Ctop represents the carbon directly above
a nickel atom.

Ni Ctop Cother

bridge-top 0.084 -0.049 -0.050
top-fcc 0.082 -0.069 -0.028
top-hcp 0.080 -0.069 -0.027
2.46 0.077 -0.067 -0.028
2.47 0.079 -0.067 -0.028
2.48 0.080 -0.068 -0.028
2.49 0.082 -0.069 -0.028

surface increases as lattice constant increases for the top-fcc orientation. The

charge transfer from nickel to graphene correlates with theoptimum graphene-

nickel distance for the chemisorption minimum of the PES shown in Figure 6.4.1.

Experimentally, it has been con�rmed that graphene carbon-carbon bonds ex-

pand upon chemisorption, distorting the structure such that the graphene lattice

constant becomes commensurate with that of nickel.87,226,247 Spectroscopic mea-

surements have shown that graphene's band structure is strongly perturbed upon

adsorption.255{257 Taken together with our results, this provides evidence that

charge transfer is related to the stabilization of the deformed graphene layer.226

6.5 Summary

This chapter presented a detailed density-functional study of graphene adsorp-

tion on the nickel (111) surface. Our results show that both the B86bPBE-XDM

and PBE-XDM methods predict optimum interlayer distances and adsorption en-

ergies in excellent agreement with previously reported reference RPA results50,231

and available experimental data.53,87,244,249 Thus, surface adsorption can be ac-

curately modeled by a pairwise atomic dispersion correction provided that the

dispersion coe�cients have an appropriate dependence on the chemical environ-
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ment.

Graphene was found to physisorb to the nickel surface in all six graphene

orientations considered (see Figure 6.3.1), at a distance between 3.15 and 3.35�A.

The physisorption energies increase slightly with the number of close carbon-nickel

atomic contacts. In this state, there is no signi�cant chemical bond between

graphene and nickel, and the adsorption is determined by dispersion plus closed-

shell repulsion between both surfaces.

Three of the studied orientations (bridge-top, top-fcc andtop-hcp) have chemi-

sorption minima with optimum graphene-metal distances between 2.00 and 2.25�A.

The top-fcc orientation was found to be the most stable, in agreement with previ-

ous theoretical studies.52,87,226{228,249 The potential energy as a function of inter-

layer distance for these orientations is a double-minimum curve, with the barrier

between the physisorption and chemisorption minima being less than 1 kJ/mol

per carbon. This suggests that physisorbed states may be accessible through ther-

mal 
uctuations, 252 and o�ers insight into the double-layer graphene formationin

CVD experiments.20,226,252 Both the chemisorption and physisorption energies are

higher than the calculated graphite exfoliation energies.

The B86bPBE-XDM chemisorption energies are in the experimental energy

range53,244 and they also agree with RPA results50 to within 1 kJ/mol (chemisorp-

tion) and 0.5 kJ/mol (physisorption) per carbon when the samelattice constant is

used. We note, however, that the precision of the experimental data is 4 kJ/mol,

and the two previously reported RPA potential energy surfaces are somewhat in

disagreement with each other (up to about 2 kJ/mol), speci�cally regarding the

presence of a double minimum in the energy pro�le. Hence, higher-quality ref-

erence data is required before the accuracy of B86bPBE-XDM can be precisely

quanti�ed.

In the chemisorbed state, there is signi�cant charge transfer between graphene

and nickel, which increases with the lattice constant. Thisis indicative of the for-

mation of a weak chemical bond and the disruption of the nickel and graphene band
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structures, as previously observed.38,255{257 The di�erences in the chemisorption

behavior between orientations are determined by whether there is a direct carbon-

nickel contact that facilitates the approach between both surfaces. Therefore, it

is the base functional contribution, and not the dispersioncorrection, that deter-

mines the behavior in the chemisorption distance range, although the dispersion

correction is a major component of the adsorption energy in all orientations.

It was also found that the graphene-nickel adsorption is strongly dependent

on the lattice geometry, which somewhat hinders the comparison to experimen-

tal results. At the electronic-energy minimum (lattice constant around 2.46�A),

physisorption is preferred over chemisorption. However, asthe lattice constant

increases, chemisorption becomes the preferred state at a surface lattice constant

equal to 2.48�A. Thermal expansion pushes the lattice constant over this threshold

(the experimental lattice constant is 2.49�A for the nickel (111) surface), resulting

in a stabilization of the experimentally observed chemisorption state.
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Chapter 7: Adsorption of Graphene to Metal (111) Surfaces using the

Exchange-Hole Dipole Moment Model

Original reference: M. S. Christian, A. Otero-de-la-Roza and E. R. Johnson, Car-

bon 124, 531 (2017).

7.1 Abstract

Graphene has a unique electronic structure and excellent tribological proper-

ties. A promising method for graphene production involves depositing vaporized

carbon on metal substrates, which can also be used to modify graphene's elec-

tronic structure through charge transfer. In this work, graphene adsorption on

the (111) surface of seven metals (Al, Cu, Ag, Au, Ni, Pd, and Pt) isinves-

tigated computationally using density-functional theorywith the exchange-hole

dipole moment (XDM) dispersion correction. Two distinct graphene-metal orien-

tations, corresponding to 0� and 30� relative rotation of the graphene layer, are

considered to investigate how lattice mismatch a�ects adsorption. Our results re-

produce reference data from the random phase approximationmore closely than

any other dispersion-corrected density functional, con�rming that XDM is an ex-

cellent method for surface chemistry. The rotational orientation of graphene is

found to strongly a�ect its interaction with the substrate. There is an energetic

drive for graphene to align with the metal lattice, particularly for Pd and Pt, which

causes the formation of multiple Moir�e patterns, in agreement with experimental

observations.
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7.2 Introduction

Graphene is a material that holds the potential to revolutionize the semicon-

ductor industry. Various applications have been proposed that utilize graphene's

unique two-dimensional electronic structure.4,9,17,18,45, 212{220 Graphene has also

been shown to be an excellent solid lubricant9,258,259 that can reduce friction

and wear in mechanical devices either through direct surface deposition or as

an additive to petroleum-based lubricants.11,45 While the original scotch-tape

method for graphene isolation17 easily produces laboratory samples, it is not scal-

able for mass production. Lack of a suitable mass-production method has hin-

dered commercialization of graphene-based technologies,18,23 but several methods

have showed promising results. One such method is chemical vapor deposition

(CVD), 20,22,221,222 where a carbon feedstock is vaporized to produce pure carbon

that is deposited onto a metal surface. Additionally, chargetransfer from the

underlying metal substrate20 provides a mechanism to tune graphene's electronic

structure through the alteration of its valence band.260

Graphene-metal systems have been investigated experimentally23,28{34,88,89,261{266

to understand electronic and tribological properties as well as monolayer growth

mechanisms. These investigations have shown that graphenecan either chemisorb,

physisorb, or form a carbide phase on the surface.23,30 Metals on which graphene

chemisorbs or physisorbs are of the most practical interestbecause the adsorbed

graphene will retain its unique electronic structure.

The most promising substrates for graphene mass productionare Cu and

Ni. Not only are these metals inexpensive, but their surface lattice constant

is close to that of graphene. This excellent lattice match results in a limited

number of observed Moir�e patterns and reliable formation of large continuous

graphene monolayers on the surface.50,52,87,225,226 In particular, a CVD method

using Cu has shown promising results for graphene mass production.21 Metals

such as Pd,33,34,261 Pt,28,32,88,262{265 and Au28,31,89,266 have also been investigated
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for graphene synthesis, but their lattice mismatch resultsin multiple Moir�e pat-

terns on single surface samples. Indeed, experiments suggest that there exist an

in�nite number of Moir�e patterns for Pt and Pd. 33,88,261{263 In the early stages of

graphene patterning on Pd and Pt, local graphene domains will bind strongly to

the surface, but as the monolayer size increases, the overall surface-substrate inter-

action weakens because of the lattice mismatch. Light emitting electron di�raction

(LEED) experiments have shown that strong surface-substrate interactions occur

on Pd and Pt but depend on the rotational alignment,34,265 which has resulted in

con
icting reports as to the nature of graphene-Pd/Pt interactions.

Many previous publications have used density-functional theory (DFT) to

investigate graphene adsorption on metal surfaces.36,37,39,50,53,267 Most studies

employed the local density approximation (LDA) because it predicts reasonable

chemisorption geometries.34,35,38,54,88,268, 269 However, the LDA is known to over-

estimate chemisorption energies and under-estimate physisorption because it does

not include the physics of London dispersion. This results in narrow potential

energy surfaces (PES) at chemisorption distances, with only shallow adsorption

at typical physisorption distances, in disagreement with higher levels of theory,

such as the random phase approximation (RPA).39

Generalized-gradient-approximation (GGA) type functionals combined with a

dispersion correction are quite accurate for van der Waals complexes.56,58,60,164,165,229

However, the majority of these dispersion corrections are less reliable for metal

surfaces due to the empirical nature of the dispersion coe�cients64,168,169,171,172,235

and it has been argued that many-body e�ects may be importantfor accurate

modeling of surface adsorption.148 Non-local van der Waals density functionals

(vdW-DF) 133,184,232,233 are typically more reliable for molecular physisorption on

metal surfaces.64,173 Several groups36,37,53 have studied adsorption of graphene on

multiple metals using vdW-DF functionals; however, there are massive di�erences

between the results depending on the base GGA functional used. For example,

vdW-DF2184 (which uses revPBE270) predicts weak physisorption on Cu and Ni,
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while vdW-DF-C09271 predicts stronger chemisorption.37 The best available the-

oretical reference data for graphene adsorption is a study using the random phase

approximation (RPA) by Olsen and Thygesen.39 Though the RPA agrees with

most experimental observations, the scope of this investigation was limited to a

single Moir�e pattern on each studied metal that minimized lattice strain,39 which

precludes prediction of the orientation dependence.268

This chapter is the second part of a series272 investigating graphene-metal ad-

sorption using DFT paired with the exchange-hole dipole moment (XDM) disper-

sion correction.60,61,273 The XDM model is a non-empirical dispersion correction

that uses the electron density to generate environment-dependent dispersion coe�-

cients. As a result, XDM is uniquely suited to model dispersioninteractions across

a wide range of chemically diverse systems, such as molecular dimers,61,150 supra-

molecular systems,240 organic crystals,151,241 and most closely related to this work,

molecular physisorption.64 The �rst part of this series was limited to graphene

adsorption on nickel, for which XDM was found to provide excellent agreement

with both RPA reference calculations and the experimental adsorption energy.272

However, this is no guarantee that the high accuracy of XDM willbe transferable

to modeling graphene adsorption on other metals.

In the present work, we have broadened our study to include six additional met-

als: Al, Cu, Ag, Au, Pd, and Pt. The XDM results are found to more closely repro-

duce RPA interlayer distances and adsorption energies39 than other, previously-

applied density functionals. Additionally, this is the �rst dispersion-corrected

DFT study to investigate graphene adsorption in two rotational orientations, cor-

responding to 0� and 30� Moir�e patterns. It is shown that the graphene-substrate

interaction strength is highly dependent on rotational orientation. The XDM cal-

culations predict particularly strong graphene-surface interactions in the 0� orien-

tation for Pd and Pt, which explain the experimental observation of multiple Moir�e

patterns with locally-ordered graphene domains. Finally, our results suggest that

larger units cells (impractical for DFT calculations) are needed to properly model
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graphene-metal interactions for substrates with large surface-lattice mismatches.

7.3 Computational Methods

The computational methods used here are consistent with ourprevious work on

Ni(111)-graphene.272 All DFT calculations were performed using periodic bound-

ary conditions with the projector augmented wave (PAW) formalism114 as imple-

mented in Quantum ESPRESSO.61,179 The exchange-correlation functional chosen

was B86bPBE,126,180 as it provides the best accuracy when paired with the XDM

dispersion model.64,151 PAW datasets were generated using LD1 version 4.3.2 us-

ing pslibrary 0.2.5 inputs. The datasets also included scalar relativistic e�ects and

non-linear core corrections.181 All datasets were checked to ensure that there was

no PAW sphere overlap for each optimized geometry. An 8� 8 � 1 �-centered

k-point grid was used, with a plane-wave cuto� of 60 Ry, a density expansion

cuto� of 800 Ry, and cold smearing108 with a smearing parameter of 0.01 Ry.

The XDM dispersion energy is a post-SCF correction to the B86bPBE (base)

energy:

E = Ebase + EXDM ; (7.3.1)

EXDM = �
1
2

X

n=6 ;8;10

X

i 6= j

Cn;ij f n (Rij )
Rn

ij
: (7.3.2)

In this equation, i and j run over atoms in the system,Rij is the interatomic

distance, f n is a damping function that attenuates the dispersion correction at

short range, and theCn;ij are pairwise atomic dispersion coe�cients. EachCn;ij

is evaluated using the multipole moments for the interacting atoms arising from a

reference electron together with its corresponding exchange-hole distribution, as

well as atom-in-molecule polarizabilities.60,273

In this work, calculations were performed for graphene adsorption on six metal

surfaces: aluminum, copper, silver, gold, palladium, and platinum. Additionally,

our previous results for nickel272 are reported again here for comparative pur-

poses. All calculations for the Ni-group metals used an initial spin-polarization
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and checked for convergence to the correct spin state, whilethose for Al and the

Cu-group metals did not. All metals considered have a face-centered cubic (fcc)

crystal structure and adsorption of graphene on the (111) surface was studied.

Two di�erent orientations, or Moir�e patterns, were modeled to compare how rota-

tional orientation a�ects graphene-substrate interactions. These were constructed

using the (1� 1) surface unit cell for the 0� orientation, where the lattice vec-

tors of graphene's primitive cell align with the (111) metalsurface's primitive cell

(Figure 7.3.1(b,c)). The (
p

3 �
p

3) surface unit cell was obtained by rotating

the metal substrate by 30� relative to the graphene sheet (Figure 7.3.1(a)). Both

of these orientations have been established in previous works,36,37,39,267 with the

(1 � 1) cell commonly used for Ni and Cu and the (
p

3 �
p

3) cell used for the

remaining metals to minimize lattice strain.

Geometries for graphene adsorbed in the 30� orientation and two of the possible

structures (top-fcc and fcc-hcp, using the common nomenclature36,37,39,50,272) for

the 0� orientation are illustrated in Figure 7.3.1. Calculations were also performed

for the four remaining structures in the 0� orientation (bridge-fcc, bridge-hcp,

bridge-top, and top-hcp). The larger (
p

3�
p

3) cell for the 30� orientation results

in a periodic graphene layer with eight carbon atoms per cell, as the graphene unit

cell is 2 times longer in each direction compared to the 0� orientation. The carbon

atoms are equally split over void and on-top sites, such thatthe interactions are

degenerate uponx-y translation, and only the structure shown in Figure 7.3.1(a)

need be considered. In the following sections, the geometries for each of these cells

will be discussed using the cell lengths represented in Figure 7.3.1. The relations

between these quantities are:a1� 1 = r , ap
3�

p
3 = r

p
3, acubic = r

p
2, wherer is the

nearest-neighbor metal-metal distance,acubic is the cell length of the conventional

(cubic) cell for the bulk metal (fcc), anda1� 1 and ap
3�

p
3 are the cell lengths of

the (1 � 1) and (
p

3 �
p

3) cells, respectively, as depicted in Figure 7.3.1. The

primitive cell length of graphene is matched to the (1� 1) cell on the metal surface,

and a 2� 2 graphene supercell matches the metal surface's (
p

3 �
p

3) cell.
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and graphene energies are calculated independently. Relaxed, not constrained,

adsorption energies were reported in our previous study of graphene adsorption

on nickel.272 The lattice strain energy is de�ned as the di�erence betweenthe

constrained and the relaxed adsorption energies:

E strain = [ Esurf(a1 ) � Esurf(a)] + [ Egraph (a1 ) � Egraph (a)] : (7.3.5)

The strain energy is always positive, and it is low compared to the constrained

adsorption energy only when graphene and metal surface havematching lattices in

the selected orientation. Positive adsorption energies indicate favorable adsorption

relative to the separated surfaces.

Due to current limitations regarding the calculation of XDM forces for the

particular case of metal surfaces,272 the minimum-energy structures were deter-

mined by calculating multiple adsorption potential energysurfaces, varying the

surface lattice constants in 0.01�A intervals. Minimum-energy PES were obtained

by performing quadratic �ts to the energy as a function of surface lattice con-

stant at every graphene-metal distance. This procedure determines the minimum-

energy surface lattice constant, graphene-metal distance, and adsorption energy.

Throughout the article, adsorption energies are reported in kJ/mol per carbon

atom.

Finally, the extent of charge transfer between metal and graphene was inves-

tigated using Bader's Quantum Theory of Atoms in Molecules (QTAIM). 116,248

QTAIM atomic charges were calculated using the Yu-Trinkle algorithm118 (YT)

implemented in the CRITIC2 program.182 The QTAIM charges for the carbon

atoms of the adsorbed graphene sheet determine the degree ofcharge transfer.
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Table 7.4.1: Comparison of calculated and experimental bulk and (111) surface lattice constants for the considered metals and graphene.
All metals have a face-centered cubic (fcc) structure. The calculated surface lattice constants are reported for both the (1 � 1) and
(
p

3�
p

3) unit cells. The metal surfaces that minimize the strain energy, as de�ned in Eq. 7.3.5, are indicated in bold. Lattice constants
are also given for the combined graphene+metal system for both the minimum-energy adsorbed con�guration (aads) and for the in�nitely
separated constrained system (a1 , Eq. 7.3.4). For Ni and Pt, chemisorption and physisorption minima are present. All lengths are in�A
and all energies are in kJ/mol per carbon atom.

Bulk Clean surface Graphene + metal
aexpt

cubic
246 acubic aexpt

1� 1 a1� 1 ap
3�

p
3 aads

1� 1 a1
1� 1 E strain

1� 1 aadsp
3�

p
3

a1p
3�

p
3

E strainp
3�

p
3

Al 4.050 4.001 2.86274 2.855 4.946 2.721 2.722 75.6 4.931 4.930 0.1
Cu 3.615 3.576 2.56275 2.555 4.425 2.520 2.520 4.1 { 4.671 {
Ag 4.086 4.081 2.89276 2.944 5.100 2.818 2.817 116.1 5.030 5.023 4.8
Au 4.078 4.136 2.8831 2.956 5.120 2.858 2.858 128.4 5.045 5.049 4.9
Ni 3.524 3.462 2.49247 2.477 4.291 2.481, 2.466 2.464 0.0 { 4.574 {
Pd 3.890 3.933 2.7533 2.806 4.856 2.751 2.726 66.9 4.865 4.868 1.8
Pt 3.923 3.968 2.78277 2.822 4.887 2.787, 2.760 2.760 78.1 4.878 4.881 1.1

Graphene (calc.) 2.474 4.948
Graphene (expt) 2.46255 4.92
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7.4 Results and Discussion

7.4.1 Lattice Constants and Adsorption Energies

The computed lattice constants for graphene, the bulk metals, and adsorbed

graphene are compared to the available experimental valuesin Table 7.4.1.

B86bPBE-XDM performs quite well for the lattice constants ofthe bulk metals,

with errors for the conventional (cubic) cell length of 0.06�A or less. Similarly, the

errors are 0.08�A or less for the (1� 1) surface lattice constants.

For the (1 � 1) cell, the lattice constants for the graphene-metal system are

typically below the optimum values for the clean metal surface to reduce the

lattice strain from stretching the graphene C-C bonds. The lattice mismatch

between graphene and the metal surface results in highly stretched C-C bonds

for Al, Ag, Au, Pd, and Pt in this orientation, which results in extremely high

strain energies for these metals. As a result, previous DFT studies have all used a

rotated (
p

3�
p

3) unit-cell, corresponding to the 30� Moir�e pattern, for all metals

except Cu and Ni.36,37,39,267 For this cell, the strain within the graphene sheet is

minimized, with the C-C bonds stretched no more than 0.04�A relative to their

equilibrium values. In the (
p

3 �
p

3) orientation, the lattice constants for the

graphene-metal system are quite close to the optimum valuesfor the clean metal

surfaces and the strain energies are low (5 kJ/mol or less) compared to their (1� 1)

counterparts. However, consideration of only the (
p

3 �
p

3) precludes prediction

of interaction energies for an adsorbed layer with direct carbon-metal contacts,

as occur for several orientations of the (1� 1) cell. Graphene adsorption on Cu

or Ni was not studied with the rotated (
p

3 �
p

3) unit cell due to the lack of

experimental evidence of its existence and the highly compressed C-C bonds that

would result from this geometry.

Table 7.4.2 shows the calculated constrained and relaxed adsorption energies

for all metals and orientations. The results for Ni are reproduced from our previous

study and are included for comparison, while all other results are original to the
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Table 7.4.2: Constrained (E cons
ads , Eq. 7.3.4) and relaxed (Eads, Eq. 7.3.3) adsorption energies for all metals and orientations in this work.

The \Type" column indicates whether the entry is a physisorption (P) or chemisorption (C) minimum. Negative energies re
ect that the
orientation is not energetically stable. The maximum constrained and relaxed adsorption energies for each metal are indicated in bold.
The units are kJ/mol per carbon atom.

Al Cu Ag Au
Orientation Type E cons

ads Eads E cons
ads Eads E cons

ads Eads E cons
ads Eads

1 � 1 bridge-fcc P 4.2 -71.4 6.8 2.6 9.1 -107.0 7.2 -121.2
1 � 1 bridge-hcp P 4.3 -71.3 6.7 2.6 9.1 -107.1 7.2 -121.3
1 � 1 bridge-top P 4.4 -71.3 7.0 2.8 9.6 -106.5 7.5 -120.9

1 � 1 fcc-hcp P 4.1 -71.6 6.5 2.3 8.4 -107.8 6.7 -121.7
1 � 1 top-fcc P 4.2 -71.4 7.1 2.9 9.9 -106.3 7.7 -120.7
1 � 1 top-hcp P 4.6 -71.0 7.0 2.9 9.7 -106.4 7.6 -120.8p

3 �
p

3 P 3.2 3.2 | | 6.9 2.1 6.4 1.5
Orientation Type Ni Pd Pt

E cons
ads Eads E cons

ads Eads E cons
ads Eads

1 � 1 bridge-fcc C | | 10.2 -56.7 | |
P 8.0 8.0 | | 6.9 -71.3

1 � 1 bridge-hcp C | | 9.8 -57.1 | |
P 8.0 8.0 | | 6.8 -71.4

1 � 1 bridge-top C 7.3 7.3 20.5 -46.5 14.6 -63.5
P 8.3 8.3 | | 7.3 -70.9

1 � 1 fcc-hcp P 7.5 7.5 6.7 -60.2 6.4 -71.8
1 � 1 top-fcc C 7.8 7.8 16.3 -50.7 7.8 -70.3

P 8.5 8.5 | | 7.6 -70.6
1 � 1 top-hcp C 6.5 6.5 14.9 -52.0 5.9 -72.3

P 8.4 8.4 | | 7.2 -71.0p
3 �

p
3 P | | 6.3 4.5 6.8 5.7
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present work. In agreement with the lattice constants and strain energies in Ta-

ble 7.4.1, the (1� 1) orientation is stable for Ni and Cu only, and the (
p

3 �
p

3)

is favorable for the rest of the metals. Importantly, only nickel and platinum

present adsorption energies higher than the exfoliation energy of graphite53,61,272

(experimental value = 5.1 kJ/mol250). The group 11 metals all show relatively

low stabilization relative to the graphite exfoliation energy (Cu, 2:9 kJ/mol; Ag,

2:1 kJ/mol; Au, 1:5 kJ/mol). However, for a real surface, the graphene can adopt

rotational orientations with much longer periodicity, or the surface can undergo re-

construction, to further reduce the lattice strain. Unfortunately, such orientations

cannot be modeled practically with DFT methods due to the verylarge unit-cell

dimensions required. As is common practice in DFT studies, theremainder of

this work will focus on the constrained adsorption energies, which should provide

a more representative view of the local graphene-metal interactions.

Table 7.4.2 shows striking di�erences in the graphene-metal interaction strengths

between metals in group 10 and 11. Whereas Ni and Cu have similarconstrained

adsorption energies (slightly larger for Ni), Pt and particularly Pd show a strong

tendency towards chemisorption that is absent in their group-11 counterparts (Au

and Ag, respectively). Despite this, the lack of a suitable orientation makes Pt

and Pd unable to bind graphene strongly, due to the very high strain energy.

These results serve to reconcile some of the experimental observations34,265 where

Pt and Pd show either weak or strong adsorption, depending onthe orientation

(see Section 7.4.6). It should also be noted that both the graphene and the Pd

and Pt surfaces are severely distorted in the 1� 1 orientation, which may increase

their reactivity (although the same e�ect is not observed onAg and Au).

7.4.2 Potential Energy Surfaces

Computed B86bPBE-XDM PES for adsorption of graphene on all seven metals

are shown in Figure 7.4.1 for all six orientations of the (1� 1) cell and for the (
p

3�
p

3) cell. To compare the behavior of all orientations in the same plot, constrained
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adsorption energies are used. The dotted lines correspond to orientations with

signi�cant lattice strain (which would otherwise appear atmuch higher energies).

As shown in Appendix C, the dispersion contribution to the PES is e�ectively

independent of the orientation. Hence, the di�erences in thePES between the

various orientations are primarily due to di�erences in thedirect C-metal contacts

and the extent ofd-band hybridization and charge transfer (Section 7.4.4) arising

at the base-functional level.

For the (1 � 1) cell, the PES in Figure 7.4.1 show local chemisorption minima

for all three Ni-group metals in the top-fcc, top-hcp and bridge-top orientations.

For Pd, there is also chemisorption in the bridge-fcc and bridge-hcp orientations,

although it is signi�cantly weaker. As noted in our previous study on the Ni

surface,272 chemisorption is made possible by the direct C-metal atomiccontacts,

as are present for top-fcc, top-hcp and bridge-top. However,only physisorption is

seen for the fcc-hcp orientation, in which graphene C atoms are all above surface

voids. Chemisorption similarly does not occur for the (
p

3 �
p

3) unit cell, for

which the adsorption PES are nearly equivalent to the fcc-hcp curves for Pd and

Pt. Therefore, it is the graphene-carbon interaction, or lack thereof, that results

in the presence of a chemisorption minima for the Ni-group metals, likely arising

from the hybridization between the graphenep orbitals and the d band of the

metal surface. Although the chemisorption minima are relatively much deeper for

Pd and Pt than for Ni, the lattice mismatches prevent clean monolayer formation

on these metals.

For Al and the Cu-group metals, the PES in Figure 7.4.1 show no chemisorption

minima. Compared to the Ni-group metals, thed bands of the Cu-group are

lower in energy relative to the Fermi level, which precludeshybridization with

graphene'sp orbitals. Therefore, the di�erences between the six possible (1 � 1)

orientations are much smaller than for the Ni-group, with thenet adsorption

energies varying by 0.5-0.6 kJ/mol C between the various orientation for Al and

Cu. These di�erences increase somewhat for the other two members of the group,
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Figure 7.4.1: Computed B86bPBE-XDM PES for adsorption of graphene on se-
lected metals in the (

p
3 �

p
3) cell and all six possible orientations of the (1� 1)

cell. The left column shows results for the Ni-group metals, while the right column
shows results for Al and the Cu-group metals. Constrained adsorption energies
are used in this plot (i.e. metal and graphene are forced to have the same surface
lattice constant at in�nite separation). The orientations with signi�cant lattice
mismatch, which would be much higher in energy if the relaxedadsorption energies
were used, are shown as dotted curves.
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with a spread between the most- and least-stable orientations of 1.0 kJ/mol C for

Au and 1.5 kJ/mol C for Ag. It is more energetically favorable forthe carbon

atoms to lie directly above the surface atoms rather than thevoid sites, resulting

in deeper PES for the top-fcc, top-hcp and bridge-top orientations than for the

fcc-hcp orientation, in which there are no direct C-metal contacts (Figure 7.3.1).

The (
p

3 �
p

3) PES are signi�cantly more shallow than the (1� 1) PES for Al

and Ag. As will be shown in Section 7.4.4, this is due to the signi�cant surface-

substrate charge transfer that occurs in the (1� 1) cell for Al and Ag at the

physisorption minima. Al and Ag have the lowest work functionsof the series of

metals considered.

7.4.3 Dispersion and Periodic Trends

Optimal B86bPBE-XDM graphene-metal interlayer distances and metal-carbon

C6 dispersion coe�cients are reported in Table 7.4.3. TheC6 dispersion coe�-

cients are the main factor that determines the equilibrium distances and adsorp-

tion energies at the physisorption minima. The optimum interlayer distances for

the physisorption minima are nearly degenerate for each periodic row, due to

the similar atomic sizes. Al has the lowestC6 coe�cient, resulting in the lowest

physisorption energy and the largest interlayer distance.The C6's, optimum in-

terlayer distances, and adsorption energies generally increase down the periodic

groups, with the exception of Au and Pt, for which the C-metalC6 and graphene

adsorption energy are lower than for Ag and Pd, respectively.This is due to rel-

ativistic e�ects, which cause Au/Pt to be signi�cantly more electronegative than

Ag/Pd, resulting in a lower polarizability and weaker dispersion attraction.64,149

Ni and Pt display both chemisorption and physisorption minima, while graphene

only chemisorbs on Pd. This occurs because of a combination of a higher base-

functional contribution to the adsoprtion PES due tod-band hybridization and

charge transfer and a lower dispersion contribution to the adsorption energy due

to a smaller C-metalC6 coe�cient for Pd (Table 7.4.3). For metals with both
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Table 7.4.3: Calculated B86bPBE-XDM carbon-metalC6 dispersion coe�cients
(in a.u.), minimum-energy interlayer distances (in�A), and constrained adsorption
energies (in kJ/mol C) for both (1� 1) and (

p
3�

p
3) surface unit cells of selected

metals. Chemisorption states are denoted with a C and physisorption states are
denoted with a P.

Metal Orientation Type C6 (a.u) d (�A) E cons
ads (kJ/mol C)

Al 1 � 1 top-hcp P 34.7 3.48 4.6p
3 �

p
3 P 36.4 3.75 3.2

Cu 1 � 1 top-fcc P 42.8 3.22 7.1
Ag 1 � 1 top-fcc P 61.2 3.06 9.9p

3 �
p

3 P 59.4 3.31 6.9
Au 1 � 1 top-fcc P 60.3 3.22 7.7p

3 �
p

3 P 56.5 3.41 6.4
Ni 1 � 1 top-fcc C 39.3 2.22 7.8

1 � 1 top-fcc P 44.1 3.15 8.5
Pd 1 � 1 bridge-top C 38.6 2.12 20.5p

3 �
p

3 P 43.1 3.24 6.3
Pt 1 � 1 bridge-top C 45.9 2.10 14.6

1 � 1 top-fcc P 54.3 3.22 7.6p
3 �

p
3 P 51.5 3.44 6.8

chemisorbed and physisorbed minima, theC6's are typically smaller for the for-

mer, because of the partial positive charge on the surface atoms that result from

metal-graphene charge transfer. Lastly, the carbon-metaldispersion coe�cients

are slightly larger for physisorbed minima in the (1� 1) cell than for the (
p

3�
p

3)

cell due to the larger lattice constants in the former, whichresult in stretched C-C

bonds.

7.4.4 Charge Transfer

QTAIM results for the extent of metal-to-graphene charge transfer are pre-

sented in Table 7.4.4. Generally the extent of charge transfer is inversely related

to the graphene-surface distance, with the 1� 1 bridge-top orientation giving the

largest charge transfer, followed by 1� 1 top-fcc. In our previous work on Ni,

only the chemisorbed orientations showed signi�cant charge transfer272 and the

present results indicate negligible charge transfer for all physisorption minima in

the (
p

3 �
p

3) cell. However, considerable charge transfer is seen for several ph-
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Table 7.4.4: Charge transfer from the metal to the graphene layer (per C) obtained
from QTAIM analysis of the B86bPBE electron densities.

Metal bridge-fcc bridge-hcp bridge-top fcc-hcp top-fcc top-hcp
p

3 �
p

3
Al P 0.019 0.020 0.022 0.018 0.020 0.024 0.008
Cu P 0.003 0.003 0.004 0.003 0.005 0.004 {
Ag P 0.021 0.021 0.022 0.023 0.023 0.021 0.008
Au P 0.008 0.008 0.009 0.007 0.010 0.010 0.000

Ni
C { { 0.054 { 0.047 0.042 {
P 0.003 0.003 0.003 0.003 0.004 0.003 {

Pd
C 0.044 0.043 0.051 { 0.043 0.040 {
P { { { 0.004 { { 0.000

Pt
C { { 0.049 { 0.028 0.024 {
P 0.000 0.000 0.000 0.001 0.001 0.000 -0.006

ysisorption minima in the (1� 1) unit cell of metals other than Ni, particularly for

Al and Ag (which have the lowest work functions), indicating that the stretched

C-C bonds make charge transfer more favorable. This result explains why the PES

in Figure 7.4.1 show signi�cantly less adsorption for Al and Ag in the (
p

3 �
p

3)

con�guration as compared to (1� 1) fcc-hcp.

Pd has the largest charge transfer of all metals; taken together with its rel-

atively low dispersion coe�cient (Table 7.4.3) and its readiness to form covalent

bonds to graphene'sp orbitals, this explains the presence of only a single deep

chemisorption minimum for most (1� 1) orientations. Generally, charge transfer

from the metal is proportional to the interlayer distances and adsorption energies,

with Pd> Pt> Ni. LEED studies have previously shown evidence of strong interac-

tions between graphene and these metals in commensurate orientations.34,262,265

Additionally, a tribology experiment265 involving graphene on platinum has shown

graphene interacts more strongly with the metal substrate under stress, suggesting

that greater charge-transfer is achievable with even closer graphene-metal contacts.

7.4.5 Comparison with Previous Theory

Previous density-functional studies of graphene adsorption limited their scope

to the (1 � 1) cell for Cu and Ni and the (
p

3 �
p

3) cell for other metals in order
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Table 7.4.5: Constrained adsorption energies (E cons
ads in kJ/mol C) and interlayer

distances (d in �A) for graphene on selected metal surfaces. Data for Cu and Ni is
given for the top-fcc orientation of the (1� 1) cell while all other metals use the
(
p

3�
p

3) cell. The B86bPBE-XDM results are from the present work, except for
Ni, where the values are correspond to the chemisorbed minimum from Chapter 6;
all other results are from the literature. Two sets of LDA results are given, using
either relaxed36 or experimental lattice parameters.39

LDA 36,39 vdW-DF237 vdW-DF-C0937 RPA39 B86bPBE-XDM

Al
d 3.44, 3.46 { { 3.51 3.75

Eads 2.41, 2.80 { { 5.02 3.25

Cu
d 2.21, 3.21 3.73 2.94 3.09 3.22

Eads 3.38, 6.95 4.44 5.98 6.56 7.05

Ag
d 3.22, 3.32 3.73 3.23 3.31 3.31

Eads 2.89, 4.34 4.05 5.11 7.53 6.90

Au
d 3.32, 3.35 3.69 3.29 3.22 3.41

Eads 2.99, 3.28 4.73 5.69 9.17 6.40

Ni
d 2.00, 2.08 3.68 2.07 2.19 2.22

Eads 11.87, 18.14 4.25 13.60 6.75 7.79

Pd
d 2.33, 3.00 3.59 2.92 3.34 3.24

Eads 4.15, 7.62 5.02 6.95 8.68 6.34

Pt
d 3.25, 3.35 3.71 3.24 3.42 3.44

Eads 3.18, 3.47 5.21 6.56 8.10 6.81

to minimize C-C bond distortion. Our B86bPBE-XDM results for the minimum-

energy graphene-metal separations and constrained adsorption energies are com-

pared with selected results from previous theoretical studies in Table 7.4.5. Litera-

ture data is reported for the RPA,39 two vdW-DF functionals37 and the LDA.36,39

Table 7.4.5 shows that B86bPBE-XDM is in the closest agreement with RPA 39

for both interlayer distances and adsorption energies. This adds to our previous

results showing excellent agreement between B86bPBE-XDM and the RPA for

graphene adsorption on Ni272 and for graphite exfoliation.61,272

The LDA tends to under-estimate the adsorption energies relative to both

B86bPBE-XDM and the RPA for physisorption, as expected due tothe neglect of

dispersion. Additionally, the LDA predicts chemisorption minima for Cu and Pd,

which are not present with either B86bPBE-XDM or the RPA, and the chemisorp-

tion energy on Ni is signi�cantly over-estimated. The two sets of LDA results di�er
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signi�cantly depending on whether relaxed lattice parameters36 or experimental

lattice parameters39 were used in the calculations.

While several authors36,37,39 have performed calculations on these systems with

the original vdW-DF method,133 we focus on the more-recent vdW-DF2184 and

vdW-DF-C09,271 which are typically more accurate.278 The vdW-DF2 results

appear to systematically under-bind, predicting longer interlayer distances and

lower adsorption energies than B86bPBE-XDM or the RPA. Conversely, vdW-

DF-C09 signi�cantly under-estimates the interlayer distances and, like the LDA,

drastically overestimates the energy for graphene chemisorption on Ni.

7.4.6 Connection with Experiment

Our calculations along with previous experimental results,33,34,88,261{265 and

one LDA study,268 suggest that the interaction between graphene and both Pd

and Pt is strongly dependent on the graphene-metal orientation. Our calculated

adsorption energies in Table 7.4.2 explain con
icting experimental observations

that graphene forms both strong33 and weak261 interactions with the Pd surface.

Notably, Murata et al.34 observed a strong dependence on rotational orientation;

the 30� orientation interacts weakly with the surface and the interaction strength

is proportional to the alignment between the substrate and surface lattice con-

stants. Similarly, it has been found that the lattice mismatch results in formation

of graphene ripples on Pt surfaces, leading to strong local interactions,32,262,263,265

but weak interactions overall.88,264 While our results predict strong chemisorp-

tion of graphene in the bridge-top orientation of the (1� 1) cell, the energy

penalty due to C-C bond strain is prohibitive for graphene toadopt this ori-

entation globally, in agreement with experiment.263 However, our results suggest

that strong chemisorption behavior is possible locally between individual carbon

and Pd/Pt atoms, or between small domains with favorable atomic alignment. For

physisorbed orientations of graphene on Pt, the global average interlayer distance

was found to be 3.30�A,88 which is intermediate between the distances of 3.21
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�A and 3.44 �A for the (1 � 1) and (
p

3 �
p

3) cells predicted by B86bPBE-XDM

(Table 7.4.3).

In contrast to the Ni-group, the constrained results in Table7.4.2 show that

graphene physisorbs on each of the coinage metals regardless of the rotational ori-

entation on the surface. This is consistent with LEED and STMexperiments that

have shown that graphene interacts with copper and gold weakly.89,266,275,279,280

Also, the (1 � 1) constrained adsorption energies are generally greater than for

the (
p

3 �
p

3) cell (Table 7.4.2). This is in agreement with experimentsshow-

ing that graphene prefers the strained 0� orientation instead of the less-strained

30� -rotated Moir�e pattern on Au. To minimize the C-C bond strain, the graphene

sheet is observed to fold into a herringbone orientation.89,266

Our results suggest that there is a signi�cant energetic drive for graphene to

adopt an aligned on-top orientation on a substrate's surface. This interaction

drives the initial Moir�e structure formation until the gra phene sheet grows large

enough so that either the surface or graphene reconstruct globally to minimize the

C-C bond strain, as occurs on Pd, Pt, and Au.

7.5 Summary

This chapter studied graphene adsorption on seven di�erent(111) face-centered

cubic metal surfaces (Al, Ni, Pd, Pt, Cu, Ag, and Au). The 0� orientation, corre-

sponding to a (1� 1) surface unit cell was studied for all seven metals, using six

di�erent graphene-metal geometries (top-fcc, top-hcp, fcc-hcp, bridge-top, bridge-

hcp, and bridge-fcc, in the usual nomenclature36,37,39,50,272). In addition, the 30�

orientation, corresponding to a (
p

3�
p

3) surface unit cell, was also studied for all

metals except Ni and Cu. The exchange-hole dipole moment (XDM)dispersion

correction combined with the B86bPBE functional was used, and our calculations

were compared to previous theoretical and experimental observations. In partic-

ular, excellent agreement is found between B86bPBE-XDM and reported RPA

adsorption energies and graphene-metal distances.
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Our results show that graphene-substrate interactions depend both on rota-

tional orientation and lattice commensurability. Ni and Cu have lattices that

match graphene in the (1� 1) surface unit cell, whereas the remaining metals

match with graphene in the (
p

3 �
p

3) cell. Surface adsorption is strongly un-

favorable in the incommensurate orientations due to the high lattice strain. Ex-

perimentally, graphene can adopt rotational orientationswith longer periodicity

to reduce this lattice strain. However, to obtain proper energy rankings of Moir�e

patterns on these substrates, much larger unit cells than can be e�ciently modeled

with DFT are required.

To quantify physisorption and chemisorption e�ects as a function of graphene-

metal distance, the lattice strain energy was eliminated from the adsorption energy

by taking the graphene and metal contributions to correspond to an in�nitely

separated graphene sheet and metal surface, constrained tohave equal lattice

constants. This \constrained" adsorption energy is largest in the (1 � 1) unit

cell, which maximizes direct on-top contacts between the graphene carbon atoms

and underlying surface metal atoms. The results for the (1� 1) cell showed that

Pt displays both physisorption and chemisorption minima for the top-fcc, top-

hcp, and bridge-top orientations. This behavior is similarto Ni, although the

chemisorption interaction is stronger on Pt. Only chemisorption minima occur for

Pd in the on-top orientations due to greater charge transferand weaker dispersion

interactions relative to Pt. Conversely, only physisorption is observed for the

noble metals and Al, where there are only small energy di�erences on the order of

� 1 kJ/mol C between the various (1� 1) orientations. In the rotated (
p

3�
p

3)

cell, only physisorption minima are present for all metals considered. Because

half of the graphene carbon atoms reside over voids, the (
p

3 �
p

3) adsorption

PES resemble those for the fcc-hcp orientation of the (1� 1) cell. The dispersion

coe�cients and adsorption-energy contributions are nearly invariant with respect

to both graphene rotation and lateral translation, indicating that the changes in

PES arise due to the presence or absence of direct C-metal contacts.
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Our results indicate that there is a strong driving force forgraphene to align

with the surface, particularly for the Ni-group metals. Thisexplains the observa-

tion that the 0 � Moir�e pattern is dominant on gold despite the high degree ofC-C

bond strain. Experimentally, it appears that the graphene's lattice strain is re-

duced by adoption of a herringbone orientation on the surface.89,266 The energetic

drive for local surface-substrate alignment, along with incommensurate graphene-

metal lattice constants is the likely cause for formation ofmultiple Moir�e patterns

on metal surfaces. In particular, the combination of the strong chemisorption seen

on Pd and Pt in the incommensurate (1� 1) cell and weak physisorption in the

commensurate (
p

3 �
p

3) cell explains experimental observations that graphene

has multiple Moir�e patterns on Pd and Pt, forming strong interactions locally, but

weak interactions globally.28,34,261,263,264
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Chapter 8: E�ect of the Metal Substrate on Interlayer Interactions in

Bilayer Graphene

Original reference: M. S. Christian and E. R. Johnson, J. Phys.Chem. C (2018)

doi:10.1021/acs.jpcc.7b12743.

8.1 Abstract

Bilayer graphene (BLG) has been shown to have advantageous electronic and

physical properties relative to single-layer graphene (SLG) and is a model system

for probing the tribology of graphene-based lubricants. However, few studies have

investigated how metal substrates a�ect interlayer interactions, as quanti�ed by

the exfoliation energy and the sliding barrier of the upper graphene layer. In this

work, we present a study of adsorbed BLG on several transition-metal surfaces

using density-functional theory (DFT) incorporating the exchange-hole dipole mo-

ment (XDM) dispersion model. Our results show that physisorption of BLG on

a surface does not signi�cantly perturb the interlayer interactions, exfoliation, or

sliding. Conversely, chemisorption of BLG increases the exfoliation energy and de-

creases the sliding barriers due to stronger dispersion contributions from the metal

substrate. Changes in translational and rotational orientations massively impact

the sliding friction for Ni-group metals that can facilitateboth chemisorption and

physisorption.

8.2 Introduction

Due to its unique two-dimensional electronic structure, graphene has attracted

a great deal of recent attention for its wide range of of potential device applica-
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tions. A common route to graphene synthesis involves chemical vapor deposi-

tion on metal substrates, which can result in formation of adsorbed single-layer

graphene (SLG) or bilayer graphene (BLG).20,22,223,224,226,252 Few-layer graphene

is an excellent friction modi�er for metal contacts as its properties lead to a high

lubricity, reducing the sliding barrier relative to that of the unadorned bimetallic

interface.9,219,220

The interaction of graphene with metal surfaces varies withsubstrate type and

lattice commensurability.20,30 Graphene can either physisorb, bound by weak dis-

persion interactions,86,89,281 or chemisorb, bound by a combination of electrostatic

and dispersion interactions.87,275 Physisorption is characterized by SLG{metal in-

terlayer distances of> 3�A and e�ectively zero charge transfer, as occurs for Al and

the Cu-group metals.282 Alternatively, graphene can either physisorb on chemisorb

on Ni-group metals, depending on the rotational orientation. Chemisorption is

characterized by interlayer distances of< 2:5�A and signi�cant charge transfer.282

Tribologists have studied substrate e�ects on bilayer sliding,41,42,46,95,96,283, 284

demonstrating that the energy barriers are dependent on thenumber of graphene

layers and on the strength of their surface adhesion. In general, the friction tends

to decrease with increasing numbers of layers,41,42 as this increases the smooth-

ness of the graphene. Similarly, strong interactions with the substrate result in

smoother graphene layers and decrease the sliding barrier,while weak interac-

tions lead to increased roughness or corrugation and cause greater friction.42,46,96

However, relatively little is known regarding how an underlying metal substrate

can a�ect the adsorption and frictional properties of the upper graphene layer in

adsorbed BLG beyond such changes in roughness.

Investigations of friction on highly-planar graphene surfaces can be conducted

using a quartz crystal microbalance (QCM), rather than by atomic force mi-

croscopy (AFM) where the tip causes graphene wrinkling. QCM studies have

examined adsorption and friction of noble-gas atoms on graphene/Ni(111) sur-

faces102 and found the e�ect of the underlying substrate to be negligible.101 How-
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ever, this is at odds with combined DFT and Raman-spectroscopy results that a

hexagonal boron nitride substrate strengthens the adsorption of molecular bromine

on graphene.285 Additionally, a further QCM study found a signi�cantly great er

interaction strength between gold nanocrystals a graphitesubstrate compared to

SLG graphene.286

Several previous computational studies investigated BLG adsorbed on various

metal surfaces, but either concentrated on carbon-metal distances and energies

rather than interactions between the graphene layers,48,287 or used the local den-

sity approximation,288 which lacks a treatment of dispersion interactions needed

to describe these systems. A study of BLG adsorbed on the Cu and Ni (111)

surfaces using PBE functional126 and the D2 dispersion correction57 found that

the interlayer interaction is signi�cantly stronger on Ni, relative to freestanding

BLG.289 Another PBE-D2 study found that a Ni(111) substrate both increases

interlayer adhesion and decreases the lateral sliding force for trilayer graphene.219

Use of a density-dependent dispersion correction has been shown to yield far

more accurate graphene-metal distances and energetics272,282 than the empirical

dispersion corrections used in previous BLG studies.219,289 The exchange-hole

dipole moment (XDM) model,60,273 is a non-empirical dispersion correction that

uses the electron density to generateC6 (and higher-order) dispersion coe�cients.

These dispersion coe�cients are used to evaluate the dispersion energy between

all pairs of atoms,i and j :

EXDM = �
1
2

X

n=6 ;8;10

X

i 6= j

Cn;ij f n (Rij )
Rn

ij
; (8.2.1)

whereRij is the interatomic distance andf n is a damping function that attenuates

the dispersion correction at short range. Each pairwise-atomic dispersion coe�-

cient, Cn;ij , is determined from integrals involving the exchange-holemultipole

moments for the interacting atoms, as well as the atom-in-molecule polarizabili-

ties. The XDM dispersion energy is added to the base DFT energy as a post-SCF
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correction:

E = Ebase + EXDM : (8.2.2)

The non-empirical and environment-dependent nature of the dispersion coe�cients

allows XDM to model dispersion interactions accurately for diverse systems rang-

ing from molecular dimers to supra-molecular systems to organic crystals.273 Most

relevant to this paper, XDM has been shown to accurately modelphysisorption

of molecules64 and of SLG272,282 on metal surfaces.

This article is the �rst to systematically consider substrate e�ects on bilayer

graphene for the late transition metals with state-of-the-art dispersion-corrected

DFT methods. It represents the third part of an investigativeseries on graphene-

metal interactions using DFT paired with the XDM dispersion correction.272,282

In this work, we investigate if and how metal substrates a�ect BLG interfacial

distances and interaction energies, as well as energy barriers for interlayer sliding.

In the �rst section, we compare properties of BLG with graphite as a reference

to gauge how the graphite substrate a�ects BLG energies and distances. In the

remainder of the article, we consider BLG adsorbed on the (111) surface for seven

metals in two rotational orientations. The second section assesses how the metal

substrates a�ect exfoliation energies for the upper graphene layer, while the third

section investigates how the substrates a�ect the energy barriers for interlayer

sliding of the adsorbed BLG. Our results show that the substrate does signi�cantly

a�ect the energetics and interlayer distances of BLG for cases where the lower

graphene layer is chemisorbed on the metal due to stronger dispersion attraction

between the substrate surface and the upper graphene layer.

8.3 Computational Methods

As in our previous publications on graphene-metal interactions,272,282 all DFT

calculations were carried out using periodic boundary conditions with the projector

augmented wave (PAW) formalism114 as implemented in Quantum ESPRESSO.179
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The B86bPBE180 exchange-correlation functional was used as it provides the best

accuracy when paired with the XDM dispersion model.61,151 PAW datasets were

generated using LD1 version 4.3.2 using pslibrary 0.2.5 inputs. The datasets also

included scalar relativistic e�ects and non-linear core corrections.181 All datasets

were checked to ensure that there was no PAW sphere overlap for each optimized

geometry. An 8� 8� 1 �-centered k-point grid was used, with a plane-wave cuto�

of 60 Ry and a density expansion cuto� of 800 Ry. Cold smearing108 was employed

with a smearing parameter of 0.01 Ry.

The metal substrates considered here are the same as in our previous paper:282

aluminum, copper, silver, gold, nickel, palladium, and platinum. Calculations

for the Ni-group metals used an initial spin-polarization and were checked for

convergence to the correct spin state. All metals have a face-centered cubic (fcc)

crystal structure and we consider only the (111) surface. The 0� and 30� rotational

orientations, or Moir�e patterns, are considered for all cases except for Cu and Ni,

where only the 0� orientation is considered due to the excessive compressionof the

adsorbed graphene that would occur in the 30� orientation.282 The (1� 1) surface

unit cell is used for the 0� orientation, where the lattice vector of graphene and

the metal are aligned, and the (
p

3 �
p

3) unit cell is used for the 30� orientation,

where the graphene surface vector is rotated about the metallattice vector by this

angle. Adsorption of graphene in the 30� orientation is more stable for Al, Ag,

Au, Pd, and Pt due to better lattice commensurability. However, this orientation

does not allow for chemisorption, which occurs in the 0� case for Pd and Pt.282

While many other Moir�e patterns are possible experimentally, they would require

much larger units cells in the DFT modeling and hence are not considered.

For the (1� 1) cell, six unique translational orientations of SLG graphene layer,

with respect to the metal, are possible.282 In this work, only the minimum-energy

of these orientations are considered and were used to de�ne the con�guration of

the lower graphene layer in contact with the surface. These are top-hcp for Al;

top-fcc for Ni, Cu, Ag, and Au; and bridge-top for Pd and Pt.282 For nickel, we
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consider the chemisorption minimum favored after inclusion of thermal-expansion

e�ects.272 Additionally, we also studied the chemisorbed top-fcc orientations of

graphene for Pd and Pt in the (1� 1) cell for consistency with the other metals

and because graphene has been seen to have a combination of the bridge-top

and top-fcc orientations experimentally.88,261,262,264 Finally, calculations were also

performed for freestanding BLG and for BLG adsorbed on a graphite surface.

Each surface is modeled as a slab containing six layers of metal atoms, or six

layers of carbon atoms for the graphite substrate. A su�ciently large vacuum

region was inserted between the slabs to separate the periodic images, yielding

unit-cells 70 Bohr in length. BLG is adsorbed on the surface,with the lower

layer in the orientations described above. The carbon-metal distances for this

layer were set to the optimum values from our previous paper282 and were held

�xed in all subsequent calculations to simplify computation of the exfoliation and

sliding potential-energy surfaces (PES). For each combined BLG-metal system,

the (x; y)-unit-cell dimensions, which control the surface latticeconstants, were

systematically varied in 0.01�A increments and the minimum-energy geometry ob-

tained from quadratic interpolation. These optimum valuesof the lattice constants

are given in Table 8.3.1 and were also held �xed in all subsequent PES calculations.

Alternatively, instead of optimizing the lattice constant for the combined BLG-

metal system, PES were also generated using substrate lattice constants �xed to

the experimental values (see Table 7.4.1); the results are e�ectively identical and

are presented for comparison in Appendix D.

Table 8.3.1 shows a comparison of the optimum lattice constants for the com-

bined BLG-metal system with those of freestanding BLG, which demonstrates

the magnitude of the lattice strain. The strain energies resulting from this lattice

distortion for a single graphene layer, also reported in Table 8.3.1, are

Estrain = ESLG(asurf ) � ESLG ; (8.3.1)

where the latter value corresponds to the minimum energy forSLG. The values of
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Table 8.3.1: Comparison of calculated surface lattice constants (asurf in �A) for BLG
adsorbed on the (111) surface of selected metals for the (1� 1) and (

p
3 �

p
3)

unit cells. Also shown are the di�erences in lattice constant, relative to graphite
(� asurf in �A), and the strain energies resulting from the changes in lattice constant
for a single-layer graphene (Estrain in kJ/mol per C).

Metal
(1 � 1) (

p
3 �

p
3)

asurf � asurf Estrain asurf � asurf Estrain

Al 2.66 0.19 33.9 4.95 0.00 0.1
Cu 2.51 0.04 1.8 | | |
Ag 2.76 0.29 68.0 4.98 0.03 1.2
Au 2.80 0.33 88.0 5.02 0.07 2.2
Ni 2.47 0.00 0.1 | | |

Pd
2.71a 0.24a 47.7

4.88 -0.07 0.7
2.70b 0.23b 46.0

Pt
2.75a 0.28a 64.1

4.90 -0.05 0.5
2.74b 0.27b 60.1

SLG 2.47 4.95

The lower graphene layer is:achemisorbed, bridge-top;bchemisorbed, top-fcc.

the strain energy are quite high for Al, Ag, Au, Pd, and Pt in the (1� 1) cell (or

0� Moir�e pattern), where there is a large lattice mismatch. However, these aligned

orientations are still considered as they facilitate graphene chemisorption282 and

are seen experimentally for Au, Pd, and Pt, where the graphenedistorts over large

length scales to reduce the lattice strain.32{34,89,262,263,265,266

Potential energy curves for adsorption/exfoliation of theupper graphene layer

were computed to assess the strength of the BLG interlayer interaction for all sub-

strates. The exfoliation PES were generated by translatingthe upper graphene

layer in the z-direction, with respect to the surface, while �xing all other geo-

metric parameters. The adsorption energy of the upper graphene layer is de�ned

relative to the in�nitely-separated, strained components, as in our previous pa-

per.282 Potential energy surfaces for interlayer sliding of BLG were also computed

for all substrates and orientations. Starting from the minimum-energy structures,

the top graphene layer was translated diagonally across theunit cell to generate

the PES. This allows for the entire sliding PES to be sampled while minimizing

the number of calculations by exploiting graphene's symmetry. For each point,
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the z-position of the upper graphene layer was varied in 0.05�A increments and

the minimum-energy PES obtained from quadratic interpolation. Because we are

interested in the relative energies along the sliding PES, wede�ne the energies

with respect to the most stable geometry for each substrate.

8.4 Results and Discussion

8.4.1 Comparison of Bilayer Graphene versus Graphite

We begin by considering the di�erences between BLG and graphite as a refer-

ence to understand basic substrate e�ects. Figure 8.4.1(a) shows a comparison of

the potential energy surfaces for exfoliation of the upper graphene layer in BLG

and in graphite, while Figure 8.4.1(b) shows a decompositionof these PES into

base-functional and dispersion contributions. The base-functional contribution is

entirely repulsive along the PES, as expected from analogy to the benzene dimer.164

The base-functional contribution can be thought of as describing the Pauli repul-

sion between the graphene sheets and is o�-set by dispersionto give adsorption

in the overall PES. From Figure 8.4.1(a), the magnitude of theexfoliation energy

for BLG is 0.5 kJ/mol C less than for the graphite slab, demonstrating that the

graphite support causes stronger interlayer binding. Figure 8.4.1(b) reveals that

the increased binding is due to additional dispersion interactions with the underly-

ing substrate in the graphite case. This is in agreement witha combined QCM and

molecular-dynamics study that found that a reduced Lennard-Jones interaction

strength was needed to reproduce experimental results for agraphene substrate,

relative to graphite.286 The stronger binding also a�ects the equilibrium interlayer

distance; the distance between the top two layers of the graphite slab is 3.37�A,

intermediate between the values of 3.39�A in BLG and 3.35 �A in bulk graphite.

Figure 8.4.1(c) shows a comparison of the potential energy surfaces for sliding

of the upper graphene layer in BLG and on the graphite surface. Both of the

PES show two minima, which are equivalent for BLG and nearly degenerate for
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Figure 8.4.1: Comparison of the potential energy surfaces for (a) exfoliation and
(c) sliding of the upper graphene layer in BLG and on a graphite surface. In
(b) and (d), the PES are decomposed in to the XDM-dispersion (solid lines) and
base-functional (dashed lines) contributions.
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Figure 8.4.2: Geometries of three extrema on the sliding PES for graphite. The top
two graphene layers are shown in the \tube" representation;black is the upper
layer and grey the lower layer. The underlying substrate is represented by the
\ball" motif. The green atoms constitute the third carbon layer, or the top of the
graphite substrate. The purple atoms are the fourth carbon layer, or the second
layer of the graphite substrate.

(a) global minimum (b) local minimum (c) maximum

graphite. The global minimum-energy con�guration, shown in Figure 8.4.2(a),

corresponds to the zero of energy for the interlayer-sliding PES. For graphite,

this is the \ABA" Bernal stacking seen experimentally.290,291 The local minimum

corresponds to \ABC" stacking, shown in Figure 8.4.2(b), and occurs one third of

the way along the fractional sliding coordinate. ABC stacking is marginally higher

in energy than ABA stacking due to slightly weaker dispersionstabilization. The

maximum-energy point on the sliding PES occurs two thirds ofthe way along the

fractional sliding coordinate. As shown in Figure 8.4.2(c), this transition state has

\AA" stacking, where the top two graphene layers are exactly aligned.

The sliding PES are decomposed into base-functional and dispersion contribu-

tions in Figure 8.4.1(d). Note that this plot shows the variousenergy terms at

the B86bPBE-XDM optimized geometries and will not match the sliding potential

for an uncorrected generalized-gradient functional in theabsence of a dispersion

correction. The �gure reveals that the sliding barrier is primarily controlled by

the XDM dispersion contribution. The AA orientation, where the carbon atoms

in the two graphene sheets lie directly above each other (as in Figure 8.4.2(c)),

gives rise to less dispersion attraction than when they are staggered, as in the

AB orientations shown in Figure 8.4.2(a,b). The dispersion-only barrier is even

somewhat higher than the overall barrier because the base functional contribution

favors the stacked AA orientation. To understand the reason for this behavior,
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recall from Figure 8.4.1(b) that the base-functional contribution to the adsorption

energy is purely repulsive at all points along the PES, whilethe dispersion contri-

bution is purely attractive. At the local minima (AB orientat ions) on the sliding

PES, there is greater dispersion binding, leading to a shorter interlayer distance

(3.37�A for graphite and 3.38�A for BLG), and this is o�set by greater repulsion

from the base functional. Conversely, at the maximum (AA orientation), there is

less dispersion binding, leading to a longer interlayer distance (3.57�A for graphite

and 3.58�A for BLG), so this results in less repulsion from the base functional.

From Figure 8.4.1(c,d), the graphite substrate does not signi�cantly a�ect the

sliding PES. The upper graphene layer is far enough from the substrate that

the additional dispersion attraction from interaction with the support is largely

invariant with respect to its translation. This result is expected since it is well

established that graphene rippling, and not other electronic e�ects, is the dominant

factor that causes the observed reduction in interlayer friction with increasing

numbers of graphene layers.41,42,96

8.4.2 Exfoliation

The previous section showed that a graphite base increases the BLG exfoliation

energy. In this section, we investigate the exfoliation energy of the upper graphene

layer of BLG adsorbed on the various metal surfaces. The resulting interlayer

distances and exfoliation energies are reported in Table 8.4.1 and the exfoliation

PES are illustrated in the �rst column of Figure 8.4.3. Results for graphite are

also included as a reference to gauge how each metal a�ects the exfoliation energy.

The dispersion energies along the PES for interactions between the upper graphene

layer and the metal are shown in the second column of Figure 8.4.3. These results

are expressed relative to analogous energies for graphite,where only the interaction

between the upper layer and the substrate base are included in the dispersion

energy. As such, the curves represent the additional dispersion stabilization gained

by replacing the graphite substrate with a given metal surface.
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Table 8.4.1: Optimum BLG interlayer distances (dBLG ), distances between the top
graphene layer and the upper layer of the metal surface (dM � top ), and graphene
adsorption energies (Eads). Relative values, with respect to results for the graphite
surface, are also shown. All distances are given in�A and all energies in kJ/mol C.

dBLG � dBLG dM � top � dM � top Eads � Eads

Al 1 � 1 top-hcp 3.39 0.02 6.87 0.38 5.1 -0.2p
3 �

p
3 3.37 0.00 7.12 0.63 5.0 -0.3

Cu 1 � 1 top-fcc 3.38 0.01 6.60 0.11 5.3 0.0
Ag 1 � 1 top-fcc 3.39 0.02 6.45 -0.04 5.4 0.1p

3 �
p

3 3.37 -0.01 6.68 0.19 5.3 0.0
Au 1 � 1 top-fcc 3.40 0.03 6.62 0.13 5.4 0.1p

3 �
p

3 3.38 0.01 6.79 0.30 5.5 0.2
Ni 1 � 1 top-fcc 3.29 -0.08 5.51 -0.98 6.2 0.9
Pd 1 � 1 bridge-top 3.33 -0.04 5.45 -1.04 5.9 0.6

1 � 1 top-fcc 3.32 -0.05 5.57 -0.92 5.9 0.6p
3 �

p
3 3.36 -0.01 6.60 0.11 5.5 0.2

Pt 1 � 1 bridge-top 3.30 -0.07 5.40 -1.09 6.3 1.0
1 � 1 top-fcc 3.30 -0.07 5.70 -0.79 6.0 0.7p

3 �
p

3 3.36 -0.01 6.80 0.31 5.4 0.1
BLG 3.39 0.02 | | 4.8 -0.5
Graphite 3.37 | 6.49 | 5.3 |

The results in Table 8.4.1 show that the interlayer distances and energies are

nearly equivalent for all metals in the (
p

3�
p

3) cell. All BLG distances are within

0.01 �A of graphite and most exfoliation energies are similar to graphite, di�ering

by no more than 0.3 kJ/mol C. The dispersion contributions from the substrate

are also quite similar to graphite, except for Al, which has the lowest dispersion

coe�cient of the metals considered here.282

The results for physisorbed BLG in the (1� 1) cell are similar to those for the

(
p

3�
p

3) cell; the exfoliation energies and distances, again, vary little from those

seen for graphite. The dispersion contributions follow thesame ordering as the

C6 dispersion coe�cients for the metals,282 namely Al < Cu < Au < Ag. The C6

coe�cients increase down the periodic group, except for gold, where relativistic

e�ects increase the electronegativity and reduce the dispersion coe�cient. 149 The

slight increases in the surface dispersion contributions relative to graphite (between

0.2-0.4 kJ/mol per C) are o�set by the increased graphene strain in this cell,
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Figure 8.4.3: PES for exfoliation of graphene from a graphene-metal or graphite
base (left column). Also shown are dispersion energies for interaction between
the exfoliated graphene layer and the metal slab, relative to analogous values for
graphite (right column).
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resulting in negligible overall changes in the exfoliationPES. Thus, our results

show that rotational orientation and lattice commensurability have little a�ect on

BLG exfoliation energies when the BLG is physisorbed on Cu-group metals.

Graphene chemisorbs on Ni, Pd and Pt in the (1� 1) cell and, therefore, the

graphene-metal interlayer distances are much shorter for these metals.272 Fig-

ure 8.4.3 and Table 8.4.1 show that the exfoliation energiesare somewhat higher

when BLG is adsorbed on these metals, by up to 1 kJ/mol C for Pt when the
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lower graphene layer is chemisorbed in the bridge-top orientation. The stronger

interlayer interactions also manifest in the BLG interlayer distances, which are up

to 0.08 �A shorter than in graphite. The additional binding can be attributed to

a higher dispersion contribution from the substrate, due tothe much shorter dis-

tances between the top graphene layer and the surface (0.8-1.1 �A in Table 8.4.1).

Thus, dispersion contributions from the underlying substrate can signi�cantly af-

fect the strength of the interlayer interactions in BLG whenit is chemisorbed on a

metal surface; such substrates should not be neglected in computational modeling.

Finally, we compare our results with those of Wanget al.289 obtained using

PBE-D2,57,126 who reported exfoliation energies of 5.8, 4.8, and 8.2 kJ/molC for

freestanding BLG and BLG adsorbed on Cu and Ni substrates, respectively. Their

result for freestanding BLG is counter-intuitive as it is not physical to have a weak-

ening of the BLG interlayer interaction when it is adsorbed on a substrate. In the

limit of extremely weak adsorption, the substrate would have no e�ect, and the

lower bound for the interlayer interaction energy would match that of freestanding

BLG. For stronger adsorption, the substrate will contribute additional dispersion

interactions to the interlayer binding, so the interlayer interaction energy must

increase. To test their prediction, we calculated the exfoliation energy of free-

standing BLG with PBE-D2 and obtained a value of 4.8 kJ/mol C, in agreement

with our B86bPBE-XDM value in Table 8.4.1, as well with the result of Ref. 289

for BLG on Cu. We conjecture that the reported values in Ref. 289 for freestanding

BLG and for BLG adsorbed on the Cu surface may have been switched acciden-

tally. If this were indeed the case, the PBE-D2 exfoliation energy for BLG on Cu

would be slightly higher than the corresponding XDM result, which is reasonable

given the tendency of the D2 method to overestimate dispersion interactions for

metals.64 For BLG adsorbed on Ni, our calculated interlayer interaction energy

is 2 kJ/mol C lower than that obtained in Ref. 289. This is expected due to the

tendency of the empirical D2 method to overestimate dispersion interactions with

Ni due to an overestimated Ni-CC6 dispersion coe�cient (75.4 a.u. with D257
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versus 39.3 a.u. with XDM282). This overestimation of C6 will cause the \extra"

dispersion contribution from the substrate to be overestimated, explaining the

di�erence between the two sets of results.

8.4.3 Graphene Sliding

Graphene sliding PES are reported on the left side of Figure 8.4.4; the pan-

els on the right show only the XDM dispersion contribution to the sliding PES.

Figure 8.4.4(a) shows the PES for interlayer sliding of BLG adsorbed on metal

substrates in the (
p

3�
p

3) cell. The computed sliding barrier is highest for gold,

which has the largest lattice mismatch with BLG, as shown in Table 8.3.1.

To investigate the e�ect of lattice mismatch on the sliding barriers, additional

calculations were performed on freestanding BLG with a series of lattice con-

stants spanning the full range ofa surf values listed in Table 8.3.1. The results

are illustrated by a 2D representation of the sliding PES as afunction of the lat-

tice constant in Figure 8.4.5(a). The �gure shows that stretching of the graphene

lattice constant beyond the equilibrium value of 2.47�A serves to increase the

sliding barrier (from 0.8 kJ/mol C to 1.1 kJ/mol C over the rangeconsidered).

Figures 8.4.5(b,c) present the decomposition of the 2D PES into base-functional

and dispersion contributions. The dispersion contribution to the barrier is largely

constant and the increase in sliding barrier with lattice constant is shown to origi-

nate from changes in the base-functional repulsion betweenthe layers. Stretching

the lattice constant beyond the BLG equilibrium value decreases base-functional

repulsion between the graphene layers for the minimum-energy AB con�guration,

but increases base-functional repulsion for the maximum-energy AA con�guration.

The net result is a higher sliding barrier due this change in the base-functional

contribution.

As shown in Figure 8.4.4(c), the sliding PES for the (1� 1) cell exhibit a

larger spread between the various metals than for the (
p

3�
p

3) cell. This occurs

because of the greater range of lattice constants and increasing strain for BLG
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Figure 8.4.4: PES for sliding of the upper graphene layer over a�xed graphene-
metal or graphite base, along the long diagonal of the unit cell, with the z-position
of the translated layer allowed to relax. The left column shows the total sliding
PES and the right column shows the XDM dispersion contribution only; both are
relative to the lowest-energy orientation.
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on the (1 � 1) surfaces (see Table 8.3.1). Physisorption on the (1� 1) Ag and

Au surfaces causes the greatest lattice mismatch and hence the highest sliding

barriers. Conversely, for Cu in the (1� 1) cell, there is almost no lattice mismatch

and, consequently, the sliding barrier for BLG on this surface is almost identical

to that for graphite. Al has an intermediate lattice mismatch, but the increase

in barrier from the base functional is o�set by a lower dispersion contribution, as
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Figure 8.4.5: 2D PES illustrating the dependence of BLG interlayer sliding on
the lattice constant. The total BLG interaction energy (a), as well as the XDM-
dispersion (b), and base-functional (c) contributions areshown.
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shown in Figure 8.4.4(d) and as expected due to the reduced dispersion binding

for BLG on Al compared to the other metals.

The PES shown in Figure 8.4.4(e), for cases where BLG is chemisorbed on the

metal substrate in the top-fcc orientation, are signi�cantly di�erent than those

discussed above. The global and local minima, shown in Figure8.4.6(a,b), are

no longer nearly degenerate. Rather, the local minimum, in which the upper

graphene layer is translated one third of the way across the unit cell, is signi�-

cantly higher in energy. At the local minimum, the carbon atoms of the upper

graphene layer lie directly above the surface metal atoms. This can be contrasted

with the global minimum, where the carbons of the upper layerlie between the

surface metal atoms. The latter arrangement results in moreclose carbon-metal

contacts and consequently greater dispersion stabilization. However, it is only for

the chemisorbed cases where the upper graphene layer is su�ciently close to the

surface (see Table 8.4.1) for this di�erence to be signi�cant. The destabilization

of the local minimum is not seen for the bridge-top orientations as this breaks
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Figure 8.4.6: Geometries of the extrema on the sliding PES forBLG adsorbed on
Cu in the top-fcc orientation (top row) or Pt in the bridge-top orientation (bottom
row). The top two graphene layers are shown in the \tube" representation; black is
the upper layer and grey the lower layer. The underlying substrate is represented
by the \ball" motif.

(a) top-fcc, global min (b) top-fcc, min (c) top-fcc, max

(d) bridge-top, global min (e) bridge-top, local min (f) bridge-top, max

the symmetry between the lower graphene layer and the surface. The global and

local minima, shown in Figure 8.4.6(d,e), are nearly degenerate. In the �rst case

the C-C bonds lie above metal atoms of the second surface layer (cyan) resulting

in greater stabilization from dispersion interactions, while in the second case, the

C-C bonds lie above the metal atoms of the third surface row (dark blue).

For the chemisorbed cases (Figure 8.4.4(e)) the sliding energy barriers are

much lower than for the physisorbed cases and this arises from the dispersion

contribution (Figure 8.4.4(f)). The additional dispersionfrom the substrate causes

a reduction in the graphene interlayer distance, by 0.08�A or less at the minimum-

energy con�guration. At the maximum-energy con�guration, the contraction in

the interlayer distance is as much as 0.18�A. This reduction in the interlayer

distance serves to preferentially increase the dispersionattraction between the

two graphene layers at the maximum-energy con�guration, lowering the barrier.

The �nding that chemisorption of BLG on a metal surface simultaneously increases

the interlayer adhesion and decreases the sliding frictionis a generalization of the

previous PBE-D2 results for Ni(111) in Ref. 219.
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The sliding barriers for chemisorbed BLG are also particularly sensitive to the

translational orientation of the lower graphene layer withrespect to the surface.

Relative to the top-fcc orientation discussed above, the sliding barriers are further

reduced for the bridge-top orientation, due to more preferable dispersion inter-

actions between the top graphene layer and the metal surfaceat the transition

state. For the top-fcc orientation, the transition state has an all-aligned AAA

con�guration for the BLG and top layer of surface atoms, as inFigure 8.4.4(c).

This can be contrasted with the transition state for the bridge-top orientation in

Figure 8.4.4(f), in which the carbon atoms lie between the atoms of the top metal

layer, resulting in more favorable dispersion interactions.

The results for the sliding barriers are qualitatively similar to exfoliation en-

ergies, in that physisorption e�ects are negligible, whilechemisorption can sig-

ni�cantly perturb the interlayer interactions. While the substrate contributes

additional dispersion interactions not present in free BLG, the added dispersion is

relatively constant with respect to translation for physisorbed BLG and thus will

have little e�ect on the sliding barrier. The variations between substrates are in-

stead due to changes in the surface lattice constant, which stretches the BLG and

consequently a�ects the base functional repulsion betweenthe layers. However,

this is an artifact of the highly-strained unit cells employed in the calculations

(to ensure commensurate lattice constants) and will be mediated in real systems

by the adoption of di�erent rotational orientations by the graphene to minimize

lattice strain. Thus, sliding of physisorbed BLG is e�ectively independent of the

choice of substrate. However, for chemisorbed BLG, the e�ectof the substrate

is much more signi�cant and can lower the dispersion contribution to the barrier

by as much as 40%. Moreover, the translational orientationsof the chemisorbed

BLG strongly a�ect the frictional behavior.
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8.5 Summary

This chapter investigated the e�ects of substrates on BLG interlayer inter-

actions, as quanti�ed by exfoliation energies and sliding-energy barriers. The

substrates studied were face-centered cubic metal (111) surfaces of Al, Cu, Ag,

Au, Ni, Pd, and Pt; a graphite substrate and freestanding BLG were also con-

sidered as reference systems for comparison. Potential-energy surfaces for exfolia-

tion and translation of the top graphene layer were calculated using the B86bPBE

exchange-correlation functional and the exchange-hole dipole moment (XDM) dis-

persion correction.

In the �rst section, we showed how the exfoliation energies and sliding barriers

di�er between graphite and BLG. The addition of a graphite support increases

the exfoliation energy by 0.5 kJ/mol C, due to the added dispersion interactions

between the top graphene layer and the substrate. However, the sliding PES for

the two systems are almost equivalent, as this additional dispersion is e�ectively

constant with respect to translation of the upper graphene layer.

Physisorption of BLG on metal substrates results in similarexfoliation energies

and sliding barriers to graphite. The BLG sliding barriers are sensitive to the

surface lattice constant, with greater lattice strain resulting in higher friction.

However, this is an artifact of enforcing commensurate lattices in our calculations,

resulting in highly strained graphene in some cases. In practice, the graphene can

adopt di�ering rotational orientations to minimise lattic e strain.

Chemisorption of BLG occurs for di�ering rotational orientations on Ni-group

metals and results in shorter interlayer distances and increased dispersion attrac-

tion between the top graphene layer and the metal surface. The closer prox-

imity to the substrate increases the BLG exfoliation energyby � 20% relative

to graphite. Dispersion attraction to the substrate preferentially stabilizes the

maximum-energy \AA" stacked orientation of BLG, reducing sliding barriers by

up to � 30%. Additionally, when BLG is chemisorbed on a metal substrate,
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changes in the translational orientations of the BLG with respect to the surface

can alter the sliding barriers by as much as� 50%. These results demonstrate

the need to explicitly include dispersion contributions from the substrate in com-

putational studies of chemisorbed BLG.
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Chapter 9: Atomic-scale Frictional Properties of Graphene

Multilayers on a Cu(111) Substrate

The work presented in this chapter is currently unpublished.

9.1 Abstract

Few-layered graphene (FLG) has been shown to be a robust solidlubricant

due to the weak van der Waals interactions between layers. Consequently, it has

been reasonable to assume that the sliding interface for FLG on a metal substrate

would lie between the graphene layers and not at the graphene-metal interface.

However, few studies have investigated the energetics of thevarious sliding mo-

tifs. In this work, we present a study of monolayer, bilayer,and trilayer graphene

sliding over a Cu (111) surface using density-functional theory (DFT) incorpo-

rating the exchange-hole dipole moment (XDM) dispersion model. Our results

demonstrate that the preferred sliding interface is between the graphene and the

metal surface for all graphene multilayers, even when subjected to compression.

Pressure increases the sliding barrier, but the e�ect is reduced with additional

graphene layers, as the compression can be ameliorated through smaller changes

in all interlayer distances.

9.2 Introduction

Two-dimensional materials have been actively researched because of their unique

electronic properties.4,17,212 However, their characteristic weak interlayer interac-

tions also make them ideal solid lubricants.9,216 Graphene, like its bulk allotrope

graphite, is an excellent lubricant. It can be applied directly to a surface through
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deposition292 or mixed into a solvent,44,293,294 where graphene 
akes adsorb to a

substrate through turbulence. The strong carbon-carbon bonds provide a resilient

surface during frictional contact that reduces wear at the sliding interface.45

Tribologists have studied the frictional modi�cation of metal surfaces by

graphene using atomic-force microscopy (AFM).41,42,46,95,96, 283, 284 In these stud-

ies, an AFM tip is dragged across the surface to measure the coe�cient of fric-

tion. Layer-dependent friction has been investigated systematically via AFM tech-

niques. The addition of a single layer of graphene (SLG) greatly reduces the slid-

ing friction relative to a bare metal surface. Additional layers of graphene further

decrease the surface friction, until the friction coe�cient converges to the same

value as for bulk graphite. This typically occurs after the addition of four or �ve

graphene layers.41,42 The lubricity also depends on the degree of graphene corruga-

tion. Corrugation is reduced when graphene interacts strongly with the substrate,

which in turn reduces the surface roughness and the sliding friction.42,46,96 How-

ever, AFM results do not translate to shear sliding of the graphene layers, which

is more relevant to understanding its lubricating properties at the interface of two

metal surfaces, termed metal junctures.

The lubrication properties of few-layered graphene (FLG) for shear sliding at

metal junctures has been studied experimentally for many applications.44,45,284,293{295

Generally, there is a dramatic reduction of surface wear at the sliding interface

upon graphene deposition.293,295,296 It is typically assumed that the shear-sliding

interface for these systems is between the graphene sheets,45 which is reason-

able given that the weak van der Waals interlayer interaction is signi�cantly less

than the adsorption energy of graphene on transition-metalsurfaces.34,53,265,272,282

However, a strong static interaction with the metal surface does not necessarily

re
ect the sliding barrier, as it is de�ned as the di�erence between the highest-

and lowest-energy conformations along the sliding path. The possibility that FLG

sliding may preferentially occur across a substrate, instead of between graphene

sheets, was veri�ed by Kitt et al.284 for an SiO2 surface. However, graphene is
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known to interact weakly with SiO2, so this may not be the case for substrates

like transition metals that interact more strongly with graphene.

Computational investigations of graphene on metal substrates have largely

focused on the interlayer distances and SLG exfoliation energies.36,37,39,50,53 Con-

versely, several molecular-dynamics simulations have investigated interlayer sliding

of bilayer graphene (BLG)46,297,298 for a variety of experimental designs, but did

not consider metal substrates. This was also the case for previous DFT calcula-

tions on shear sliding of the middle layer in trilayer graphene (TLG).299 Neglecting

a substrate inherently limits a computational study of friction because it removes

a possible sliding interface. We previously assessed how a metal substrate a�ects

the interlayer interactions and sliding barriers of BLG.300 However, we did not

consider coherent sliding of BLG over the metal surface. Twoour knowledge, a

systematic study of the coherent sliding motifs of multi-layered graphene on a

substrate has not been conducted.

This article investigates the various sliding motifs of SLG, BLG and TLG on the

copper (111) surface. The �rst section compares the slidingbarriers of SLG across

copper and nickel surfaces, as it is established that graphene strongly chemisorbs

to Ni, but physisorbs on Cu. The weaker interactions with the Cu surface cause

the various translational orientations to be nearly energetically degenerate. This

results in a lower sliding barrier for graphene over copper than over a graphite

substrate. Consequently, for BLG and TLG on Cu, the graphene-metal sliding in-

terface is consistently the most energetically favorable.The sliding barrier for this

interface is also found to be independent of the number of graphene layers. Addi-

tionally, we compare the energetics of the various sliding motifs while constraining

the distance between the top graphene layer and the surface to mimic the e�ect

of an applied normal force. As for unconstrained sliding, theFLG systems pre-

fer to slide uniformly across the copper substrate, but additional graphene layers

are found to decrease the sliding barrier by ameliorating the e�ect of the applied

compression.
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work:282 2.461�A for graphite, 2.482�A for SLG on Ni, 2.521�A for SLG on Cu, and

2.509�A for BLG on Cu. The slight increase between the latter two values serves

to reduce graphene lattice strain. The TLG calculations used the same lattice

constant as obtained for BLG on Cu.

To generate the sliding PES, one, two, or three graphene layers were translated

with respect to the surface, as shown in Figure 9.3.1. At each point along the PES,

the graphene-metal and all graphene-graphene interlayer distances were system-

atically varied in 0.05 �A increments. The energy at each point was minimized

by quadratic interpolation. Additionally, sliding PES with applied compression

normal to the surface were also investigated. In these cases, the energies were

minimized after constraining the total distance between the uppermost graphene

layer and the surface.

All DFT calculations were carried out using periodic boundary conditions with

the projector augmented wave (PAW)114 formalism as implemented in Quan-

tum ESPRESSO.179 The same methodology was employed as in our previous

publications on graphene-metal interactions.272,282,300 Speci�cally, the B86bPBE

exchange-correlation functional126,180 was combined with the exchange-hole dipole

moment (XDM) dispersion correction.60,61,273 B86bPBE-XDM has been shown to

be highly accurate for prediction of graphene-metal adsorption energies and in-

terlayer distances.282 PAW datasets were generated using LD1 version 4.3.2 using

pslibrary 0.2.5 inputs. The datasets also included scalar relativistic e�ects and

non-linear core corrections.181 All datasets were checked to ensure that there was

no PAW sphere overlap for each optimized geometry. All calculations used an

8 � 8 � 1 �-centered k-point grid, a plane-wave cuto� of 60 Ry, a density expan-

sion cuto� of 800 Ry, and a cold smearing108 parameter of 0.01 Ry. Ni calculations

were carried out using an initial spin-polarization and checked for convergence to

the correcet spin state.
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Figure 9.4.1: Exfoliation (left) and sliding (right) potential energy surfaces for a
graphene monolayer on either Ni or Cu (111) substrates. The PES for sliding of
a single graphene layer on a graphite substrate is included for comparison.
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9.4 Results and Discussion

9.4.1 Comparison of Monolayer Graphene Sliding on Ni and Cu

Substrates

In this section we contrast the potential-energy surfaces for exfoliation and

sliding of SLG over Ni and Cu substrates. It is well established that graphene

chemisorbs on Ni when the carbons are centered over a surface metal atom,

and physisorbs when the carbons are centered over surface void sites.87,228,272

There is signi�cant charge transfer between the nickel metal and graphene in the

chemisorbed orientations, and negligible charge transferin the physisorbed ori-

entations. In contrast, graphene physisorbs on Cu regardless of the translational

orientation.89,266,275,279,280,282

The computed exfoliation PES for graphene on Ni and Cu are shown in Fig-

ure 9.4.1(a) for the three translational orientations depicted in Figure 9.4.2. For Ni,

the top-fcc and top-hcp PES display both chemisorption and physisorption min-

ima, while fcc-hcp permits only physisorption as all the graphene carbon atoms lie

directly over void sites on the surface. Experimentally, the chemisorption minima

is favoured and is characterised by an interlayer distance of 2.04{2.18�A87,249 and

adsorption energy of 7.2{11.2 kJ/mol C.53,244 These values are reproduced closely

by our DFT-XDM calculations, which give an interlayer distance of 2.20�A and
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Figure 9.4.2: Geometries of three extrema on the sliding PES for graphene on the
Cu(111) substrate. These structures correspond to fractional sliding coordinates
of zero (top-fcc), one-third (fcc-hcp) and two-thirds (top-hcp). The graphene is
shown in the \tube" representation, while the underlying substrate is represented
by the \ball" motif and coloured according to the depth from the surface.

(a) top-fcc, global minimum (b) fcc-hcp, maximum (c) top-hcp, local minimum

adsorption energy of 8.80 kJ/mol C, using a �xed lattice constant for the isolated

slab calculations. In contrast to Ni, graphene physisorbs toCu, having a much

longer interlayer distance of 3.21�A and weaker adsorption energy of 7.06 kJ/mol

C, as calculated with DFT-XDM using a �xed lattice constant. These di�erences

between chemisorption and physisorption binding result insigni�cantly di�erent

frictional behavior at the graphene-metal interface.

Figure 9.4.1(b) shows the PES for interlayer sliding across the long diagonal

of the unit cell for these same systems. The top-fcc orientation corresponds to the

global minimum in both cases, while top-hcp corresponds to the local minimum

two-thirds of the way along the fractional sliding coordinate. The fcc-hcp orien-

tation is the global maximum, one-third of the way along the sliding coordinate.

The sliding barrier corresponds to the energy di�erence between the minimum-

energy top-fcc and maximum-energy fcc-hcp orientations, which is 1.27 kJ/mol C

for Ni and 0.59 kJ/mol C for Cu. The near degeneracy of the various translational

orientations for graphene on copper results in a signi�cantly lower sliding energy

barrier.

For Ni, the strong interaction between the graphene and the surface results in a

higher sliding barrier than that of graphite. The \Ni phys" curve in Figure 9.4.1(b)

is for sliding between the theoretical physisorbed minima.This PES is a signi�cant

underestimation of the true graphene-Ni sliding barrier as graphene preferentially
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chemisorbs for the top-fcc orientation. Adding the energy di�erence between the

chemisorbed and physisorbed minima shifts the PES higher inenergy (by 0.24

kJ/mol C) to give the \Ni chem" curve in Figure 9.4.1(b). However,molecular-

dynamics simulations are required to capture the true sliding behavior here due to

the complicated nature of the PES. Nonetheless, the sliding barrier for graphene

on Ni is higher than that of graphite, (by � 0:4 kJ/mol per C), and this is

consistent with literature involving graphene multilayers sandwiched between two

Ni(111) surfaces.219 This chapter found that the graphene sheets strongly adhere

to the Ni surfaces and that the sliding interface lies betweengraphene layers, in

agreement with the results of Figure 9.4.1. Indeed in most cases where graphene

acts as a coating on metal surfaces it is thought to strongly adhere to the surface

and that the frictional interface will be between graphene layers.44,45,294,295

For Cu, evaluation of the sliding PES is straightforward as only a single ph-

ysisorption minimum is present for all translational orientations, as shown in Fig-

ure 9.4.1(a). The near degeneracy of these various translational orientations results

in a very low sliding barrier, even lower than that of graphite (by � 0:3 kJ/mol

C), as seen in Figure 9.4.1(b). This result implies the possibility that a graphene-

metal frictional interface may be preferable to graphene-graphene shear for FLG

on copper.

9.4.2 Few-Layer Graphene Sliding on Cu

The sliding PES for the various monolayer, bilayer, and trilayer sliding motifs

of graphene on Cu(111) are presented in Figure 9.4.3. These PES are expressed

relative to the lowest energy orientation for each system and, due to the increas-

ing numbers of graphene layers, are expressed per unit cell (or equivalently unit

area) rather than per carbon atom. We should note that because the energies are

expressed relative to the most-stable con�guration, theseplots do not re
ect the

di�ering adsorption energies of the multiple layers to the metal surface. Addition-

ally, they do not represent the energy required to slide a tipover the surface, but
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Figure 9.4.3: Potential energy surfaces for various slidingmotifs of monolayer,
bilayer, and trilayer graphene on Cu (111). The PES for sliding of a single graphene
layer on a graphite surface is included for comparison.
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rather the energy di�erence required to slide 1-3 graphene layers, as depicted in

Figure 9.3.1.

The results in Figure 9.4.3 show that the favored sliding interface is between

the graphene and the copper surface. The sliding energy barriers for the graphene-

graphene interfaces are all higher than for the graphene-copper interface and

this di�erence relates to the graphene stacking orientations during sliding. For

graphene-copper sliding, the graphene layers remain in their most stable orienta-

tion, AB (bilayer) and ABA (trilayer), as they are translated in unison with respect

to the copper surface. In contrast, a graphene-graphene sliding interface results in

high-energy AA (bilayer-second), AAB (trilayer-second), andABB (trilayer-third)

stacking con�gurations. The increased non-bonded repulsion in these AA (or BB)

stacks results in a greater energy penalty than for translation from the top-fcc to

the hcp-fcc orientation of the bottom graphene layer on the substrate.

Figure 9.4.3 also shows that the graphene-copper sliding PESis independent

of the number of graphene layers. As argued in our previous paper detailing

substrate a�ects on BLG,300 this is because the second and third graphene layers
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are su�ciently distant from the substrate that the dispersion attraction between

them has a negligible contribution to the PES. The bilayer-second and trilayer-

third motifs result in a slightly higher barrier than for sliding of the top graphene

layer over a graphite substrate, which is due to the di�erences in lattice constants.

We have shown previously that the BLG sliding barrier increases with the lattice

constant, as this destabilizes the maximum-energy AA orientation relative to the

minimum-energy AB orientation.300 Lastly, the trilayer-second motif has a slightly

higher barrier than for sliding of the top layer alone due to changes in the dispersion

interactions between the �rst and third graphene layers along the PES.

The current results may be compared with the experimental �ndings of Kitt

et al.284 for FLG on SiO2, as graphene also physisorbs on this substrate. In that

work, a graphene-substrate sliding interface was observedfor TLG, in agreement

with our prediction for Cu. However, a graphene-graphene interface was seen for

BLG on SiO2. They reasoned that the di�erence was because the addition of the

third graphene layer reduced the FLG-metal sliding barrier enough to make the

graphene-metal interface more energetically favorable284 and this was con�rmed

by molecular dynamic simulations. In the present study, thebarrier for graphene-

Cu sliding is consistently lower than for graphene-graphite sliding and is therefore

the preferred interface for all graphene multilayers.

9.4.3 Variation of Interlayer Distances

We next consider how the graphene-metal and graphene-graphene interlayer

distances change along the PES for each sliding motif. The changes in interlayer

distances at the graphene-copper interfaces in Figure 9.4.4(a) mirror the shape

of the PES, with the shortest interlayer distances occurring for the most strongly

bound top-fcc orientation and the longest distances occurring for the most weakly

bound fcc-hcp orientation.

Similarly, for a graphene-graphene interface, the changesin interlayer distances

in Figure 9.4.4(b,c) again mirror the shape of the PES, with the AA stacked orien-
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Figure 9.4.4: Changes in interlayer distances along the PES for each sliding motif.
Results are shown for the distance between the copper surface and �rst graphene
layer (left), the �rst and second graphene layers (middle),and the second and
third graphene layers (right). The key is identical to Figure9.4.3.
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Figure 9.4.5: Exfoliation PES for graphene on either a graphite or copper sur-
face. Curves are shown for both the minimum-energy (AB-stacked or top-fcc) and
maximum-energy (AA-stacked or fcc-hcp) orientations. All distances and energies
are expressed relative to the respective potential-energyminima.
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tations having much larger interlayer separations than AB stacking. Conversely,

distances between AB stacked graphene layers that do not formthe sliding inter-

face are e�ectively constant along the PES. The distance between the �rst and

second graphene layers is shorter by 0.02�A in trilayer graphene than in bilayer

graphene due to added dispersion interactions between the �rst and third layer,

which result in greater interlayer adhesion. This is analogous to the shorter in-

terlayer distances in bulk graphite (3.35�A) relative to the upper two layers on a

graphite surface (3.37�A) and bilayer graphene (3.39�A).300

For a graphene-graphene sliding interface, the �rst graphene layer is always

in the top-fcc orientation with respect to the surface for the entirety of the PES.
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Despite this, Figure 9.4.4(a) shows that the graphene-metaldistances also vary

for these sliding motifs. To understand these �ndings, we need to consider the

relative compressibility of the various sliding interfaces, as shown in Figure 9.4.5.

This �gure presents exfoliation PES for two orientations ofgraphene on either a

copper or graphite surface, expressed relative to the minimum of each potential to

allow comparison of the steepness of the repulsive walls. The results indicate that

the graphene-copper interface, particularly for the top-fcc arrangement, is more

easily compressible than the graphene-graphene interface.

The sliding PES for the �rst and second graphene layers are AA stacked (or

AAB stacked) at the maximum-energy points for the bilayer-second and trilayer-

second motifs. Figure 9.4.5 showed that the top-fcc copper-graphene interface is

highly compressible and experiences less repulsion than the AA-stacked graphene-

graphene interface. Thus, to minimize repulsion between the AA stacked layers,

the lower layer moves down towards the surface. This resultsin a contraction

of the graphene-metal distance at the maxima, one-third of the way along the

sliding coordinate, as seen in Figure 9.4.4(a). This contraction is less signi�cant

for the trilayer-third motif, in which the graphene layers are ABB stacked at

the maximum-energy con�guration, due the additional attraction between the

consistently AB stacked �rst and second graphene layers.

9.4.4 Sliding Under Applied Pressure

The constrained sliding PES for monolayer, bilayer, and trilayer graphene on

copper are illustrated in Figure 9.4.6. These PES display therelative energetics of

the sliding motifs under an applied normal force, by imposing a constrained upper

bound to the distance between the top graphene layer and the surface. As for

the optimized sliding PES, the energies are shown relative to the minimum-energy

con�guration for each system. All of the sliding motifs behave as expected, with

the sliding barrier increasing with applied pressure. As theconstrained distance

is shortened, the graphene sheets approach both the surfaceand each other more
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Figure 9.4.6: PES for the various sliding motifs, with the distance between the
top graphene layer and the metal (given in�A) constrained, to mimic an applied
normal force.
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closely, such that the sliding barrier increases due to the increased non-bonded

repulsion.

The relative increases in the barrier for each system and sliding interface can be

explained by the results in Figure 9.4.5. With the exception ofthe monolayer-�rst

motif, the constrained PES predict that the sliding barrierincreases more rapidly

with pressure for the graphene-graphene than for the graphene-metal interfaces.

This is because of the slightly steeper repulsive wall for compression of AA-stacked

graphene sheets compared to fcc-hcp graphene-copper.

Finally, for the graphene-metal interface, identical compression of the total

distance between the surface and top graphene sheet resultsin smaller changes in

the sliding barriers, going from the monolayer to the bilayer and trilayer. This

is because it is more favorable to apply a fraction of the total compression to

each of the interlayer distances. As such, for FLG on copper, the system can be

signi�cantly compressed by an applied force normal to the sliding interface, while

still maintaining a low sliding barrier, and hence low friction.
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9.5 Summary

This chapter investigated the sliding energy barriers of all possible sliding mo-

tifs for SLG, BLG, and TLG on Cu (111) under equilibrium and constrained con-

ditions using dispersion-corrected DFT. In contrast to whatoccurs for Ni (111)

surfaces,219 but in agreement with results284 for FLG on SiO2, the sliding interface

between the lowermost graphene sheet and metal surface is energetically preferred

over any of the graphene-graphene sliding interfaces. Thisis because the various

translational orientations of graphene on the Cu (111) surface are nearly degener-

ate.

Constraining the total distance between the surface and uppermost graphene

layer was considered to predict the evolution of the slidingbarriers under applied

pressure. The top-fcc graphene-copper interface was foundto be more readily

compressible than fcc-hcp, or for either AB- or AA-stacked BLG.While the equi-

librium graphene-copper sliding barrier is independent ofthe number of graphene

layers, the increases in sliding barrier under applied loadwere found to be smaller

when additional graphene sheets are present. This is because the total compres-

sion can be divided between the various interlayer distances, resulting in reduced

repulsion. Consequently, FLG-copper interfaces should maintain low friction un-

der applied pressure. These theoretical predictions couldpotentially be tested by

experiments performed for junctions consisting of FLG con�ned between two cop-

per surfaces. The results presented here complement experimental observations

by providing new mechanistic insights into the atomic-scale frictional behavior of

graphene on metal surfaces and suggest that determination of the preferred sliding

interface is more nuanced than previously assumed.
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Chapter 10: Conclusion

This thesis modeled various motifs of graphene on metal surfaces using the

exchange-hole dipole moment (XDM) dispersion correction. XDM was shown to

include the proper physics to accurately model physisorption energies of aromatic

molecules on surfaces in Chapter 5. This demonstration was then extended to

the adsorption of graphene on the Ni (111) surface in Chapter 6and the (111)

surface for six additional transition metals in Chapter 7. The results of this study

prompted us to investigate substrate e�ects on bilayer graphene in Chapter 8.

The results showed that metal substrates a�ect graphene interlayer interactions

only when it chemisorbs on the surface. Finally, Chapter 9 presented an extensive

investigation of graphene sliding motifs on the Cu (111) surface. It showed that

multilayered graphene prefers to slide uniformly over a metal surface, rather than

having the sliding interface located between the graphene layers.

At the start of this thesis, it was believed that pairwise density-functional dis-

persion corrections could not properly model van der Waals interactions between

a metal surface and an adsorbed molecule or material.47,124,148,171,172 This was

because the pairwise methods implemented at the time used �xed semi-empirical

dispersion coe�cients that overestimated the dispersion interactions involving sur-

face or bulk metal atoms. It was shown in Chapter 5 that the adsorption energies

determined by XDM are accurate when compared to experimentaldata and that

accurate surface interactions can be modeled by a variable-coe�cient pairwise

dispersion model such as XDM.64

The ability of XDM to properly describe dispersion interactions at metal sur-

faces was further benchmarked for graphene adsorption on the Ni (111) surface in
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Chapter 6. This particular case had been di�cult for DFT35,37,53,227,228 because

electrostatic base-functional contributions and the dispersion contribution must

be balanced. Our results272 were able to reproduce potential energy surfaces in

agreement with those reported by the RPA method and with experimental adsorp-

tion energies. It was also shown that the potential energy surface of graphene on

Ni (111) is sensitive to the surface lattice constant, indicating that thermal e�ects

play an important role in graphene-nickel interactions. Analysis of the XDM con-

tribution also showed that the dispersion coe�cients change with graphene-metal

distances and this is primarily because of variations in theexchange-hole multi-

pole moments, not in the atomic polarizabilities that are obtained from atomic

volumes. This result illustrated why DFT dispersion corrections that are based on

atomic volume changes58 do not properly model surface dispersion interactions.

Graphene adsorption was subsequently modeled for several additional (111)

transition metal surfaces in Chapter 7. Previous computational investigations

only modeled graphene-metal orientations that reduced carbon-carbon bond strain

in the periodic cell.36,37 However, experimental literature had indicated that

graphene-metal interactions vary with orientation on somemetal surfaces, forming

a wide range of Moir�e patterns.33,88,261{263 We compared the energetics for the 0�

and 30� orientations of graphene on the metal surfaces. Our results282 showed

that there is a signi�cant energetic preference for graphene to have an aligned

orientation with respect to the substrate-surface latticevector because it maxi-

mizes both the electrostatic and dispersion interactions between the substrate and

the graphene layer. These results agree with LEED observations of graphene on

several metal surfaces.

The e�ect of substrates on interlayer graphene interactions were investigated

with DFT in Chapter 8. The substrates chosen were the same metal surfaces asin

our graphene-metal study. Adsorption energies of physisorbed bilayer-graphene{

metal systems showed that the addition of a substrate gives similar bilayer-graphene

exfoliation energies and interlayer distances as for a graphite substrate. However,
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chemisorbed bilayer-graphene{metal systems were shown tosigni�cantly decrease

interlayer distances and increase exfoliation energies. This was primarily because

of the closer proximity of the metal to the second graphene layer that results in

greater dispersion stabilization.

The results of Chapter 7 and Chapter 8 showed that graphene has similar

adsorption energies on copper as on graphite. This promptedus to investigate

various sliding motifs of monolayer, bilayer and trilayer graphene on the Cu (111)

surface. The preferred sliding interface for few-layered graphene on copper was

shown to be between the graphene and metal surface. In addition, this sliding

interface remains preferred when the sliding is constrained, due to the greater

repulsive wall for adsorption of two graphene layers than for the graphene metal

contact. These results are in agreement with experimental observations of various

graphene tribological experiments.284,294

There remain several questions to be further investigated.It was shown in

Chapter 6 that the dispersion coe�cients rapidly change forshort graphene-metal

distances.272 This has resulted in an issue with the current XDM force imple-

mentation, which assumes constant dispersion coe�cients with respect to atomic

distances.61 This issue was side-stepped in the studies presented here byop-

timizing interlayer distances through quadratic interpolation of the single-point

energies. However, this method is insu�cient for molecules or materials where

the forces are highly anisotropic. Therefore, a method for calculating the forces

using varying dispersion coe�cients is required. However, doing so requires ana-

lytical derivatives of the exchange-hole multipole momentwith respect to atomic

distances, which have not yet been formulated or implemented.

One particular experimental observation that was not reproduced in our graphene-

metal studies is the change in friction with additional graphene layers established

by AFM studies.41,42,96 This has been widely attributed to the corrugation of

graphene on real metal surfaces, which is not replicated in our studies.41,42 How-

ever, �ndings from Chapter 8 imply that an additional contribution could be dis-
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persion interactions between an AFM tip and the metal substrate, which would

decrease with additional graphene layers. This hypothesiscould easily be tested

by building upon the calculations carried out in Chapter 9. Instead of sliding var-

ious numbers of graphene layers over the metal surface, a metal slab would be slid

across the graphene-metal surface, while varying the number of graphene layers.

The dispersion interactions between the two metal slabs would be analyzed with

the same approach outlined in Chapter 8. The exfoliation andsliding PESs will

match the graphene-metal results only in the non-interacting limit.

Additionally, the role of thermal e�ects on the adsorption processes presented

in this thesis could be investigated. All adsorption energies presented here are the

electronic molecule-surface or graphene-surface interaction energies, as determined

by DFT-XDM, and do not include zero-point or thermal vibrational energy con-

tributions. Previous theoretical investigations of physisorbed molecules, such as

those presented in Chapter 5, found that the vibrational energy contributions to

be negligible (between 0.1 and 1.5 kJ/mol).301 However, experiments have shown

that thermal vibrational energy contributions play a signi�cant role in surface ad-

sorption of graphene, particularly with respect to its frictional properties.302{304

Additionally, molecular dynamics simulations have shown that the sliding energy

barrier for multilayer graphene decreases with increasingtemperature.305{307 It

is therefore expected that including thermal e�ects would reduce the adsorption

energy for graphene on metals, but to what extent is unknown.

Thermal e�ects play a greater role in modeling graphene frictional properties

at larger length scales than the unit-cells of the systems modeled in this thesis.

For instance, higher temperatures increase graphene rippling, which increases the

sliding energy barrier.302,308 Additionally, multi-layered graphene has a low ro-

tational energy barrier, such that the layers can slide incommensurately.303{307

Modeling these e�ects is beyond the scope of the calculations carried out in this

thesis because of the very large unit-cells required to resolve graphene rotational

domains and to model graphene rippling. However, these e�ects can, and have
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been, quanti�ed using classical molecular dynamics simulations.305{307 The results

presented for bilayer graphene physisorption in Chapter 8 support that molecular

dynamics modeling of free-standing bilayer graphene, without explicitly including

a substrate, is adequate for studying thermal e�ects on interlayer sliding mecha-

nisms.

Though this thesis concentrated on graphene-metal interactions, the methods

described here could be extended to other 2D materials, suchas TMDs. As stated

earlier, TMDs have a wide variety of applications, ranging from electronic sen-

sors to catalysts.8,12,13 TMDs have been shown to be very promising catalysts

for the hydrogen evolution reaction (HER).24 The structure's catalytic e�ciency

depends on the defect density and crystal stacking, which can be di�cult to con-

trol in commercial manufacturing. A TMD's catalytic activi ty increases if coupled

to a suitable second TMD to form a van der Waals heterostructure.5,24,40,309,310

Charge transfer from a second suitable TMD creates a metallic-like surface state

that enhances hydrogen a�nity, making stacking orientation irrelevant and defect

density less important. This makes the van der Waals heterostructure a more

e�cient HER catalyst than a single TMD layer. 5,24,40,309,310

A promising TMD heterostructure is MoS2 stacked on WS2.40 The alignment of

the electronic bands of MoS2 and WS2 form a type II heterojunction with e�cient

charge transfer.311 The experimental success of MoS2/WS 2 make it a benchmark

system to which hypothetical TMD heterostructures could becompared to screen

for promising HER catalysts. Hydrogen a�nities for each heterostructure can be

evaluated by calculating the structural stability and hydrogen a�nity for each

heterostructure and comparing them to MoS2/WS 2.

The NIST JARVIS-DFT 2D materials database312 contains 60 examples of

TMDs.312 Evaluating all possible TMD heterostructures is beyond thescope of

what can be e�ciently fabricated and experimentally evaluated. Computational

methods can e�ciently calculate hydrogen a�nities and stabilities for the thou-

sands of possible structures for HER catalysis. Through methods proposed in this
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thesis, it would be possible to reduce the thousands of possible TMD heterostruc-

tures to a few promising candidates for HER catalysis.
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Appendix A: Supporting Information for Chapter 5

Table A.0.1: Calculated molecule-surface distances, in�A, measured as the distance
from the heteroatom (or carbon in the case of benzene) to the surface. The
angles between the surface and the molecular aromatic moiety, in degrees, are also
indicated.

Molecule Distances Angles
Cu Ag Au Cu Ag Au

Benzene 2.71 3.03 3.15 0.9 4.3 3.2
Furan 2.99 3.27 3.33 5.2 6.6 6.8
Furan perp. 3.06 3.16 3.28 58.4 68.3 68.0
Thiophene 2.99 3.04 2.95 2.2 2.2 4.6
Thiophene perp. 2.38 2.77 3.23 82.0 57.5 85.5
Thiophenol 2.43 2.81 2.75 5.1 3.8 6.6
Thiophenol perp. 2.78 2.97 3.02 79.4 77.9 77.1
Pyridine 2.17 2.68 3.04 24.5 13.1 8.6
Pyridine Perp. 2.08 2.40 2.38 82.1 77.3 65.9
1,4-Benzenediamine (cis) 2.94 3.16 3.26 1.0 1.7 0.1
1,4-Benzenediamine (trans) 2.22 2.52 2.52 8.0 6.8 8.4
Guanine 2.26 2.54 2.65 16.0 13.4 11.8
Cytosine 2.15 2.51 2.64 21.3 17.1 14.2
Adenine 3.02 3.09 3.18 0.8 2.0 1.4
Thymine 2.82 2.93 3.21 7.3 6.9 4.0

Table A.0.2: Comparison of calculated cubic lattice parameters for the three met-
als, in �A, with experimental results from R. Wycko�, Crystal structures (Inter-
science publishers, New York, 1963).

Calc Exp.
Cu 3.573 3.615
Ag 4.080 4.086
Au 4.145 4.078
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Table A.0.3: Convergence of the calculated adsorption energy of 1,4-
benzenediamine (in the trans orientation) on the copper surface, with respect
to changes in plane-wave cut-o� (Ecut ) and k-point grid. All results are for the
4-layer surface. For comparison, the adsorption energy on a5-layer surface with
a 4� 4� 1 k-point grid and a 60 Ry cut-o� is 1.2579 eV/molecule.

Ecut (Ry) k-points Eads (eV/molec)
50 4� 4� 1 1.2422
60 4� 4� 1 1.2429
70 4� 4� 1 1.2428
80 4� 4� 1 1.2420
60 3� 3� 1 1.2935
60 4� 4� 1 1.2429
60 5� 5� 1 1.2385
60 6� 6� 1 1.2401

Table A.0.4: Comparison of adsorption energies, in eV/molecule, for the cases
where the isolated-molecule calculations were performed using the same cell as in
the physisorbed complexes or in a supercell surrounded in all directions by a large
vacuum (\Vac.").

Molecule Cu Vac. Ag Vac. Au Vac.
Benzene 0.59 0.60 0.68 0.68 0.64 0.64
Furan 0.53 0.53 0.52 0.52 0.51 0.51
Furan perp 0.24 0.24 0.25 0.25 0.22 0.22
Thiophene 0.66 0.64 0.67 0.64 0.62 0.60
Thiophene perp. 0.40 0.38 0.40 0.37 0.25 0.23
Thiophenol 1.00 1.00 0.90 0.90 0.91 0.91
Thiophenol perp. 0.35 0.35 0.36 0.36 0.33 0.33
Pyridine 0.69 0.68 0.58 0.56 0.60 0.58
Pyridine perp. 0.86 0.86 0.66 0.66 0.64 0.64
1,4-Benzenediamine (cis) 1.17 1.14 1.04 1.03 1.10 1.09
1,4-Benzenediamine (trans) 1.24 1.24 1.09 1.09 1.12 1.12
Guanine 1.07 1.17 1.03 1.09 0.94 0.99
Cytosine 0.96 1.03 0.90 0.94 0.77 0.81
Adenine 0.83 0.86 0.86 0.86 0.81 0.82
Thymine 0.67 0.72 0.69 0.72 0.67 0.70
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Figure A.0.1: Nucleobase clusters used to estimate the intermolecular hydrogen-
bonding energies

(a) adenine (b) guanine

(c) cytosine (d) thymine
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Appendix B: Supporting Information for Chapter 6

A drawback of using dispersion coe�cients that depend on theelectron den-

sity and its derivatives is that the evaluation of the internuclear forces becomes

more complex. In the Quantum ESPRESSO implementation of XDM,61 it was

assumed that the dispersion forces are dominated by the changes in the internu-

clear distances and the contribution from changes in the dispersion coe�cients is

negligible. While this assumption has proved valid for all previous applications of

XDM, it was found to break down in the present case, due to the strong depen-

dence of the dispersion coe�cients on the graphene-nickel interlayer separation,

as shown in Figure B.0.1. The resulting mismatch between the XDM dispersion

forces and energies meant that we were not able to obtain reliable results from ge-

ometry optimizations on the graphene-nickel system. Rather, such optimizations

resulted in underestimation of the interlayer distances and adsorption energies

when compared to the results of the full PES scans. This problem means that full

geometry optimization of graphene-metal interfaces must include derivatives of

the dispersion coe�cients in evaluation of the dispersion forces. This issue should

be addressed in a future implementation of XDM.
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Figure B.0.1: E�ects of the XDM dispersion correction on the graphene-nickel
PES. The total energies are decomposed into the base DFT (left) and XDM dis-
persion (middle) contributions. The values of the Ni-CC6 dispersion coe�cients
are shown on the right. The upper row plots PES for all six orientations using
the experimental nickel lattice constant (2.49�A), while the lower row plots PES
for the top-fcc orientation for �ve di�erent lattice consta nts.
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carbon and nickel as a function of interlayer distance usingthe B86bPBE base
functional. The 
at lines in the nickel plots correspond to the atoms within the
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Figure B.0.3: B86bPBE-XDM potential energy surfaces for the six graphene-nickel
orientations with lattice constants ranging from 2.45�A to 2.49 �A
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Figure B.0.4: PBE-XDM potential energy surfaces for the six graphene-nickel
orientations with lattice constants ranging from 2.45�A to 2.49 �A
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Figure B.0.5: LDA potential energy surfaces for the six graphene-nickel orienta-
tions with lattice constants ranging from 2.45�A to 2.49 �A
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Table B.0.1: Calculated interlayer distances (�A) and adsorption energies (kJ/mol per C) for both chemisorbed (C) and physisorbed (P)
con�gurations of graphene on nickel (111) using the LDA, PBE-XDM and B86bPBE-XDM functionals. Two sets of results are given:
the distances and energies at the minimum-energy surface lattice constant, and at the experimental nickel lattice constant (2.49 �A). The
latter are comparable to the reported RPA results in the literature.50,231 The experimental values are also given.

bridge-fcc bridge-hcp bridge-top fcc-hcp top-fcc top-hcp
Method d Eads d Eads d Eads d Eads d Eads d Eads

Minimum-energy structures
LDA C 2.05 1.13 2.05 0.76 2.01 9.03 3.33 1.82 2.07 8.45 2.08 7.09

P 3.21 2.29 3.22 2.28 3.08 2.69 2.98 2.89 3.05 2.79
PBE-XDM C 2.12 5.05 2.19 5.39 2.24 4.07

P 3.38 6.61 3.39 6.60 3.33 6.83 3.45 6.28 3.30 6.94 3.32 6.89
B86bPBE-XDM C 2.14 7.31 2.22 7.79 2.28 6.48

P 3.25 8.00 3.26 7.97 3.18 8.33 3.34 7.54 3.15 8.50 3.17 8.40
Experimental nickel surface lattice constant (2.49�A)

PBE-XDM C 2.14 4.93 2.15 4.91 2.24 3.53
P 3.38 4.00 3.38 3.99 3.31 4.24 3.46 3.65 3.27 4.37 3.30 4.31

B86bPBE-XDM C 2.16 7.29 2.24 7.33 2.26 6.10
P 3.24 5.63 3.25 5.60 3.14 6.01 3.34 5.12 3.08 6.20 3.12 6.09

RPA50 C 2.17 6.46 2.17 5.02
P 3.30 5.79 3.30 5.79

Experiment d =2.04{2.18 �A87,249 Eads = 7.20{11.20 kJ/mol53,244
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Appendix C: Supporting Information for Chapter 7

Table C.0.1: Computed minimum-energy interlayer distances, in �A, for all orien-
tations and all metals.

Orientation Al Cu Ag Au Ni Pd Pt
P P P P C P C P C P

bridge-fcc 3.64 3.29 3.17 3.34 { 3.25 2.23 { { 3.40
bridge-hcp 3.61 3.29 3.18 3.34 { 3.26 2.25 { { 3.42
bridge-top 3.56 3.24 3.10 3.26 2.14 3.18 2.12 { 2.10 3.29

fcc-hcp 3.69 3.35 3.27 3.44 { 3.34 { 3.26 { 3.50
top-fcc 3.61 3.22 3.06 3.22 2.22 3.15 2.25 { 2.40 3.22
top-hcp 3.48 3.23 3.09 3.25 2.28 3.17 2.28 { 2.45 3.32p
3 �

p
3 3.75 { 3.31 3.41 { { { 3.24 { 3.44
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Figure C.0.1: Base functional contributions to the computedPES for graphene
adsorption on selected metals.
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Figure C.0.2: XDM dispersion contributions to the computed PES for graphene
adsorption on selected metals.
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Appendix D: Supporting Information for Chapter 8

Figure D.0.1: PES for exfoliation of graphene from a graphene-metal or graphite
base using experimental lattice constants.
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Appendix E: Statement of Contribution

The preceding thesis consists of papers that have been written during my

graduate tenure. I carried out the primary calculations andinvestigations for

these papers, as well as wrote the primary draft of the published manuscripts,

while my co-authors primarily functioned in advisory and editorial roles.
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