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ABSTRACT

STRUCTURE AND DYNAMICS
OF LOW-DIMENSIONAL SYSTEMS

by

Weiqing Zhong

I studied structural and dynamical properties of low dimensional systems using
numerical approaches at different levels of sophistication. I focused my interest on
the physical phenomena associated with the interaction of atoms with surfaces. I
studied two topics which are intimately connected with this interaction. One of them
is a procedure to quantitatively interpret atomic force microscopy (AFM) images of
solid surfaces. The other topic is the effect of adsorbate on structural, electronic and

dynamical properties of the substrate.

When studying theory for the AFM, I considered a model system consisting of
a Pd metal tip probing the graphite surface. Using ab initio density functional the-
ory (DFT), I calculated the interaction between this Pd AFM tip and graphite and
mapped it onto a parameterized energy functional. The calculation of AFM tip tra-
jectories at different loads revealed that atomic resolution is only achievable for loads
exceeding 5 x 10~°N. Larger loads, on the other hand, are likely to lead to surface
destruction. Calculated variation of potential energy along a trajectory has been used
subsequently to determine atomic scale friction. Assuming no wear and a complete
dissipation of the energy gained by the Pd tip atoms, I found a very small friction

coefficient y = 10~2 for loads near 10~® N and an increase in u with increasing load



in agreement with experiments.

I selected H/Pd as the model system to study the effect of adsorbate on the
structural and dynamical properties of the substrate. I based the description of the H-
Pd system on density functional calculations, which were subsequently mapped onto
a parametrized many-body alloy Hamiltonian. Using this Hamiltonian, I calculated
the equilibrium structure of the clean and hydrogen covered Pd (001) and Pd (110)
surfaces, as well as the corresponding surface phonon spectra. The most pronounced
effect of hydrogen is a strong softening of the Rayleigh wave on Pd(001), which is
indirectly related to “hydrogen embrittlement” observed in the bulk. I addressed this
latter problem using molecular dynamics. I studied the equilibrium structure, elastic
properties, and in particular the mechanical breakdown of bulk Pd under tensile
stress, as a function of temperature and hydrogen concentration. My results indicate
that the microscopic origin of “hydrogen embrittlement” is an increased ductility
and plasticity in regions saturated by hydrogen, in agreement with the postulated

Hydrogen Enhanced Local Plasticity mechanism.
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Chapter 1

Introduction

The major task of theoretical physics is to understand the laws which govern na-
ture, use them to explain observed phenomena, and predict the properties of new
physical systems. The subject of interest for theoretical condensed matter physics
are electronic, magnetic, structural, and dynamical properties of solids and liquids.
The most popular technique to address these properties from first principles is the
Density functional theory [Lun 83] in the Local Density Approximation (LDA), which
has been shown to describe ground state properties of solids with a high accuracy.
Since this theory is free of adjustable parameters, I will use it as a basis for all the

calculations in this Thesis.

The large computational requirement associated with ab initio methods such as
the LDA limits the range of its applicability to relatively small systems with a high
symmetry. In order to describe the dynamical behavior of large systems with low
symmetry, I calculate the interatomic forces using a parametrized Many-Body Alloy
Hamiltonian [Zho 91a], which I developed as an efficient interpolation scheme between
ab initio results. In spite of its simplicity, this Hamiltonian describes the interatomic
interactions in simple metals and late transition metals with sufficient accuracy. The

total energy calculations in this Thesis are performed using the combination of the



LDA and MBA formalisms. The dynamical behavior is then calculated using the in-
teratomic forces in the equations of motion. For a canonical ensemble, this procedure
yields lattice dynamics at zero and finite temperatures, and the elastic response to

externally applied loads.

In this thesis, I have applied these calculation tools to study structural and dy-
namical properties of low dimensional systems. I focused my interest on the physical
phenomena associated with the interaction of atoms with surfaces. One important
application of this interaction is the quantitative interpretation of atomic force mi-
croscopy (AFM) images of solid surfaces. For the model system consisting of a Pd
metal tip and graphite. I calculated the AFM images, the limits of nondestructive
imaging, and the origin of atomic-scale friction. The second important topic is the
effect of adsorption on the properties of the substrate. I considered Pd as a model sys-
tem, and studied the effect of adsorbed hydrogen on the surface structure and phonon
spectra. I found these results to be of significance when interpreting bulk phenom-
ena associated with adsorbed hydrogen, such as the “hydrogen embrittlement. In
the following Section 1.1 and 1.2, I will introduce these two topics, emphasizing the
open questions and the general importance of these calculations. The structure of my

Thesis will be addressed in Section 1.3.

1.1 Theory for the Atomic Force Microscopy

Following its invention by Binnig et al in 1986, the Atomic Force Microscope (AFM)
[Bin 86, Bin 87] has been rapidly evolving into a powerful tool to examine the mor-
phology and local rigidity of conducting and insulating surfaces alike [Tom 89]. The
AFM uses an “atomically” sharp tip to scan the sample surface at a sample-to-tip

separation of a few angstroms. Unlike the more established Scanning Tunneling Mi-



croscope (STM) [Bin 82], which is sensitive to the electronic density of states near
the Fermi energy [Ter 83], the AFM probes the force field Fe,; between an “atom-
ically sharp” tip and the substrate (Figure 1.1). This force F.,. is detected by the
deflection of a soft cantilever which supports the tip. During a horizontal scan of the
surface, the AFM measures and records the equilibrium vertical tip position, while
F.x: is been kept constant by regulating the deflection of the cantilever. The reso-
lution of atomic-scale features at the surface is possible if the equilibrium tip height
z is detectably different at inequivalent (e.g. on-top, hollow) surface sites. This is
the case if the corresponding corrugation Az20.05 A, which is the sensitivity of the

AFM under ideal conditions.

Since the AFM provides real-space image, same as the STM, the ambiguity and
complexity of interpreting diffraction patterns is avoided. The power of the AFM lies
in its ability to detect local structure rather than periodic patterns. These can be
point defects, steps, grain boundaries, and similar on conducting or non-conducting
surfaces. The AFM has been used successfully to image a variety of systems with
atomic resolution. Very good results have been achieved in ionic system such as NaCl
[Mey 90], and layered materials such as graphite [Bin 87]. While the experiments
have primarily focused on achieving atomic resolution, two questions have remained
unanswered so far. The first is, under which conditions atomic-scale features can be
observed by a microscopic tip, and how these features relate to the surface topography.
The second open question, which will be addressed in this Thesis, relates to the

conditions, under which nondestructive imaging can be achieved.

The major challenge for the theory is to determine whether it is possible to achieve
atomic resolution using the AFM on a specific material, under well controlled and

idealized conditions. The potential for atomic resolution is limited in two ways.






First, if the load applied to the tip, Fiy, is very small, the tip-substrate separation
is large, and the corrugation Az is too small to be observed. For “dull” tips with
multiple apex atoms, the corrugation is further decreased due to the tip/substrate
incommensurability. At large values of F.,, where the tip is capable of probing
the corrugation of the charge density, the tip-surface distance is very small. Under
these conditions, a destruction of the surface or the tip is likely. The objective of
my calculations is to determine if there is an optimum force, which yields detectable

corrugations on the atomic scale, but which is still non-destructive to the surface.

The AFM has been used to investigate the friction on the atomic scale [Mat 87].
This experiment investigated the friction force experienced by the tip during a scan
with no wear across a perfect surface. In general, friction forces are observed in
nature whenever two bodies in contact are in relative motion [Lan 60]. The force Fy

is related to the applied load F,. between the two bodies by
FJ:#Fext, (1-1)

The friction coefficient u has been found to range typically between 10~2 for very
smooth interfaces and 1 for rough interfaces. Friction forces have dissipative character:
they couple the macroscopic mechanical degrees of freedom to microscopic degrees
of freedom. In this way, macroscopic mechanical energy is dissipated. At rough
interfaces, dislocation motion and plastic deformations are mainly responsible for the
dissipation of macroscopic energy. This fact makes the friction process with wear
one of the most complex and least understood process in nature. Friction without
wear, on the other hand, occurs between perfect and weakly interacting surfaces and
is much easier to understand. Since in this case, no atomic rearrangement occurs,
it is phonons and electronic excitations which serve as the only source for energy

dissipation. Atomic-scale friction, which can be quantitatively studied using the AFM



operating in a nondestructive manner, falls in this second category.[Sla 93]

The idealized conditions for this atomic-scale friction open the problem to an inde-
pendent fist-principles theoretical study [Zho 90]. In absence of plastic deformations,
friction originates in an atomic-scale corrugation of the interaction potential which is
probed by the tip when scanning the surface under an external force Fe,,. The two
contributions to this potential are the variation of tip-substrate bond strength and
the work against Fe, if the tip-substrate distance varies along the trajectory. The
maximum friction force can be estimated using the variations of the total potentiél

energy of the tip-substrate system during the scan.

A microscopic description of friction without wear must address the fact that
friction is a non-conservative process. In other words, the friction force depends on
the direction of motion between the two bodies in contact. A closed-loop integral over
such a force yields a nonzero value which corresponds to the dissipated energy. In
other words, the friction force cannot be obtained from a gradient of a potential. A
quantitative study of friction requires the investigation of the microscopic mechanisms
for energy dissipation and of the effectiveness with which macroscopic degrees of

freedom are coupled to microscopic degrees of freedom.

In order to study these process quantitatively, a Friction Force Microscope (FFM)
has been constructed and used to measure the atomic-scale friction [Ove 92]. A very
precise FFM can determine the horizontal and vertical force on the tip simultane-
ously Since different portions of otherwise flat surface may have different friction
coefficients, the FFM may provide the most detailed information and enhanced con-
trast as compared to the AFM image of such a surface. Hence, friction imaging may

prove to be a very useful application of the FFM [Ove 92].
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1.2 Structure and dynamics of H-Pd systems

The interaction of hydrogen with transition metals is a fundamentally interesting topic
with wide ranging technological applications [Ale 78]. The dissociative adsorption of
molecular hydrogen at a metal surface and the subsequent surface and bulk diffusion
of atomic hydrogen is a prototypical surface process. This is a well-suited model
system for the study of the hydrogen-metal bond at different stages of the reaction.
At least of equal importance is the microscopic understanding of the effect of hydrogen
on the structural and dynamical properties of the substrate or host metal. This effect,
which has received less attention in the literature, manifests itself on the surface as
H-induced surface relaxation, surface reconstruction, as well as a change of the surface
phonon spectra. Hydrogen atoms are known to diffuse into many metals easily. In
the bulk, hydrogen can change the equilibrium structure and elastic properties of the
host metal. Technologically, hydrogen atoms in the bulk of transition metals can
also reduce the mechanical stability of the system significantly, which is known as
hydrogen embrittlement. The particular interest in Pd is motivated to a large degree
by the ability of this metal to form hydrides and thereby to act as a medium for

hydrogen storage.

In this Thesis, I will concentrate on studying the effect of adsorbed hydrogen on the
surface phonon modes of Pd, and the microscopic origin of hydrogen embrittlement

in Pd. I will show that both phenomena are intimately related.

1.2.1 Effect of hydrogen on surface phonon modes of Pd

Extensive studies of interaction between adsorbed H and the Pd surface include the
characterization of the H-metal bond, hydrogen induced surface relaxation and re-

construction, and the effect of hydrogen on the the electronic structure of the metal



substrate [Tom 86b, Sun 89, Tom 91a, Cat 83, He 88, Beh 80, Rie 83, Rie 84, Tar 86,
Nyb 83, Bes 87]. So far, most research effort has been focussed on the adsorption ge-
ometry and on the electronic and structural properties of the adsorption system.
Surface phonons have received far less attention in the recent literature, in spite of
the wealth of information they contain about the nature of bonding at surfaces. This
is caused mainly by the difficulty to measure and calculate reliable surface phonon

dispersion curves throughout the whole surface Brillouin zone.

Only recently, He time-of-flight spectroscopy [Toe 87, Lah 87, Doa 83, Har 85]
and electron-energy-loss spectroscopy(EELS)[Leh 83, Roc 84, Wut 86, Iba 87, Yos 88]
have been used to measure the dispersion curves of surface phonons on a variety of
metal substrates. The quantitative interpretation of these data is lacking in most
cases, since predictive ab initio calculations (such as “frozen-phonon” calculations)
are computationally very involved. Only in selected cases, Local Density Approxima-
tion (LDA) [Koh 65] calculations have been performed for the high-symmetry modes
[Ho 86].

The majority of published phonon calculations use lattice dynamics based on sim-
ple two- and three-body potentials [Joh 72, Bor 84, Bor 85, Hal 88]. These types of
calculations use bulk and surface interatomic force constants and distances as inde-
pendent parameters which are chosen to fit experimental results [Lah 87]. In general,
these calculations show a good agreement with the observed data. The predictive
power is limited by the generally large number of force constant parameters which
depend on the model, the system and the surface studied. While these calculations
can provide a rough guidance in the interpretation of experimental results, direct

comparisons between different models are of limited use.

More recently, the Embedded-Atom Method (EAM) [Daw 84, Foi 85, Foi 87,



Daw 89, Foi 89] has been used to calculate phonon dispersion relations on surfaces
such as Cu(100), Cu(111) and Ag(111) [Nel 77, Nel 89, Luo 88]. The major differ-
ence with respect to the calculations quoted above is that all parameters have been
obtained by fitting the measured bulk properties. The EAM has proven to be quite
successful in the prediction of surface phonon spectra and the corresponding changes
of interatomic force constants and distances at surfaces. The major weakness of these
calculations is the limitation to single-component systems, since charge transfers be-
tween different sites are assumed to be zero. Of less importance is the fact that the
success of the EAM technique depends on the type and quality experimental data

and that the fit is based mainly on such observed bulk properties.

To avoid these weak points, I developed a model Many-Body Alloy (MBA) Hamil-
tonian for the Pd-H system, based on ab initio calculations of bulk materials (both
single component systems and alloys). This Hamiltonian can be easily applied to
many alloy systems, and the parametrization can be uniquely determined from a set
of ab initio calculations. This mapping does not leave any adjustable parameters.
The MBA technique is a very useful tool to determine the total energy and forces
acting on individual atoms at the surface and in the bulk. In particular, using lattice
dynamics, the surface phonon modes of clean and hydrogen adsorbed Pd surface can
be calculated. This allows for a detailed analysis of the effect of hydrogen on the

surface phonon spectra of Pd.

1.2.2 Mechanical stability of Pd-H systems

Fundamental understanding of the mechanical stability of transition metals under var-
ious conditions is of great technological importance. Very little is known about the

atomic-level response of bulk metals to applied tensile stress, at varying temperature



10

and hydrogen concentration. The study of these effects is expected to answer some key
questions related to macroscopic materials properties, especially the so-called “hydro-
gen embrittlement”. This hydrogen-induced reduction of the mechanical strength of
metals causes great concerns when considering hydrogen storage in metals, stability

of fusion reactors and underwater structures, and space technology.

In spite of a significant effort to resolve this important problem, there is still sub-
stantial controversy regarding the microscopic origin of “hydrogen embrittlement” in
a given system [Bir 79]. One of the oldest and most commonly referred to mechanisms
of hydrogen embrittlement is the “decohesion mechanism” which associates this effect
with a decreased metal bond strength in the presence of hydrogen [Ste 60, Foi 86]A.
The “hydrogen related phase change mechanism” has been suggested as the origin
of “hydrogen embrittlement” in systems where a brittle hydride phase is stabilized
by the presence of hydrogen and the crack tip stress field [Wes 69]. The “Hydrogen
Enhanced Local Plasticity” (HELP) mechanism postulates a hydrogen-induced local

plasticity enhancement at crack tips which facilitates fracture formation [Bea 72].

The most straight-forward way to address the above questions is to use a molec-
ular dynamics (MD) technique. Such a calculation describes the evolution of the
system with time, based on a direct numerical solution of the equations of motion
for individual atoms. This procedure goes beyond lattice dynamics [Mar 63] which
is limited to small atomic displacements and can not address problems such as the
melting transition or fracture. The appropriate MD technique for these questions will
describe the evolution of the system at constant nonzero temperatures using Nosé dy-
namics. It can also model the response of a system to an externally applied tensile
stress [All 90, Car 90]. Such a simulation provides microscopic information about the

dynamics of the system, including structural changes during phase transitions (such
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as melting or crack formation due to tensile stress under different conditions).

1.3 Structure of the Thesis

In this Thesis, I will address primarily two subjects related to interaction between
adsorbed atoms and surfaces. They are the Atomic Force Microscopy and atomic-

scale friction at graphite surface, and the structure and dynamics of Pd-H systems.

In Chapter 2, I will review the computational tools I used. I will start with the
Density Functional Theory, in particular its implementation in the Local Density
Approximation (LDA) technique. I will briefly discuss the computational details,
such as the basis and use of ab initio pseudopotentials. Then, I will derive the Many-
Body Alloy Hamiltonian for metal and alloy systems. At the end, I will present the
formalism for Nosé and Rahman-Parrinello Molecular Dynamics simulations, which
allows for the description of the dynamics of a canonical ensemble exposed to an

external anisotropic stress field.

In Chapter 3, I will develop the theory of Atomic Force Microscopy. I will first
present the ab initio results for the Pd-graphite interaction. Next, I will present a
parametrization of the Pd-graphite interaction potential, which is inspired by Embed-
ded Atom Method and which is not restricted to high symmetry sites. Combined with
continuum elasticity theory, these results will be used to determine whether atomic
resolution can be achieved nondestructively in AFM experiments on the graphite sur-
face. Then, I calculate the atomic scale friction of a sharp Pd tip on graphite and
determine the friction coefficient. I propose two idealized friction machines to explain

the possible microscopic mechanisms of energy dissipation in the friction process.

In Chapter 4, I calculate the equilibrium structure and dynamics of Pd-H systems.

This chapter is divided into two parts. In the first part, I construct and test the many-
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body alloy Hamiltonian for the Pd-H system. I calculate the equilibrium structure
and surface phonon spectra of clean and hydrogen covered Pd surfaces, in order to
determine the effect of hydrogen on the equilibrium structure and dynamics of Pd.
In the second part, I use molecular dynamics to study the dynamical properties of
Pd-H systems at finite-temperature. I will study the melting transition of pure Pd in
the bulk bulk and the mechanical stability of bulk Pd at different temperatures and
hydrogen concentrations. I will show that the mechanisms of hydrogen embrittlement

can be understood by carefully analyzing the MD simulation results.



Chapter 2

Theory

2.1 Ab initio Density Functional Formalism

The basic theory governing the electronic and structural properties of solids is quan-
tum mechanics. In systems with many particles (such as ~ 10% in solids), the exact
solution of quantum mechanical equation is essentially impossible to obtain, due to
the complex many-body interactions which couple many degrees of freedom. Even
though the ground state energy can be expressed in terms of one- and two-particle
Green’s functions, the computation of these quantities involves a set of differential
equations which couple all n-particle Green’s functions. The basic difficulty to de-
scribe even ground-state properties of solids is significantly reduced in the Density

Functional Theory.

2.1.1 Density Functional Theory

In this Thesis, I will derive the Density Functional Theory (DFT) formalism very
briefly, and refer the reader to other excellent reviews for more details [Lun 83,
Cal 84, Jon 89, Mah 90, Dre 90]. The DFT is based on two theorems proposed by
Hohenberg and Kohn in 1964 [Hoh 64], which state that:

13
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1. The electron density n(r) in the ground state is a functional of the potential

V().

2. The potential V() is a unique functional (to within a constant) of the electron

density n(r).

This is equivalent to saying that the exact ground state properties of a system can
be calculated using a variational approach involving only the electron density, rather

than an antisymmetric wave function.

I follow the derivation by Levy [Lev 79]. The Hamiltonian describing the motion

of N electrons in an external potential V,,¢(7) is
H=T+Vie + Ve, (2.1)

where T and V.. are the kinetic and electron-electron interaction operators, respec-
tively. For all densities n(7) which can be obtained from an antisymmetric wave

function ¥(r1,73,...,7N), Levy defined the functional
Fn] = min($|T + Vee|h) = (YminlT + Veel¥omin)» (2.2)

where the minimum is taken over all ¥ that give the density n, and t,,;, minimize
F[n].
Let us denote Egs, s, and ngs(F) to be ground state energy, wave function, and

electron density of the system under external field V..;. Then,

E[n] = / A7Vt (F)(F) + Fln] (2.3)
= :u'an + Vee + Veztld’;in)

> Egs, (2.4)

y
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which follows from the variation principle applied to the ground state. This relation

applies in particular to the ground state wave function %5, which gives

The charge density corresponding to ¥gs and .35 are the same, so the interaction

with the external potential can be subtracted on both sides of the inequality,

(YGs|T + Veeltbgs) < (¥min IT + Veelthrin)- (2.6)
Combined with Eq. (2.4), we find

(Yos|T + Vee|tbas) = (Ymin IT + Vee|[¥rin) = Flnas] (2.7)
So, the ground state energy

Egs = /df"Vezt(f")nGs(F) + F[ngs] (2.8)

is a functional of ground state charge density. This equation, combined with Eq. (2.4)
completes the proof of the basic theorems. These theorems provide a general method
for calculating ground state properties. However, theses theorems do not suggest
any particular form of the functional F[n]. To solve this problem, Kohn and Sham

introduced the Local Density Approximation (LDA) in 1965 [Koh 65].

2.1.2 Local Density Approximation

In their famous paper [Koh 65], Kohn and Sham decomposed the energy functional

as

E[n] = Toln] + F + E., (2.9)
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where

r)n(r2)

Iri — 72|

/ﬁuﬂana+//d¢2 (2.10)

Here, Tj is the kinetic energy of a system of non-interacting quasi-electrons with the
density n(7). F is the Coulomb energy of the system of quasi-electrons. E,. is the
exchange-correlation energy, which gives the contributions to the total energy except

for the kinetic and Coulomb terms.

Variational theory, applied on this energy functional, gives

8To[n]

on +‘/czt+VH+ch_ﬂ 0. (211)

Here, Vi is Hartree potential derived from the second term of F, V. = §E;.[n]/én,
and p is the Lagrange multiplier which constrains the total number of particles to be
constant. On the other hand, the variational equation for a system of non-interacting

quasielectrons reads

6T0[n] + v

- —u=0. (2.12)

Inspection of Egs. (2.11) and (2.12) shows that they are the same if V = V,;,+Vy + V...
The solution of Eq. (2.12) can be obtained using a Schrédinger equation. For a system

of quasi-electrons, this leads to a set of Kohn-Sham equations
h?
(=372 + Veat + Vir(7) + Vae MIi(7) = eithi(7) (2.13)
and
n(7) = 3 [ (2.14)

Note that ¢; and 3; are not necessarily the eigenvalues and eigenfunctions of the

system; only the electron density n(7) is the correct physical quantity.
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Kohn-Sham equations involve a universal functional, the exchange-correlation en-
ergy E..[n], and its functional derivative V,.(7), which are only known exactly for a
homogeneous electron gas. As a manageable simplification which has been introduced
in the Local Density Approximation (LDA), the functional E,.[n] is replaced by a

local function E,.(n). Hence,

E.. = / diné (n(7)), (2.15)

where €2 is the exchange-correlation energy density for the homogeneous electron gas.
Many parametrizations of €2, have been proposed, such as that of Wigner[Wig 38],
Kohn and Sham([Koh 65], Hedin and Lundqvist[Hed 71], Ceperly and Alder[Cep 80]
etc.. In our calculation, we usually use Hedin-Lundqvist parametrization, which have

been proven to give good results.

The LDA is a accurate in systems with a slowly varying charge density. It is also
accurate in systems with a large charge density, where the kinetic and Hartree terms
dominate E,., and in systems with small charge densities, where gradient of n(¥)
are small. This formalism has been successfully applied to many systems, including

atoms, molecules, clusters, surfaces and bulk of solids.

2.1.3 Computational details

In the real calculations based on the DFT, the initial guess of the charge density is
obtained using a superposition of atomic charge densities. Using this charge density as
input, V;. can be obtained using the LDA. This provides all of the information needed
to set up the Kohn-Sham equations, which are usually solved as matrix equations in
a given basis. The solution of the Kohn-Sham equations gives ¢; and ;. Then the

Fermi energy can be determined and the charge density obtained as output. In the
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next iteration, this charge density is used as input, and the procedure is repeated
until self-consistency is achieved. In the self-consistent field method, the input and

output potential is required to be the same.

One practical consideration in a realistic calculation is the selection of a basis. The
plane wave basis is the simplest and easiest to implement, since all basis functions
are orthogonal to each other. Plane waves give a complete set of basis functions;
a finite basis is typically limited by the cutoff energy E.. This basis is ideal for
nearly free electron systems like simple metals, where the effective potential does
not vary too much. The number of basis functions needed is proportional to E?/2,
where d is the dimensionality of the system. The computational load increases as
E34/2_ since solution of Kohn-Sham equations involves matrix diagonalization. This
computational effort makes a plane wave basis impractical for materials with localized

electrons, i.e. transition metals and semiconductors.

In my Linear Combination of Atomic Orbitals (LCAQ) [Laf 71, Cal 72, Che 84]
calculation, I use a local Gaussian basis in order to improve efficiency [Har 82]. The

form of the basis functions is

ezp(—a;r?) for s states

fi={ (z,y,2)ezp(—a;r?) for p states

(zy,yz,2z,22 — y?,r? — 322)ezp(—a;r?) for d states
This basis provides an efficient representation of the atomic wave functions in
systems with localized electrons. More than one radial Gaussians are typically used
for each orbital to allow for variational freedom. Completeness of the basis is tested
by increasing the number and location of Gaussian functions and monitoring the
convergence of the calculated total energy. In my calculations, usually three to four
Gaussian decays for each atomic orbital (s, pz,p,, ...) are found to give a sufficiently

complete basis set. The decay constants a for a given atomic type are chosen to
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minimize the total energy of the bulk system. Since the LCAQO basis contains non-

orthogonal basis functions, the solution of the Kohn-Sham equations is more involved.

Beside using Gaussian functions for basis functions, it is very useful to fit the
screened atomic potentials and charge density to a set of Gaussians as well. This
procedure allows for an efficient evaluation of crystal LDA-Bloch functions up to very

high Fourier components corresponding to a large value of the energy cutoff E..

Most electronic and structural properties of solids are determined by the behavior
of valence electrons, while the core electrons are essentially inert. Valence electrons
feels a very weak potential outside the core due to the screening by the core electrons.
Replacing the true ionic potential by a pseudopotential, which models the nuclear and
the nonlocal core potential, simplifies the calculation considerably. I use the ab initio
pseudopotential form proposed by Hamann, Schliter, and Chiang [Ham 79, Bac 82],

which has following desirable properties:

1. Pseudopotentials are continuous non-divergency functions with a continuous

first derivative everywhere.

2. Real and pseudo eigenvalues for valence states agree for a chosen “prototype”

atomic configuration.
3. Pseudo wavefunctions are nodeless.
4. Real and pseudo wavefunctions agree beyond a chosen “core radius” r..

5. The integral from 0 to r of the real and pseudo charge densities agree for r > r.

for each valence state (norm conservation).

6. The logarithmic derivatives of the real and pseudo wave functions and their first

energy derivatives agree for r > r..
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Properties 5 and 6 are important to ensure optimum transferability of the pseudopo-
tential between different chemical environments. Norm conservation enables the use
of the pseudo charge density instead of the real charge density in DFT calculations.
Property 6 ensures the correct scattering properties of the potential. No adjustable
parameters occur in the construction of the Hamann-Schliter-Chiang pseudopoten-

tials.

The LCAO Gaussian basis and ab initio pseudopotentials are very powerful which
make precise LDA calculations for transition metals or semiconductors feasible. Nev-
ertheless, the computational load increases rapidly with increasing complexity of the
system (reduced symmetry, increased size of the unit cell). For very large systemé,
parametrized calculation schemes are more appropriate. A very efficient scheme to
calculate the total energy of a system is the Many-Body Alloy Hamiltonian to be

discussed below.

2.2 Many-Body Alloy Hamiltonian

The Many-Body Alloy (MBA) Hamiltonian is an extension of a total energy scheme,
which has been successfully used previously to study the electronic and structural
properties of small clusters, surfaces of metals and dilute metal alloys [Tom 83,
Tom 86a, Tom 85b, Tom 85a, Spa 84]. Its derivation has been published recently
by W. Zhong, Y.S. Li, and D. Tomanek [Zho 91a].

As discussed earlier [Tom 83, Tom 86a, Tom 85b, Tom 85a), the total cohesive
energy of a solid can be decomposed into individual atomic binding energies E,;(2),

as

Ean(tot) = 3 Eeon(i). (2.16)
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The binding energy of atom z consists of an attractive part due to the hybridization

of orbitals, EB5(i), and a term EF(:) describing repulsive interactions. Hence,
E..i(i) = EBS(i) + ER(3). (2.17)

Different simplified parametrization forms have been proposed [Bre 89] for the many-
body energy EB5(i). The embedded-atom method (EAM) [Daw 84, Foi 85, Foi 87,
Daw 89, Foi 89] takes EB5(i) as a unique function of the total charge density of the
unperturbed host at the site i. Since this parametrization might cause problems in
the case of alloys with nonzero charge transfer, I base my expression for EZ5(i) on a
tight-binding Hamiltonian. In a one-electron picture, the binding energy of atom ¢ is

given by an integral over the local density of states at ¢, N;(E), as
E
EBS(i) = — / "(E - E;)N;(E)dE. (2.18)

In the second moment approximation, EB5(i) is proportional to the effective band-
width, which in turn is proportional to the square root of the second moment M;(z)
of the local density of states. Then,
1/2 1/2
EPS(i) o« My(i)/? = {Etfj} x {Ze'z""’} . (2.19)
I# I#

In the last part of this equation, I have related M; to the hopping integral ¢,; between
neighboring sites ¢+ and j and assumed an exponential distance dependence of the

r

effective (screened) hopping integrals, as t(r) o< e™9".

The repulsive part is parametrized by a pairwise Born-Mayer potential with an

exponential distance dependence, as

ER() oc Y e7Pmu. (2.20)
J#
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Then,
Ecah(i) = EBS(")+ER(Z)

rij 1/2 rij
-{Zféem[—%(;-—l)]} +eB S expl-p(L 1)) (221)
J#i 0 A To

Here, r;; is the distance between atoms ¢ and j. Parameters p and ¢ describe the dis-
tance dependence of the hopping integrals and the Born-Mayer interactions, respec-
tively, and are related to the bulk elastic properties. In the case of a single-component
bulk crystal, Eq. (2.21) can be used to reproduce the equilibrium properties, such as
the equilibrium nearest neighbor distance ro and the bulk cohesive energy E.,x(bulk).

In this case, assuming isotropic hopping integrals, £, and € in Eq. (2.21) are given

by
E.x(bulk)
= ) 2.22
S Gy AL (2.22)
R _ & 4
< = gy (2.23)

where Zp,x is the bulk coordination number.

For systems with more than one component (such as alloys and compounds),

Eq. (2.21) can be generalized to

. 1/2
Econ(i,a) = -{Zj;ﬁ €3 o5 €Xp[—2¢ap(T222 — 1)]}

70.a8

+ T ji €0ap €XP[—Pap(Z222 — 1)], (2.24)

T0,a8
where a, B represent the types of atoms i and j, respectively.

As I discussed above, the Hamiltonian underlying the energy expression in
Eq. (2.24) describes the essential physics governing cohesion in many solids. The
large flexibility and the microscopic basis for the description of many-body attractive

interactions in alloys makes the MBA Hamiltonian superior to embedded-atom like
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schemes [Daw 84, Bre 89] for two main reasons. First, unlike the EAM, Eq. (2.24)
does distinguish the changed binding of atom : that is surrounded either by Z, atoms
of type a or Zg atoms of type 3. This holds even in the case that the charge density
at site 7 due to the surrounding atoms is the same. Second, in contrast to the EAM,
this approach does not assume local charge neutrality in alloys. For this reason, I
feel confident to apply this energy expression as an “intelligent interpolation scheme”
to determine the energy of structures with low symmetry, once the corresponding
ab initio data for high symmetry structures are available. Specifically, I will use
this energy expression to study the equilibrium structure and dynamics of selected
systems. The calculation of dynamical properties will focus on phonon spectra, to
be addressed by lattice dynamics techniques, and large scale deformations during the

process of melting and fracture to be addressed in molecular dynamics simulations.

2.3 Lattice dynamics

Lattice dynamics is used to determine phonon dispersion relations of a crystaline
solid. The phonon spectra can be compared directly to experimental results for the
equilibrium state at very low temperatures. The phonon frequencies of a crystal can
be obtained using the dynamical matrix [Mar 63]. This matrix D(Iz), corresponding

to the wave vector E, is given by

Daﬂ.ltv(i“) = (Aln}vlu)—‘/2 Z Dogin,jv exp[—il-c‘-(ﬁ,.- - R‘J)] (2.25)
Ri-R;
Here, M, is the mass of the x-th atom and M, is the mass of the v-th atom. ®,3x, ;.

is the force-constant matrix, which can be expressed as

O?E_on(tot)

af,ix,jv — , 2.26
Q g, 2] aua'iuauﬁ'jy ( )
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where Ex(tot) is the total energy of the system. u, i« is the a-th Cartesian compo-
nent of the displacement of x-th atom in i-th unit cell, and ug j, is the S-th Cartesian

component of the displacement of the v-th atom in the j-th unit cell.

Finally, the phonon frequencies w(E) are the eigenvalues of D(E), which are cal-

culated by solving

det|w?(K)I — D(K)| = 0. (2.27)
2.4 Molecular dynamics

Unlike lattice dynamics, molecular dynamics (MD) describes the evolution of the sys-
tem with time, based on a direct numerical solution of the equations of motion for
individual atoms. Atomic motion is not restricted to the close vicinity of the equilib-
rium site. Such a simulation provides microscopic information about the dynamics of
the system, including structural changes during phase transitions (such as melting or

stability breakdown under tensile stress).

The dynamics of an isolated N-particle system in three-dimensional space is gov-

erned by the Lagrangian

N
L=% imd’ - V({a}). (2.28)

=1 2

Here, qj is the position vector of atom ¢ in the system and V({q;}) is the total poten-
tial energy, given by the MBA Hamiltonian. The dynamical evolution of the system
is described by Euler-Lagrange equations derived from the above Lagrangian. This
procedure yields statistics for a micro-canonical ensemble. Unfortunately, the simu-
lation of realistic micro-canonical systems requires a very large number of particles

which imposes unrealistic requirements on the computation.
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A more natural choice is the canonical ensemble, which considers the temperature
(rather than the total energy) to be constant, and which allows for a free energy
exchange with the external heat bath. I use an algorithm due to Nosé [Nos 84] to
describe a canonical ensemble. In the Nosé scenario, the fixed temperature canonical
ensemble can be simulated by considering a single additional variable s. In this
extended phase space, the net effect of the heat bath is assumed to be a scaling of
the velocities as v; = sq;. Nosé interpreted the scaled velocity v; as the true velocity
resulting from the heat exchange with the external heat bath. The canonical ensemble

can be described in an augmented Lagrangian of the form
. |
m;sijz - V({q,}) + EQSZ —(Ny+1)T,Ins. (2.29)

Here, Ny = 3N is the number of degrees of freedom of the system. @ is the mass
associated with the new variable s which describes the coupling to the external heat
bath. T., is the temperature of the heat bath and consequently the equilibrium
temperature of the system. The optimum choice of Q provides an efficient damping
of the equilibrium state. Overdamping is avoided by choosing @ in such a way
that the oscillation period of s is much smaller than the damping time constant.
The Lagrangian in Eq. (2.29) contains a logarithm of s in the potential energy part
which makes this extended system equivalent to the canonical ensemble describing the
original N-particle system. This new Lagrangian is justified by the correct statistics
it yields for the system. In other words, when integrating the partition function over
the new dimension in phase space, I regain the partition function for the canonical
ensemble. Consequently, the microcanonical ensemble of the augmented Lagrangian,
described by Eq. (2.29), generates precisely the canonical ensemble of the original

N-particle system.

In order to describe the effect of mechanical coupling between the ensemble and
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the outside world, Andersen applied molecular dynamics to systems under constant
hydrostatic pressure [And 80]. In this technique, the variable space is extended by
an additional quantity which scales all the atomic coeordinates in the unit cell, thus
allowing the volume to change uniformly. This method can be combined with Nosé’s
treatment of the canonical (TN) ensemble to describe the behavior of that system at
constant tensile stress (or tension) ¢t (TtN ensemble). This method has been further
generalized by Parrinello and Rahman [Par 80, Par 81, Par 82, Ray 84, Ray 88] to

allow for anisotropic stress and corresponding shape changes of the unit cell.

The mechanical stability of Pd and PdH systems which will be addressed in Chap-
ter 4 is intimately related to the dynamics of these systems under uniaxial tensile
stress. I will address this process using the method of Parrinello and Rahman [Par 80].
In the molecular dynamics calculations, I will consider a unit cell which is spanned
by the three Bravais lattice vectors a,b and ¢. These vectors define a shape matrix
h = (a,b, c) which is used to describe the response of the system to applied stress.
This matrix maps the true atomic coordinates onto reduced coordinates q; which lie
in a cube of unit length, so that the true coordinates are obtained by the scaling

transformation hq;. The Lagrangian describing the TtN ensemble is then given by

N

L = 3 pmi}(@"Ga) - V({a)) +5@5° = (N + )T lns
=1
+ SWTr('R) - VT r(te). (2.30)

The first term describes the kinetic energy of the system, and the matrix G is given
by G = hTh. W, is the mass of the “piston” which exerts the external tension on the
system. The equilibrium volume of the MD unit cell at zero tension is denoted by

Vo and the equilibrium shape by hg. In the case of nonzero tension, I define a strain
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matrix ¢ by

¢=5l(ha™)"Gho™ - 1. (2.31)

The quantity ¢t in Eq. (2.30) is the thermodynamic tension tensor which gives the
work dW due to an infinitesimal distortion of the system as dW = V,Tr(te). t is

related to the stress tensor ¢ by [Par 80]
@ = Voh(ho ")t(ho™")"hT/V, (2.32)

where h is the average value of the shape matrix and V = det(h) is the average

volume.

Once the Lagrangian L is established, the equations of motion are given by

4oLy _ (ot
dt \ 0gia 0gia
2 (2) -
dt \ 9k, Ohap)

4 (oL) _(oL) _ ,
dt \ 9s as)] —

0

(2.33)

Here, I have used Greek indices to denote the vector and matrix components of q;

and h, respectively.

The dynamics of the system is obtained by integrating the equations of motion in
real time using a predictor-corrector method of fifth order [Gea ]. The typical time
step in the MD calculation of bulk Pd is 2 x 10~%s. For hydrogen loaded Pd, the
time step is reduced to 5 x 10~%s due to the high vibration frequency and large-scale
diffusion of the light hydrogen atoms. The generalized energy of the system is a

constant of motion. I control the numerical fluctuations of this quantity (due to the
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finite time steps) to lie within a small error margin of 10~#%, which is indicative of
a precise integration. In order to avoid overdamping, I tune the mass @ associated
with the temperature and the mass W, associated with the tensile stress in such
a way that the fluctuations of temperature and volume occur over large periods of
~50-100 time steps. In a typical MD calculation, I consider a periodic arrangement
of unit cells (with originally cubic shape) which contain 500 Pd atoms and a fixed
number of hydrogen atoms. When studying the properties of the system at a specific
temperature or pressure, I first let the system equilibrate over a period of x30,000
time steps and only then start collecting data for statistics. I find this time period to

be sufficient for an excellent statistics with negligible error bars.

In the derivation of the algorithm, Nosé has assumed the system to be ergodic
[Nos 84]. Doubts have been raised about the validity of this assumption [Kus 90], es-
pecially in the case of small systems. There are two reasons why this criticism should
not affect the results presented in Chapter 4.3. First, I consider a very large system
with more than 1500 degrees of freedom. Second, the many-body alloy potential con-
tains anharmonic terms which gain importance at interatomic distances substantially
different from ro. Especially at elevated temperatures, this fact contributes to a fast

onset of chaotic behavior.



Chapter 3

Theory for the Atomic Force
Microscopy

As discussed in Chapter 1, the Atomic Force Microscope (AFM) is a recently devel-
oped instrument which allows a direct imaging of topological structure at insulator,
semiconductor, and metal surface alike [Bin 86, Bin 87]. The challenging question is
whether the AFM can achieve atomic resolution of a given surface, and what are the
theoretical limitations of this capacity. The study of the interaction between an AFM
tip and a surface are also of relevance for the fundamental understanding of friction

and the related phenomena.

These problem areas which are the subject of this Chapter, have been addressed

in the following seven publications:

1. W. Zhong and D. Tomanek, First-Principles Theory of Atomic-Scale Friction,
Phys. Rev. Lett. 64, 3054 (1990).

2. W. Zhong, G. Overney, and D. Tomanek, Theory of Atomic Force Microscopy on
Elastic Surfaces, The Structure of Surfaces III, edited by S.Y. Tong, M.A. Van
Hove, X. Xide and K. Takayanagi, Springer-Verlag, Berlin (1991), p243.

3. W. Zhong, G. Overney, and D. Tomanek, Limits of Resolution in Atomic Force
29
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Microscopy Images of Graphite, Europhys. Lett. 15, 49 (1991).

4. G. Overney, W. Zhong, and D. Tomanek, Theory of Elastic Tip-Surface Inter-

actions in Atomic Force Microscopy, J. Vac. Sci. Technol. B9, 479 (1991).

5. D. Tomanek, W. Zhong, and H. Thomas, Calculation of an Atomically Mod-
ulated Friction Force in Atomic Force Microscopy, Europhys. Lett. 15, 887
(1991).

6. D. Tomanek and W. Zhong, Palladium-Graphite Interaction Potentials Based
on First-Principles Calculations, Phys. Rev. B43, 12623 (1991).

7. G. Overney, D. Tomanek, W. Zhong, Z. Sun, H. Miyazaki, S. D. Mahanti, and
H.-J. Guntherodt, Theory for the Atomic Force Microscopy of Layered Elastic
Surfaces, J. Phys. : Cond. Mat. 4, 4233 (1992).

The description of tip-surface interactions in the AFM is determined quantitatively
for Pd/graphite as a prototype system. Pd is a non-magnetic transition metal with
near-noble electronic configuration. The valence 4d electrons are less localized than in
3d elements, yet unlike in the 5d elements, no relativistic effects need to be considered.
This element is also chosen for its wide spread industry application. Graphite is a very
common and important material in the industry and research alike. The inert nature
of graphite layers facilitates cleavage and preparation of perfect surfaces. Graphite
is also one of the most commonly used systems in AFM and STM studies of surface

morphology [Mey 88].
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3.1 Calculation of the Pd-graphite interaction

Accurate determination of the interaction energy between Pd and graphite is crucial
for predictive calculations of AFM images of graphite, obtained with a Pd AFM tip.
I start with an ab initio calculation of the interaction between a perfect layer of Pd
atoms and the graphite substrate. In this calculation, I determine the adsorption
energy of Pd atoms in the on-top (T) and the sixfold hollow (H) site as a function
of the Pd-graphite separation. Total energies are calculated from first principles
using the Local Density Approximation (LDA) [Koh 65]. I am using the ab initio
Pseudopotential Local Orbital Method which has been described in Chapter 2 and
successfully applied to short wavelength distortions of graphite [Tom 89]. In this
calculation, ionic potentials are replaced by norm-conserving ionic pseudopotentials
of Hamann-Schliter-Chiang type [Ham 79] and the Hedin-Lundqvist [Hed 71] form
of the exchange-correlation potential is used. The surface of hexagonal graphite is
represented by a 4-layer slab and the adsorbate by a monolayer of Pd atoms in registry
with the substrate (1 Pd atom per surface Wigner-Seitz cell of graphite). The basis
consists of s, p and d orbitals with four radial Gaussian decays each on Pd sites and
of s and p orbitals with three radial decays each on carbon sites, i.e. 40 independent
basis functions for Pd and 12 basis functions for C. In order to obtain accurate energy

" and “H” geometry, I introduce floating orbitals on sites

differences between the “T
not occupied by atoms and use the same extended basis [Tom 86¢] for both “T” and
“H” calculations. To insure high accuracy and complete convergence of total energies,
I use an energy cutoff of 49 Ry in the Fourier expansion of the charge density and

sample the 2-dimensional Brillouin zone with a mesh of 49 k-points, using a special-

point scheme [Cha 73].

In Fig. 3.1, I show the adsorption energy E,q of a Pd atom (representing the Pd
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Figure 3.1: Pd adsorption energy E,.4 as a function of the adsorption height z above
the surface of hexagonal graphite. The solid and dashed lines correspond to the
sixfold hollow (H) and the on-top (T) sites, respectively. An enlarged section of the
graph near equilibrium adsorption is shown in an inset. A second inset shows the
adsorption geometry in top view; a possible trajectory of the Pd layer along z is
shown by arrows. (From Ref. [Zho 90]. (©American Physical Society)
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monolayer), defined by
E.q = Eioa(Pd/graphite) — Ea1(Pd) — Eocai(graphite),

for the on-top and hollow site registry. The calculation yields a very weak ad-
sorption bond strength <0.1 eV at an equilibrium adsorption height z ~ 3 A. At
this distance from the substrate, the corrugation of the graphite charge density is
negligibly small due to Smoluchowski smoothing and the position-dependence of the
adsorption bond strength is << 0.1 eV. This effect is also responsible for the large
value of the surface diffusion constant and apparent small sensitivity of surface fric-
tion to adsorbed films as discussed in Ref. [Ski 71]. These calculations show that
at bond lengths z < 2 A, the hollow site is favored with respect to the on-top site.
At z = 2 A, the adsorption energies are nearly the same, and at larger distances,
it is the on-top site which is slightly favored by < 0.05 eV. This is consistent with
the dominant interaction changing from closed-shell repulsion (which strongly favors
the hollow site at very small adsorption bond lengths) to a weak chemisorption bond
(which is stabilized by the hybridization with p, orbitals in the on-top site). The
magnitude and site dependence of van der Waals interactions between AFM tip and
the surface is negligible in the weakly repulsive region of the Pd-graphite potential

considered here.

The DFT calculations provide us with very accurate results, but only for small
systems with high symmetry. When the Pd atoms are located at low symmetry
sites, the calculation is computationally much more intensive. In calculations of
AFM images and atomic-scale friction, more efficient total energy schemes have to be
used. Model potentials for the interaction with graphite, the material of interest in
this study, are typically based on interactions with a “generic” carbon solid [Gou 89,

Abr 89]. These model potentials clearly cannot distinguish the surface reactivity of
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diamond with an sp® configuration from that of graphite with sp? bonding.

Here, I present a simple expression for the metal-graphite interaction potential
which is based on a first-principles total energy calculation of Pd on graphite [Zho 90].
While derived specifically for the Pd/graphite system, the form of the interaction
potential is more general and is a good prototype for the interaction of any metal
adsorbate on graphite. The expression for the metal-graphite interaction, inspired by
the Local Density Approximation (LDA) [Koh 65], provides a basically correct picture
of many-body interactions in the adsorption system. The simple parametrization is
a major advantage which will allow this potential to be used in computationally

intensive molecular dynamics simulations.

It is convenient to note that the LDA results for E,4 can be well approximated by
a local function which depends only on the total charge density of the graphite host

at the Pd adsorption site,

Eod(7) = Eaa(p(7))- (3.1)

This form of the interaction potential is inspired by the the Density Functional for-
malism [Koh 65] and the Embedded Atom Method [Daw 84, Foi 85, Foi 87, Daw 89,

Foi 89]. Then E,4(p(7)) can be conveniently parametrized as

E.a(p(7)) = €1 (p/po)™* — €2 (p/po)™*- (3.2)

In the case of Pd on graphite, ¢; = 343.076 eV, €2 = 2.1554 eV, a; = 1.245, a;
= 0.41806, and po = 1.0 e/A3. The dependence of E.q on p, obtained using the

parametrized form in Eq. (3.2), is shown in Fig. 3.2.

From an independent LDA calculation of graphite surfaces, I find that the total
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Figure 3.2: Relation between the Pd adsorption energy E,4(7) and the total charge
density of graphite p() at the adsorption site 7, given by Eq. (3.2). An en-
larged section of the graph near equilibrium adsorption is given in the inset. (From
Ref. [Tom 91b]. ©American Physical Society)
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charge density can be well approximated by a superposition of atomic charge densities,

p(7) =Y pat(F = Rn). (3.3)

This parametrization is especially convenient in the case of deformed surfaces
where an LDA calculation is difficult due to reduced symmetry. On flat surfaces, the
maximum difference between the LDA charge density and the superposition of atomic

charge densities is only few percent.

Finally, it is useful to parametrize the charge density of carbon atoms. I find that

Pat, as obtained from an atomic LDA calculation, can be conveniently expressed as
par(r) = pce™", (3.4)

where pc = 6.0735 /A% and B = 3.459 A-!. Asshown in Fig. 3.3, this expression is
a very good approximation to the LDA results especially in the physically interesting

range 1.4 A <r < 3.0 A.

One of the primary uses of the above potential is to describe the interaction
between a metal AFM tip and graphite. In case of a large tip, one can expect a
contribution to the interaction potential from Van der Waals forces, which are not
described correctly by LDA especially at large tip-substrate distances. As discussed in
Chapter 3.2 and in Ref. [Zho 91b], these forces are not very important since they are
very small (typically < 10~1° N) at tip-substrate separations 23 A. At smaller separa-
tions, they are dominated by the substrate-tip repulsion which is described correctly
within LDA. These dispersive forces are also not very important for the interpretation
of experimental results, since they do not show atomic resolution [Hor 92] and are
easily compensated in the experiment by adjusting the force on the cantilever which

supports the tip.
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Figure 3.3: Radial plot of the charge density of a carbon atom p,(7), based on an LDA
calculation (dashed line). The solid line shows the parametrized form of the charge
density, given by Eq. (3.4). (From Ref. [Tom 91b]. (© American Physical Society)
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A parametrized form of the potential, given in Eqgs. (3.2), (3.3) and (3.4), allows for
a very fast and efficient evaluation on a computer and is ideally suited for molecular
dynamics calculations. Adsorption energies of Pd on a flat graphite surface, based on
this parametrized form, are compared to LDA results in Fig. 3.4. I find a very good
agreement between LDA results and parametrized potential over the whole interaction
range. The largest discrepancy occurs at z = 2.0A, where the switching between the
preferential on-top and hollow sites is not reproduced by the parametrized potential,
corresponding to an error of < 0.1 eV. In the following, I will use the ab initio results

whenever possible, and the parametrized results in other cases.

Summarizing the results of this section, I calculated the Pd/graphite adsorption
energy as a function of the adsorption height, for Pd at the on-top and hollow site.
The interaction is characterized by a hard-core repulsion at small distances and very
weak chemical bond at larger distance (z > 2.5A). This interaction can be well

parametrized in terms of the charge density of the graphite host.

3.2 Limits of resolution in AFM images of gra-
phite

As pointed out in Chapter 1, the possibility of atomic resolution in the AFM is
limited in two ways. Too small forces lead to insufficient corrugations, and too large
forces may destroy the surface. So far, these limitations of the atomic resolution have
not been addressed in the literature. Present theoretical information is limited to
calculations of the interaction between an infinite “periodic” carbon or aluminum tip
and a rigid surface [Cir 90, Bat 88], and the interaction between a single AFM tip and
an elastic surface represented by a semi-infinite continuum [Tom 89] or by a model

system of finite thickness [Abr 89, Lan 90].
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Figure 3.4: Adsorption energy E,q of Pd on graphite as a function of the height z of
Pd atoms above the graphite surface. First-principles results are given by o and e for
the hollow and the on-top site, respectively. These data are compared to the present
results, obtained using Eqs. (3.2), (3.3) and (3.4) and given by the solid and the
dashed line for the hollow and the on-top site, respectively. Upper inset: Schematic
top view of the adsorption geometry. Lower inset: An enlarged section of the graph
near equilibrium adsorption. (From Ref. [Tom 91b]. ©American Physical Society)
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In this Section, I discuss for the first time the theoretical limits of atomic resolution
in AFM. I will use the ab initio results of the interaction between a “sharp” monatomic
Pd tip and the surface of graphite discussed in Section 3.1, to predict corrugations
for a varying load F,;; applied on the AFM tip. These calculations also predict

tip-induced elastic substrate deformations which limit the range of applicable loads

Fezt-

Using the adsorption energies E,q4 given by an ab initio calculation, the force on

a “sharp” monatomic AFM tip is given by

OE,4(2)
0z

fezt = - (35)

Here, microscopic forces per atom are denoted by f and macroscopic forces applied
to large objects by F. I also investigated the effect of the long-range Van der Waals
forces on the tip-substrate interactions which are not described correctly by the LDA

especially at large tip-substrate distances.

The Van der Waals force between an extended conical tip and a flat surface is
estimated using the expression Fyqw(z) = Ay x tan?a/(6z), where a is half the
opening angle of the cone [And ]. In this expression, Ay is the Hamaker constant
and z is the distance between the cone tip and the surface. In this calculation, I
consider a = 30° and Ay = 3 x 107!° J, which is a typical value for metallic systems.
For tip-substrate distances z > 3 A, the Van der Waals forces are very small, typically
Fvaw < 10~1° N. At smaller distances, these forces can be neglected when compared
to the closed-shell and internuclear repulsion which are described correctly within
LDA. Since each of these regions is dominated only by one type of interaction, I
determine the total tip-substrate force F..; as a superposition of the force described

by LDA and the Van der Waals force. In Fig. 3.5(a), I present results for the total
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force F = f.z:+ between a conical AFM tip with 1 Pd apex atom and a graphite

substrate, together with a schematic top view of the geometry.

The LDA calculations yield nearly the same weak Pd-graphite interaction poten-
tial (E.q < 0.1 €V) in the “H” and “T” sites beyond the equilibrium Pd-graphite bond
length z., = 3 A and consequently the same weak interaction force. This is plau-
sible since E,q is closely related to the total charge density p, shown in Fig. 3.5(b),
which has only a very small site-dependence in the attractive region of the potential
at z > z., due to Smoluchowski smoothing [Smo 41]. Consequently, the corrugation
Az in this region is too small to be detected by the AFM. In the weakly repulsive
region of the potential, for 2 A < z < 3 A, the on-top site is slightly favored with
respect to the hollow site due to a weak chemisorption bond with substrate C2p,
orbitals. For atom bond length z < 2 A, the strongly repulsive Pd-graphite interac-
tion is mainly determined by the closed-shell repulsion which energetically favors the
hollow site. Hence, in the repulsive region of the potential, the Pd tip comes closest
to the substrate near the “T” site for small loads. For large loads, the tip is closest

to the surface near the “H” site.

Fig. 3.6(a) shows the expected AFM corrugation Az during an zy scan of the
graphite surface, for f..t = 1078 N. The equilibrium bond length z(f..:) at other
than the calculated high-symmetry sites has been determined using a separate model
calculation, described in Section 3.1 and Ref. [Tom 91b], which relates E,4 to the total
charge density of the graphite host at the Pd adsorption site. This energy functional
is assumed to be universal and reproduces E,4 in high-symmetry sites accurately. In
this calculation, I assumed a perfectly rigid substrate and a monatomic Pd tip. A
top view of this tip at the graphite hollow site is shown schematically in the inset of
Fig. 3.6(b).
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Figure 3.5: (a) Calculated force F' between a Pd AFM tip with one apex atom
and the surface of hexagonal graphite, as a function of the Pd-graphite distance z.
The solid and dashed lines correspond to the sixfold hollow (H) and the on-top (T)
sites, respectively. An enlarged section of the graph near the equilibrium is shown
in the inset. A second inset shows the adsorption geometry in top view. A possible
trajectory of an AFM tip along z is shown by arrows. (b) Valence charge density
of the Pd/graphite system. The results of the LDA calculation are for the on-top
adsorption site near the equilibrium adsorption distance z.,, and are shown in the
zz plane perpendicular to the surface. The ratio of two consecutive charge density
contours p(n + 1)/p(n) is 1.2. (From Ref. [Zho 91b]. ©Les Editions Physique)
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Figure 3.6: (a) Surface corrugation Az experienced by a monatomic Pd AFM tip
scanning the zy surface plane of rigid graphite under the applied AFM load (per
atom) f.: = 10~® N. (b) Az (with respect to the “H” site) along the surface r
direction for a “sharp” l-atom tip, for f.x = 10~° N (dotted line), 5 x 10=° N
(dashed line), 10~® N (solid line), and 2 x 10~ N (dash-dotted line). The inset shows
the geometry of the tip-graphite system in top view. The AFM tip is shown above
the hollow site, and the shaded area represents the Pd atom. (From Ref. [Zho 91b].
(©Les Editions Physique)
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Fig. 3.6(b) shows the AFM corrugation Az(z) for different loads f..;. The tip
trajectory along the surface z-direction, shown by arrows in the inset of Fig. 3.6(b),
contains the “T” and “H” sites and yields the largest corrugation. As discussed
above, the favored surface site changes with changing load. For the sake of simple
comparison, I set Az(hollow site)=0 in Fig. 3.6(b) and obtain a sign change of Az near
fezt = 2.5 x 107% N. These calculations show that atomic resolution in the constant
force mode in the AFM, corresponding to Az20.05 A, requires loads f.;¢25 x 109 N.
Since the corrugation Az along a trajectory connecting adjacent “T” sites is very small
(see Fig. 3.6(b) ), the observation of individual carbon atoms is unlikely, which has

been confirmed by the experiment [Mey 88].

For an n-atom tip, which is commensurate with the substrate, the average load per
AFM tip atom is fe;t = Fez¢/n and the equilibrium tip position z can be estimated
from Eq. (3.5). It should be noted that under certain conditions, such a “dull” multi-
atom tip can still produce atomic corrugation for f,.;; similar to a monatomic tip.
This is the case for an ideally aligned tip with a close-packed (111) surface, since the

unit cells of Pd and graphite are nearly identical in this case.

The range of applicable loads F,;; is limited by the condition that substrate dis-
tortions near the AFM tip should be small and remain in the elastic region. Since full-
scale LDA calculations of local AFM-induced distortions of a semi-infinite graphite
surface are practically not feasible, I adopt the following approach. First, I use con-
tinuum elasticity theory [Lee 89], with elastic constants obtained from ab initio calcu-
lations [Tom 89], to determine the relaxation of carbon atoms at the graphite surface
in response to the AFM load applied through an AFM tip. This continuum approach
is applicable in the linear response regime and has been successfully used previously

to calculate local rigidity, local distortions and the healing length of graphite near
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an AFM tip and near intercalant impurities [Tom 89, Lee 89]. In a second step, the
atomic structure in the total charge density of the Pd/graphite system is regained

from a superposition of atomic charge densities given by LDA-atom calculations.

The semi-infinite system of graphite layers is characterized by the interlayer spac-
ing d, the in-plane C-C bond length d¢_c, the flexural rigidity D, the transverse rigid-
ity K (proportional to Cy4) and c-axis compressibility G (proportional to C33)[Tom 89,
Lee 89]. The LDA calculations for undistorted graphite yield d = 3.35 A and
de_c = 1.42 A, in excellent agreement with experiment [Zab 89]. In the contin-
uum calculation, I further use D = 7589 K, K = 932 KA-? and G = 789 KA—*
which have been obtained from calculated graphite vibration modes [Tom 89] and

the experiment [Zab 89).

The total charge density of the graphite surface, distorted by a Pd AFM tip,
is shown in Fig. 3.7. A comparison of charge density contours with results of the
self-consistent calculation in Fig. 3.5(b) proves a posteriori the applicability of the
linear superposition of atomic charge densities. Fig. 3.7(a) shows that the substrate
distortion in response to a monatomic AFM tip at a load F.;; = f..t = 107® N is
moderate. According to Fig. 3.6(b), the corresponding corrugations during an AFM
scan with this load are Az =~ 0.03 A and thus below the limit of detection. A
larger load F.pt = fezt = 5.0 x 10~® N leads, according to Fig. 3.6(b), to marginally
detectable corrugations Az ~ 0.06 A, but distorts graphite much more, as shown in
Fig. 3.7(b). |

For larger applied forces F.;; = fezt > 5.0 x 1072 N, which would lead to sizeable
corrugations, the local distortions of graphite exceed the elastic limit. A rough es-
timate of these distortions, based on continuum elasticity theory, indicates that for

feztR5 x 1072 N, the distance between graphite layers near the AFM tip approaches
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Figure 3.7: Total charge density p of the monatomic Pd AFM tip interacting with
the elastic surface of graphite near the hollow site. Contours of constant p are shown
in the zz plane perpendicular to the surface, for (a) Fezt = feze = 1 x 10~° N and for
(b) Fezt = feze = 5 x 107° N. The ratio of two consecutive charge density contours
p(n + 1)/p(n) is 1.4. The location of the applied load acting on the Pd atom is
indicated by a triangle. (From Ref. [Zho 91b]. ©Les Editions Physique)
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the value of intra-layer C-C distances. This new diamond-like bonding geometry leads
to a rehybridization of carbon orbitals and will necessarily result in an irreversible
substrate deformation. An independent estimate of the critical AFM force for this
plastic deformation can be obtained from a first-principles calculation [Fah 86] of the
graphite-diamond transition as a function of external pressure. These results, corre-
sponding to an “infinitely extended tip”, indicate a critical force per surface atom of
fezt = 107° N for this transition. Due to the large flexural rigidity of graphite, this
force increases by half an order of magnitude for a one-atom tip, in agreement with

the above result.

A realistic AFM tip is more complex than the model tip discussed above and could
consist of a micro-tip of one or few atoms on top of a larger tip. A substantial por-
tion of this larger tip could, through the “cushion” of a possible contamination layer,
distribute the applied load more evenly across a large substrate area, reduce the large
curvature near the tip (see Fig. 3.7(b) ) and increase the minimum interlayer sepa-
ration. This effect would increase the upper limit of applicable loads f.,: compatible

with elastic substrate deformations and would lead to atomic resolution [Mey 88].

Summarizing these results, I used ab initio calculations to determine corrugations
observable in Atomic Force Microscopy of graphite. I found that in the constant-
force mode, atomic resolution is marginally possible for AFM loads (per atom) close
to 5 x 10~® N. For smaller loads, the corrugation Az is too small to be observed.
For loads which are too large, graphite deformations exceed the elastic limit and

subsequently result in the destruction of the substrate.



48

3.3 First-principles theory of atomic-scale fric-
tion

In this Section, I present a predictive first-principles theory of atomic-scale friction.
I use ab initio results of the interaction energy between a perfect layer of atoms and
a graphite layer, as a function of their relative distance . I use this information to
determine the friction coeflicient x4 between these systems in contact. My results
include quantitative predictions of u as a function of the external force, a qualitative
explanation of the increase of pu with increasing surface roughness, and a qualitative
explanation of the decrease of p with increasing relative velocity between the objects

in contact in case of sliding friction.

For a microscopic understanding of the friction process, I first consider the motion
of an atomic layer along the surface. This layer is in registry with the substrate and
experiences an external force per atom f.;; normal to the surface. At each site, the

equilibrium adsorption length z is given by the condition

0

f,,_-g = —5; ad(z). (3.6)

I consider a straight trajectory along the z direction in the surface connecting nearest
neighbor hollow sites which are separated by Az (see the inset in Fig. 3.8(a)). The
position-dependent part of the potential energy V of the system has two main com-
ponents. These are variations of the adsorption bond energy and the work against
the external force f..: applied to the adsorbate, due to variations of the adsorption

length. Hence,

V(ta fe.tt) = Ead(za z(zafc.rt)) + fcztz(za fe:t) - VO(fezt)’ (37)
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Figure 3.8: (a) Potential energy V(z) of the Pd-graphite system as a function of
the position of the Pd layer along the surface z-direction, for external forces f..; =
3 x 10~® N (dotted line), 6 x 10~° N (dashed line) and 9 x 10~° N (solid line). The
inset shows the adsorption geometry and trajectory of the Pd layer in side view. (b)
Atomic-scale structure of the force along the surface f; (dashed line) and the friction
force f; = |f¢| (solid line) for feze =9 x 1072 N. (From Ref. [Zho 90]. (©American
Physical Society)
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where I arbitrarily set the potential energy to zero at the hollow site by defining

Vo(fe.rt) = Ead(zHa z(fert)) + fczt Z(IH, fezt)- (38)

In Fig. 3.8(a) I show V(z) for different external forces. I obtain the periodic potential
V(z) at other than the calculated high-symmetry sites from a Fourier expansion over
the reciprocal lattice. I keep the lowest components of this expansion and determine
the expansion coefficients from the calculated values for the “T” and “H” sites. How-
ever, the calculated frictional coefficient depends only on extrema of the potential

V(z), which is assumed to be at “T” and “H” sites.

From my calculation, In I find that the mechanical component dominates and is
only partly compensated by adsorption energy differences. As a result of variations

of V along z, there is a position-dependent force f; along the z direction, shown in

Fig. 3.8(b), which is given by

£ furt) = %V(z,fm)- (3.9)

The maximum value of f; describes the static friction governing the onset of stick-
slip motion. The sliding friction on the other hand must be obtained as a weighted
average over this force from the energy dissipated in friction along z. I first con-
sider a conservative part of this process, corresponding to potential energy increase
AVaz(fezt) = Vimaz(fezt) — Vimin(fezt) along Az, which yields a positive value of f;.
The non-conservative part corresponds to a decrease of V(z) along z and a negative
value of f;. Friction losses AE; along Az must not exceed the maximum increase in

the potential energy, hence

AE; < AVjnas. (3.10)
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For very slow tracking velocities, any gain in potential energy during the dissipative
part of the friction process is efficiently transferred into surface phonons and electron-
hole pairs. Then, I can consider both sides of Eq. (3.10) to be equal, which corresponds
to fy = |fz|, shown in Fig. 3.8(b). This is the first quantitative prediction of atomic-

scale structure in the friction force which has been observed recently [Mat 87].

The energy dissipated in friction along Az can also be related to the average

friction force < f; > along the trajectory, as
AE; =< f; > Az, (3.11)

Using Eq. (3.10) for AE;, I obtain

L

<fr>=%x3

AVpas. | (3.12)

Applying the definition of the friction coefficient u = f;/f.z, I find

_<f1> AVnar
fert fe:tAI.

(3.13)

In Fig. 3.9 I show x4 as a function of f.;. I find a general increase of 4 with increasing
external force. The minimum in y(f.::) near fo = 5 x 107° N is caused by the
switching of the minima in V(z) from H to B, shown in Fig. 3.8(a). Near f.;; =
5x10~? N, the lowest order Fourier components of the potential V' vanish. According
to the interpolation scheme discussed above, this leads to 4 = 0 (shown in Fig. 3.9). In
reality, a small nonzero value of u is expected due to higher-order Fourier components
of V (which are usually much smaller than those considered). From former results
presented in Section 3.2 and and Ref. [Tom 89], I conclude that if the external force
(per atom) exceeds 10~8 N, the graphite surface is very strongly deformed [Mam 86]

and likely to be ruptured [Ski 71]. Since no plastic deformations have been observed
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Figure 3.9: Microscopic friction coefficient u between a Pd AFM tip and graphite
as a function of load per tip atom f.;;. (From Ref. [Zho 90]. (©American Physical
Society)
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in the AFM studies [Mat 87]. the applied forces were probably in the region f..; <
108 N. For these values of f..., the calculated friction coefficient of the order y =~ 102

agrees with the experiment [Ski 71, Mat 87].

In order to obtain a meaningful comparison with observable friction forces, I have
to make further assumptions about the macroscopic interface and the elastic response
of the substrate to external forces. In the simplest case, I consider an atomically
flat interface, where N atoms are in contact with the substrate, and neglect elastic
deformations. Then, the external force per atom f.., is related to the total externzﬂ

force F..; by

1
ext = —Fez: . .14
.f t N t (3 )
In Fig. 3.10 I use the calculated u(f.-t) to plot the total friction force Fy for such a
perfectly flat interface consisting of 1500 Pd atoms. Since u increases with increasing
value of f.;¢, the Fy versus F.,; relationship is nonlinear, which has also been observed

in the AFM experiment [Mat 87).

In the case of large external forces and an elastic substrate such as graphite, elastic
theory predicts [Lan 86] the substrate deformations to be proportional to I*",lz/,3 . In
case of a spherical tip [Mat 87, the tip-substrate interface area and the corresponding
number of atoms in contact is proportional to F:,/f . Then, the force per atom f,,; is
proportional to F,l,/? . Hence for increasing external forces, variations of the effective
force per atom and of u are strongly reduced due to the increasing interface area.
This is illustrated by a dashed line in Fig. 3.10, where I used N = 1500 atoms for
F..¢ = 1078 N. These results are in good agreement with the AFM results for a large
nonspecific tungsten tip with a radius R = 1500 A - 3000 A on graphite [Mat 87],

but show a slightly larger increase of the friction force than observed for the range of
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Figure 3.10: (a) Calculated macroscopic friction force Fy as a function of the external
force F,;: for a large object. The solid line describes a “flat” object, the surface of
which consists of 1500 atoms in contact with a rigid substrate. The dashed line de-
scribes friction of a large spherical tip and also considers the effect of elastic substrate
deformations on the effective contact area. The dotted line corresponds to a constant
friction coefficient p = 0.012. (From Ref. [Zho 90]. (©American Physical Society)
(b) Experimental measured average friction force as a function of load on the tip as
it slides across the surface. (From Ref. [Mat 87]. (© American Physical Society)
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external forces investigated.

This theory can be used also to explain the dependence of u on the roughness of
the interface and on the relative velocities of the two objects in contact. At a rough
surface, the number of atoms N in contact with the substrate is smaller than at a
flat surface which leads to an increase of f.;: and hence of x. Also, with increasing
relative velocity, the coupling between macroscopic and internal microscopic degrees
of freedom (phonons, electron-hole pairs) gets less efficient. Then, AE; < AV,,,; in

Eq. (3.10) which causes a decrease of < f; > and u.

Summarizing the results in this Section, I determined the atomic-scale friction
associated with a layer of Pd atoms moving across a graphite substrate from ab initio
total energy calculations. I evaluated the friction energy caused by variations of the
chemical bond strength and work against an external normal load. The calculated
value of the friction coefficient is very small, in the order u ~ 10~2 for loads near
10~8 N. This small value can be explained by the weak dependence of Pd-graphite
interaction on the adsorption site. I also found p to increase with load in agreement

with recent Atomic Force Microscopy experiments.

3.4 Ideal friction machines

In this last Section, I determine the upper limit of the average friction force < Fy >,
originating from the potential energy barriers AV/( F,;:) during the “surface diffusion”
of Pd on graphite. There, I assumed that the energy gained by the tip atom is
completely dissipated into microscopic degrees of freedom. In the following, I will
address the mechanism which leads to the excitation of microscopic degrees of freedom
and hence to energy dissipation. I will make use of the first-principles Pd-graphite

interaction potential. Based on these data, I will determine atomic-scale modulations
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of the friction force Fy along the horizontal trajectory of the Pd tip on graphite in the
quasistatic limit of relative velocity v — 0. I will show that Fy depends sensitively
not only on the corrugation and shape of the Pd-graphite interaction potential, but
also on the specific construction parameters of the FFM. The latter point is of utmost
importance if friction forces obtained with different microscopes are to be compared

to one another.

Two models of a Friction Force Microscope are shown in Fig. 3.11. In both models,
the suspension of the tip moves quasistatically along the surface z-direction, with its
position z s as the externally controlled parameter. The tip is assumed to be stiff with
respect to excursions in the surface y-direction. I restrict the discussion to the case of
tip-induced friction and assume a rigid substrate, which applies for friction measure-
ments on graphite [Mat 87, Zho 90). In the “maximum friction microscope” [Zho 90],
the full amount of energy needed to cross the potential energy barrier AV along Az
is dissipated into heat. This process and the corresponding friction force can be ob-
served in an imperfect Atomic Force Microscope which is shown in Fig. 3.11(a). A
vertical spring connects the tip and the external microscope suspension M. The hor-
izontal positions of the tip and the suspension are rigidly coupled, z; = zpy = z. For
0 < £ < Az/2, a constant load F,. on the tip is adjusted by moving the suspension
up or down. For Az/2 < £ < Az, however, the tip gets stuck at the maximum value
of z;. At Az, the energy AV stored in the spring is abruptly and completely released

into internal degrees of freedom which appear as heat.

The calculated potential energy V(z) during this process is shown in Fig. 3.12(a).
I considered a monatomic Pd tip sliding along a trajectory connecting adjacent hollow
and bridge sites on graphite, for a load F.;; = 108 N. In order to predict Fy, I have

used the results of my previous ab initio calculation for Pd on graphite presented in
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Figure 3.11: Two models for the Friction Force Microscope (FFM). In both models,
the external suspension M is guided along the horizontal surface z direction at a
constant velocity v = dzp/dt — 0. The load F.;¢ on the “sharp” tip (indicated by
V) is kept constant along the trajectory z;(z:) (shown by arrows). (a) A “maximum
friction microscope”, where the tip is free to move up, but gets stuck at the maximum
z; between Az/2 and Az. (b) A “realistic friction microscope”, where the position
of the tip z; and the suspension zp may differ. In this case, the friction force Fy is
related to the elongation z; — zp of the horizontal spring from its equilibrium value.
(From Ref. [Tom 91c]. ©Les Editions Physique)
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Section 3.1 and Ref. [Zho 90], which have been conveniently parametrized [Tom 91b).

The force on the tip in the negative z-direction, as defined in Fig. 3.11(a), is given by

V(zpm)/0zm if0<zpy < Az/2

Ff(“‘)z{ 0 if Az/2 < ou < Az (3.15)

and shown in Fig. 3.12(b). The nonzero value of the average friction force < Fy >,
indicated by the dash-dotted line in Fig. 3.12(b), is a clear consequence of the mech-
anism which allows the tip to get stuck. Fy(zp) is a non-conservative force since
it depends strongly on the scan direction. In absence of the “sticking” mechanisrh,
Fy is given by the gradient of the potential everywhere, as indicated by the dashed
line in Fig. 3.12(b). It is independent of the scan direction and hence conserva-
tive. In this case, Fy inhibits sliding for 0 < zp < Az/2 and promotes sliding for

Az /2 < zp < Az, so that the friction force averages to zero.

A more realistic construction of Friction Force Microscope is shown in Fig. 3.11(b).
In this microscope, the AFM-like tip-spring assembly is elastically coupled to the
suspension in the horizontal direction, so that z; may differ from zp. For a given
z,, the tip experiences a potential V(z, 2:) = Vini(zt, 2¢) + Fert 2 consisting of the
fip-surface interaction V,, and the work against F.;;. The tip trajectory z;min(z:)
during the surface scan is given by the minimum of V/(z, z;) with respect to z;. For

this trajectory, V(z;) = V(z¢, 2¢,min) represents an effective tip-substrate potential.

This potential V(z,) depends strongly on F.;: and is corrugated with the period-
icity of the substrate due to variations of the chemical bond strength and of 2z min.
It is reproduced in Fig. 3.13(a) in the case of a monatomic Pd tip on graphite and
Fer¢ = 1078 N. The corrugation of the potential V(z;) will elongate or compress the

horizontal spring from its equilibrium length which corresponds to z; = zp. The
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Figure 3.12: Potential energy of the tip V(z) (a), the friction force Fy(z) and the
average friction force < Fy > (b) in the “maximum friction” microscope with a
monatomic Pd tip on graphite. The arrows indicate the tip trajectory corresponding
to a relaxed vertical position z, for a constant load on the tip F.;; = 10~% N. (From
Ref. [Tom 91c]. ©Les Editions Physique)
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Figure 3.13: Microscopic friction mechanism in the “realistic friction microscope”.
The calculations are for a monatomic Pd tip on graphite and F.;; = 10~® N. Results
for a soft spring, giving nonzero friction, are compared to a zero-friction microscope
with a hard spring. (a) Potential energy of the tip V(z;). (b) A graphical solution of
Eq. (3.19) yielding the equilibrium tip position at the intersection of the derivative of
the potential 9V (z;)/0z, (dashed line) and the force due to the horizontal spring F;.
Solid lines, for different values of zs, correspond to a soft spring with ¢ =10.0 N/m,
and dashed lines correspond to a hard spring with ¢ = 40.0 N/m. (c) The calculated
equilibrium tip position z:(zp). (d) The friction force F; as a function of the FFM
position zp and the average friction force < Fy > for the soft spring (dash-dotted
line). (From Ref. [Tom 91c]. ©Les Editions Physique)
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friction force is given by
Fy(zm) = —c(ze — zmM), (3.16)
where c is the horizontal spring constant. The total potential energy V;, of the system

consists of V(z,) and the energy stored in the horizontal spring,

1
Viot(ze, zm) = V(ze) + §c(.1:t —zm). (3.17)

For a given horizontal position zs of the FFM suspension, the equilibrium position

of the tip z, is obtained by minimizing V;,: with respect to z;. This gives

an 6V(:r¢)

oz, = 9z, +c(ze—zpm)=0 (3.18)
or, with Eq. (3.16),
V(.
Ff=—cri+cxpy = ‘—a%L)' (3.19)

A graphical solution of Eq. (3.19) is shown in Fig. 3.13(b) and the resulting relation
z¢(zp) is shown in Fig. 3.13(c). If the force constant c exceeds the critical value ¢t =
—[0%*V(z¢)/3x?]min, Which for Pd on graphite and F.;¢ = 1078 N is ceri¢ = 23.2 N/m,
I obtain a single solution z; for all zps. This situation is indicated by the dotted
line in Figs. 3.13(b) and 3.13(c) for a hard spring with ¢ = 40.0 N/m. The friction
force Fy is given by Eq. (3.16) and shown by the dotted line in Fig. 3.13(d). Fy is
independent of the scan direction and hence conservative, resulting in < Fy >= 0.
Hence no friction should occur in the AFM, which is the limiting case of an FFM for

Cc — O0.

A more interesting case arises if the horizontal spring is soft, ¢ < csit. This sit-

uation is shown by the solid line in Figs. 3.13(b) and 3.13(c) for ¢ = 10.0 N/m. In
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this case, the solution z,(zp) of Eq. (3.19) displays a sequence of instabilities. These
instabilities lead to a stick-slip motion of the tip with increasing z,s, similar to “pluck-
ing a string”. The hysteresis in the z;(z ) relation, shown in Fig. 3.13(c), results in
a dependence of the force Fy on the scan direction. The friction force Fy(zps) in this
case is shown by the solid line in Fig. 3.13(d). It is a non-conservative/dissipative
force and averages to a non-zero value < Fy >= 3.03 x 107!° N, given by the dash-
dotted line. The energy released from the elongated spring into heat is represented

by the shaded area in Fig. 3.13(d).

The present theory predicts occurrence of friction only for very soft springs or a
strongly corrugated potential V(z;). The latter fact can be verified experimentally
since the corrugations AV/(z.) increase strongly with increasing applied load [Zho 90].
Consequently, for a given c, the friction force is zero unless a minimum load F,,; is
exceeded. On the other hand, for a given F., no friction can occur if ¢ exceeds a

critical value coi¢(Fert).

A similar situation occurs during sliding between large commensurate flat sur-
faces of A on B. In that case, c is given by the elastic constants of A at the inter-
face [Toml 29], hence can not be changed independently. Since c is rather large in
many materials, zero friction should be observed for moderate applied loads in the
absence of wear and plastic deformations. For a multiatom “tip” which is commen-
surate with the substrate, the tip-substrate potential is proportional to the number
of tip atoms at the interface, n, and so is the critical value c.i: for nonzero friction.
In this case, the effective FFM spring depends both on the external spring and the
elastic response of the tip material. The inverse value of ¢ is given by the sum
of the inverse values of the corresponding spring constants. For a large tip which is

incommensurate with the substrate, no friction should occur [McC 89).
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The average friction force < Fy > as a function of the load F,,; and the force
constant c is shown as a contour plot in Fig. 3.14 for a monatomic or a larger com-
mensurate Pd tip on graphite. Clearly, the applicable load range is limited by the
underlying assumption of contact without wear. This figure illustrates that not only
the friction force Fy, but also the friction coefficient p =< Fy > /F.;, depend
strongly both on the interaction potential between the two materials in contact and
on the intrinsic force constant ¢ of the Friction Force Microscope. This clearly makes
the friction force dependent on the construction parameters of the FFM. There is also
one advantage in this fact: ¢ can be chosen in such a way that nonzero friction occurs

even at small loads F,,;.

Summarizing the results in this Section, I calculated the atomic-scale modulation
of the friction force and the corresponding stick-slip motion at the interface during
the relative motion between Pd and graphite. I proposed two idealized versions of
a Friction Force Microscope. I showed that the friction force depends not only on
the Pd-graphite interaction potential, but even more critically on the construction

parameters of such a microscope.

3.5 Conclusions

In this Chapter, I have studied theory of atomic force microscopy, using Pd AFM tip

and graphite substrate as the model system.

I have calculated interaction between Pd and graphite using ab initio density
functional theory within local density approximation, with Pd atom placed above
hollow and on-top sites of graphite. The precise calculations show that Pd-graphite
interaction is characterized by strong close shell repulsion at small distances, which

strongly favors hollow site, and very weak chemical bond at larger distance with on-
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Fext/n (1078N)

Figure 3.14: Contour plot of the average friction force < F; > between a Pd tip
and graphite, as a function of the load F..; and the force constant c. All forces and
the force are nor lized by the ber of tip atoms n in contact with the

substrate. (From Ref. [Tom 91c]. ©Les Editions Physique)




65

top site slightly favored. The total energy results at high symmetry points can be
well mapped to a parameterized form, as a function of graphite host charge density.
The optimum combination of ab initio and parameterized results provides a precise

and complete picture of Pd/Graphite interaction.

Using these results, [ have studied the limit of resolution of Pd AFM tip on the
graphite surface. The calculated trajectories of Pd probing graphite surface under
different loads reveals that, the minimum load on Pd is about 5 x 107°N to produce
observable corrugation. Using continuum elasticity theory, I have estimated that the
load exceeding 1078 N leads to too much deformation and is thus destructive to the
surface. So the atomic resolution of graphite from Pd AFM tip is only marginally

achievable.

The atomic scale friction between an Pd tip and graphite surface is obtained
from the variation of Pd tip energy along the scanning trajectory. There are two
contributions to this energy, one is from the work against the load when corrugation
is none zero, another comes from adsorption energies difference at different sites.
Assuming all the kinetic energy gained by the AFM tip dissipates into heat, I obtain
the first quantitative prediction of friction force using ab initio techniques. The
calculated friction coefficient is in the order of 10~2 for loads near 10~® N, and it
increases with increasing loads. The calculation is in good agreement with recent

experiment.

I further investigate the possible mechanisms of energy dissipation during the fric-
tion process. I proposed two models for friction force microscope (FFM). In the more
realistic version, I was able to calculate the atomic scale modulation of the friction
force, and thus explain the stick-slip motion of the tip. I found the averaged friction

force depends not only on the tip-surface interaction potential, but also strongly on
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the construction parameters of the FFM.



Chapter 4

Structure and Dynamics for H

Loaded Pd

As | already mentioned in Chapter 1, the structure and dynamics of H loaded Pd is of
great importance to both basic science and technology. While the ultimate goal is to
perform the corresponding study completely from first principles, the computational
involvement is presently prohibitive for such an endeavor. Therefore, I base the study
of the Pd-H system on the Many-Body Alloy (MBA) Hamiltonian, which was derived
in Chapter 2, with parameters reproducing the results of an LDA calculation for this
system [Tom 86b, Sun 89, Tom 91a]. In Section 4.1, I use the Hamiltonian to calculate
the structural properties of bulk Pd and PdH, as well as clean and hydrogen covered
Pd surfaces. The results of the surface studies, which have no additional adjustable
parameters, are found to be in good agreement with corresponding LDA calculations

and experimental data.

In Section 4.2, I use lattice dynamics to calculate the dispersion relations for
bulk Pd and PdH, and compare the results to experimental data. The effect of H
adsorbates on the phonon spectra of Pd (001) and Pd (110) surfaces is investigated
by performing the corresponding lattice dynamics calculations.

In Section 4.3, dynamical properties of Pd-H systems at finite temperature are

67
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investigated using molecular dynamics. I present results for the equilibrium struc-
tural and elastic properties of Pd at different temperatures and hydrogen concentra-
tions, and show quantitative results for the mechanical failure and crack formation in
hydrogen-free and hydrogen-loaded Pd due to a uniaxially applied load. I will show
that a careful analysis of these results can provide valuable insight into the mechanism

of “hydrogen embrittlement”.

This Chapter contains material which has appeared in the following three publi-

cations:

e W. Zhong, Y. S. Li, and D. Tomanek, Effect of Adsorbates on Surface Phonon
Modes: H on Pd(001) and Pd(110), Phys. Rev. B44, 13053 (1991).

e W. Zhong, Y. Cai, and D. Tomanek, Mechanical Stability of Pd-H Systems: A
Molecular Dynamics Study, Phys. Rev. B 46 8099 (1992).

e W. Zhong, Y. Cai, and D. Tomanek, Computer Simulation of Hydrogen Em-
brittlement in Metals, Nature 362 435 (1993).

4.1 Application of the Many-Body Alloy Hamil-
tonian to the Pd-H system

In this Section, I determine the parameters of the MBA Hamiltonian for the Pd-H
system, based on previously published ab initio results[Tom 86b, Sun 89, Tom 91a]
for the equilibrium structure and cohesive energy of bulk Pd and PdH. It should be
noted that this procedure does not introduce any free parameters. In the following,
I will apply this Hamiltonian next to determine structural properties and vibrational

spectra of clean and hydrogen covered Pd surfaces.
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Table 4.1: Interaction parameters used in the Many-Body Alloy Hamiltonian for the
Pd-H system.

Interaction ¢o3 Pag Tapo(A) efﬁ(eV) £ap(eV)
Pd-Pd 3.40 14.8 2.758 0.08376 1.2630
H-H 3.22 528 2300 0.1601  0.9093
H-Pd 2.20 5.50 1.769 0.6794  2.5831

4.1.1 Construction of the Many-Body Alloy Hamiltonian

In the MBA Hamiltonian, each of the H-H, H-Pd and Pd-Pd interactions is char-
acterized by a set of five parameters: {o,eg,q, p and ry (four of these parameters
are independent). The Pd-Pd interaction is obtained from the previous ab initio
calculation[Tom 91a] of the cohesive energy E ., as a function of the lattice constant
a for bulk Pd. I consider nearest neighbor interactions only and obtain a simplified

expression for the bulk cohesive energy,

r 1/2
Eear(Pdbulk) = ~{  Zuux & pups expl-20para( 2L — 1))}
T0,PdPd
)
+ Zbu f(’)‘,Pde‘”‘P[‘P( FaPd - 1) (4.1)

T0,PdPd
Here, Zyux = 12 for the fcc structure and ro pyps = a\/§/2 is the nearest neighbor
distance. The calculated cohesive energy E.,; of bulk Pd as a function of the lattice
constant a is given by the solid line in Fig. 4.1 and compared to corresponding LDA

results of Ref. [Tom 91a]. The parameters used in Eq. (4.1) are given in Table 4.1.

The parameters for H-H interaction can be determined in a similar way as those
for the Pd-Pd interaction, by mapping the MBA Hamiltonian to the ab initio results

for molecular hydrogen. The corresponding parameters are given in Table 4.1.

To determine the parameters for the Pd-H interaction, I apply the MBA Hamil-
tonian to bulk PdH. Considering the nearest-neighbor Pd-H, H-H and Pd-Pd in-

teractions, I formally decompose the cohesive energy of the PdH crystal with NaCl
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Figure 4.1: Cohesive energy changes AE. ;4 = E 4 — Econp in bulk Pd and PdH as a
function of the lattice constant a. Values obtained using the MBA Hamiltonian for
Pd (solid line) and PdH (dashed line) are compared to LDA results of Ref. [Tom 91a]
for the corresponding systems, given by e and o. (From Ref. [Zho 91a]. ©American
Physical Society)
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structure as

Ecoh = Ecoh(H) + Ecoh(Pd)- (42)

The binding energies of H and Pd atoms in this structure are given by

Eur(H) = ~{ Zu(POE pan expl-2apan (-2 - 1)

To,PdH
2 THH 1/2
+Zu(H)E om expl—2m (2 — 1]} (43)
To,HH
+{ ZH(Pd)f(?,PdH exp[—ppd,H( TPdH__ 1)]
To,PdH
-
+Zu(H)eR gy expl—pun(—> —1)]}
To,HH
and
Eun(Pd) = —{ Zra(H)E pay expl-2apan( 22 — 1)
2 TPdPd 1/2
+Zp4(Pd)és papa exp[—QQPd.Pd(ro oipd 1)]} (4.4)
r
+{ ZPd(H)fg.PdH exp[—ppaH( P _ 1)]
To,PdH

r
+Zp4(P d)fgpm exp(—ppa,pd( PdPd _ 1)]} .
To,PdPd

Here, Zps(H) = 6,Zp4(Pd) = 12 are the respective numbers of H and Pd nearest
neighbors of a Pd atom, and Zy(Pd) = 6, Zy(H) = 12 are the numbers of H
and Pd nearest neighbors of a H atom. ropsy = a/2, ropipd = a\/§/2 are the
Pd — H and Pd — Pd nearest neighbor distances and a is the lattice constant. The
values of &o,pdnr, PPd.H, qPd,H, and egfpd" have been determined by reproducing LDA
results of Ref. [Tom 91a] for E ., of bulk PdH and are given in Table 4.1. The

corresponding results obtained with the MBA Hamiltonian are given by the dashed

w e
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line in Fig. 4.1, together with the LDA results given by the data points. The good
agreement between results for the bulk systems based on the MBA method and LDA
calculations indicates that the model Hamiltonian has sufficient flexibility to describe

energy changes accurately.

4.1.2 Structure and stability of clean and hydrogen covered
Pd(001) and Pd(110) surfaces

In the previous Subsection, I showed that an appropriately parametrized MBA Hamil-
tonian reproduces the bulk equilibrium properties very accurately. In this Subsection,
I will test the applicability of the MBA Hamiltonian to surfaces, specifically to the
calculation of surface energies, surface relaxations, and adsorption energies of H on
(001) and (110) surfaces of Pd. These results will be compared to experimental data

and to ab initio data of Refs. [Tom 86b] and [Tom 91a).

The surface energy of clean Pd surface can be obtained from the cohesive energy

of the bulk and that of an n-layer slab using[Tom 91a]

E, = %[Ecoh(Pd slab) — nE.x(Pd bulk)). (4.5)

This expression is relating values of the slab energy E.,»(Pd slab) and the correspond-
ing surface energy E, per atom in a surface or a layer. Using this equation together
with MBA Hamiltonian, one can easily determine the surface energy for a given Pd

surface. Multilayer surface relaxations can then be determined by minimizing E;.

I have calculated the surface energy for Pd slabs with both (001) and (110) sur-
faces. MBA results for the change of the surface energy AE, due to a relaxation Ad,;
of the topmost interlayer distance at the (001) and (110) surfaces of Pd are given by
the solid lines in Figs. 4.2(c) and (d), respectively. For the sake of simple comparison

with the LDA results of Ref. [Tom 91a] [given by the data points in Fig. 4.2(d)], the
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MBA calculations have also been performed for a 3-layer Pd slab. My results indicate
a surface contraction which increases with a decreasing coordination number of the

surface atoms, in good quantitative agreement with the LDA data.

It is easy to handle very thick slabs with the MBA Hamiltonian, and I will con-
centrate on much thicker slabs with n = 25 in the following. This slab thickness is
more than sufficient to guarantee that the two slab surfaces do not interact and that

the atoms in the middle of the slab are truly in a bulk environment.

These numerical results indicate that the surface energy of Pd(110) (0.73 eV/ atom)
is much higher than that of Pd(001) (0.48 eV /atom). As discussed in more detail
in Ref. [Tom 91a), this can be tracked back to the narrowing of the effective Pd 4d
bandwidth, or an increasing number of “dangling bonds”, with decreasing coordi-
nation number. Since precise experimental data for these surface energies are not
available, I will only compare these results to recent LDA calculations[Tom 91a]. For
Pd(001), the surface energy value E, = 0.48 eV/atom is very close to the the LDA
result[Tom 91a] of 0.49 eV/atom. The MBA value E, = 0.73 eV /atom for a Pd(110)
surface is significantly lower than the reported LDA result of 1.80 eV/atom. The
lhrge discrepancy between these latter results is possibly due to a less adequate basis

set and the neglect of surface relaxations in the LDA calculation.

My results for the equilibrium structure of Pd (001) and Pd (110) are summarized
in Table 4.2. The values in columns 2—4 of Table 4.2 indicate a damped oscillatory
behavior for the surface relaxations. These oscillations occur as a general phenomenon
which has been observed[Dav 83, Bar 85, Sko 87] and calculated[Tom 86a, Tom 85b,
Boh 90] in many systems. I also find the surface relaxations to be more pronounced
on the more open (110) surface than on the close packed (001) surface, in agreement

with the general observation that increasing relaxations correspond to larger surface
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Figure 4.2: Schematic side view of the Pd(001) (a) and Pd(110) (b) surfaces showing
the definitions of the hydrogen adsorption height h and the interlayer spacings d,3, da3
and da,. Surface energy changes AE, = E, — E, for clean and H-covered Pd(001)
(c) and Pd(110) (d) surfaces, as a function of the first interlayer spacing d;;. Values
obtained using the MBA Hamiltonian for clean (solid line) and H-covered (dashed
line) surfaces are compared to the LDA results of Ref. [Tom 91a] for the corresponding
systems, given by e and o. (From Ref. [Zho 91a]. (©American Physical Society)
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Table 4.2: Relaxations at clean and hydrogen covered Pd surfaces.

Surface Adi2(%) Ady(%) Adiy(%)  Reference
Pd(001) -2.2 0.2 0.0 Present Work
Pd(110) -5.2 0.7 —0.3  Present Work
Pd(001) + p(1 x 1) H 4.0 0.7 0.0 Present Work
Pd(110) + p(1 x 1) H 1.3 1.3 0.0 Present Work
Pd(110) —6.0£2  1.0£2 — [Bar 85]
Pd(110) —5.1+15 29+15  — [Sko 87]
Pd(110) + (2 x 1) H —22+1.5 29+15  — [Sko 87]

energies. As shown in Table 4.2, the surface relaxations, calculated using the MBA
technique, are in gratifying agreement with both experimental data[Bar 85, Sko 87]
and LDA results[Tom 91a, Boh 90]. This good agreement confirms that the MBA
Hamiltonian can accurately describe the equilibrium structure and energy changes of

clean Pd(001) and Pd(110) surfaces.

Finally, I use the MBA Hamiltonian to determine the binding energy of hydrogen
at different adsorption sites on the Pd(001) and Pd(110) surfaces. These calculations
yield the preferential adsorption site and adsorption height, both of which are ac-
cessible to experimental verification. In order to simplify the comparison with the
LDA calculations of Refs. [Tom 86b] and [Tom 91a], I performed all calculations for a
3-layer Pd slab which was covered by H on both sides. I found the adsorption energy
of H on Pd to be typically of the order E,4 ~ —3 eV. Since the binding energy of
a H; molecule is only D, = 4.75 eV, the dissociation probability of a H; molecule
approaching the Pd surface is high. For this reason, the present investigations has

been limited to atomic hydrogen on Pd(001) and Pd(110).

The equilibrium structure of hydrogen covered surfaces can be determined in the
same way as that of the clean surfaces described above. My results for the surface

energies and multilayer relaxations of hydrogen covered surfaces are summarized in
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Fig. 4.2 and Table 4.2. Hydrogen atoms are assumed to occupy the equilibrium
sites during the surface relaxation. The calculated changes of the surface energy
at hydrogen covered Pd(001) and Pd(110) surfaces are given by the dashed lines
in Figs. 4.2(c) and (d), respectively. For the sake of simple comparison with the
LDA results of Ref. [Tom 91a] [given by the data points in Fig. 4.2(d)], also these
model calculations have been performed for a 3-layer Pd slab. My results indicate an
expansion of the hydrogen covered surfaces, in agreement with the LDA data. The
reversal of surface contraction obtained for clean surfaces can be explained by the

saturation of Pd dangling bonds by H atoms.

In Fig. 4.3, I display the adsorption energy of H on Pd(001) as a function of the
adsorption height A for the on-top site, the bridge site and the hollow site. Results
obtained using the MBA Hamiltonian, shown by lines, are compared to LDA data of
Ref. [Tom 86b)], given by the data points. As discussed above, I represent the substrate
by the same 3-layer Pd slab as used in the LDA calculation. Since it is only energy
differences which are relevant for the preferential adsorption sites and the vibration
frequencies, I concentrate on adsorption energy changes AE,y = E,q — E, 40 with
respect to the adsorption energy of H at the equilibrium site. The corresponding
results are shown in Fig. 4.3(b). I find the fourfold hollow site to be the equilibrium
site on Pd(001), in agreement with the experimental data of Ref. [Beh 80] and the
LDA results of Ref. [Tom 86b]. Also the very small equilibrium adsorption height ko =
0.18 A above the first Pd layer is in good agreement with the LDA value[Tom 86b]
of 0.24 A and the experimental result[Bes 87] of 0.30 A. These small adsorption
heights result from the very small atomic radius of hydrogen. More important, the
MBA Hamiltonian gives H-Pd interaction potentials (and consequently vibration

frequencies) in close agreement with the LDA data.
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Figure 4.3: (a) Schematic top view of the Pd(001) surface and the assignment of ad-
sorption sites: hollow (x), bridge (o) and on-top(Q). (b) Adsorption energy changes
AE,4 = E.q — E.q0 (with respect to the equilibrium adsorption energy) as a function
of the hydrogen adsorption height A on Pd(001). Results based on the MBA Hamil-
tonian for the hollow site (solid line), the bridge site (dashed line) and the on-top site
(dotted line) are compared to LDA results of Refs. [Tom 86b] and [Tom 91a], given
by the data points. (From Ref. [Zho 91a]. ©American Physical Society)



Figure 4.4: (a) Schematic top view of the Pd(110) surface and the assignment of
adsorption sites: hollow (x), long-bridge (o), short-bridge (o) and on-top (O). (b)
Adsorption energy changes AE,s = E.q — E,q40 (with respect to the equilibrium
adsorption energy) as a function of the hydrogen adsorption height A on Pd(110).
Results based on the MBA Hamiltonian for the hollow site (solid line), the long-
bridge and the short-bridge sites (dashed line) and the on-top site (dotted line)
are compared to LDA results of Ref. [Tom 91a], given by the data points. (From
Ref. [Zho 91a). ©American Physical Society)
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Adsorption energies for H on Pd(110) are shown in Fig. 4.4 for the on-top, the
short-bridge, the long-bridge and the hollow site. In analogy to Fig. 4.3, the continu-
ous lines represent the MBA Hamiltonian results, and the discrete data points show
the LDA values of Ref. [Tom 91a). Also in this case, the LDA and MBA Hamiltonian
calculations have been performed for a 3-layer Pd slab. Similar to the results for
the (001) surface, the MBA potentials represent energy differences and adsorption

potentials, which are in remarkably good agreement with the LDA data.

Both the MBA technique and the LDA predict the long-bridge site to be the most
favored among the adsorption sites considered here. My calculation indicates that
in this site, the equilibrium hydrogen adsorption height is only ko = 0.09 A above
the topmost Pd layer. Recent low-energy electron diffraction (LEED)[Sko 87] and He
scattering[Rie 83, Bas 89] experiments suggest that the preferential H adsorption site
is the threefold coordinated site in the troughs on the Pd(110) surface. In this site, the
separation between the hydrogen atom and the two nearest neighbors in the topmost
Pd layer, as well as the closest Pd atom in the second layer, is 2 A. The mutually
repulsive interaction between nearest neighbor hydrogen atoms stabilizes a zig-zag
adsorption pattern in the troughs on the surface[Rie 83]. Results based on the MBA
Hamiltonian indicate that this adsorption geometry is slightly energetically disfavored
when compared to the preferential long-bridge site. While the MBA Hamiltonian
clearly can not resolve such minute energy differences, I find that the predicted H-Pd
interaction potentials are in remarkably good agreement with ab initio calculations

and experimental data in view of the simplicity of the approach.
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4.2 Phonon structure in the bulk and at the sur-
face of Pd—H systems

In this Section, I present phonon calculation results for bulk Pd and PdH, as well as
the clean and H covered (001) and (110) surfaces of Pd. As outlined in Section 2.3, the
phonon dispersion relations can be determined directly by diagonalizing the dynami-
cal matrix Dag,,w(l-c‘), which is basically a Fourier transformed force-constant matrix.
According to Eq. (2.26), the force-constant matrix can be determined numerically by
calculating total energy differences with respect to the atomic displacements. This
can be done even more efficiently using the MBA Hamiltonian which, as shown above,
gives reliable potential energies near the equilibrium structure. It is worthwhile to
note that the force-constant matrix accounts for effective second- and third-neighbor
interactions. This is a consequence of the many-body nature of the MBA Hamil-
tonian which correctly describes the indirect interaction between two atoms and its

mediation through a third atom neighboring the two sites.

In Fig. 4.5(a), I compare the phonon calculations for bulk fcc Pd to measured
phonon spectra along the high symmetry lines. The experimental data[Mil 71] have
been obtained using inelastic neutron scattering. As shown in this figure, the cal-
culation is in quite good agreement with the experiment throughout the Brillouin
zone. While my Hamiltonian is based on LDA calculations for static properties of
Pd, and does not contain any adjustable parameters, the good agreement with the
experimental data indicates that the MBA Hamiltonian also correctly describes the

dynamical properties of this system.

Results of a similar calculation for bulk PdH are shown in Fig. 4.5(b). The net
effect of hydrogen on the phonon spectrum is a softening on the acoustic branches.

This is partly caused by a 6% increase of the lattice constant upon hydrogen uptake
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Figure 4.5: Phonon dispersion relations for bulk Pd (a) and PdH (b). Frequencies
calculated using the MBA Hamiltonian are given by the solid lines. The experimental
data points of Ref. [Mil 71] for bulk Pd are given by (+). (From Ref. [Zho 91a].

(©American Physical Society)
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from 3.89 A in Pd to 4.12 A in PdH, as shown in Fig. 4.1. Based on the analysis
of these results, I find that the presence of hydrogen has a strong effect on the force
constant matrix ®. The force constants describing the restoring forces acting on a Pd
atom displaced along a high-symmetry direction are reduced from ¢ = 10.6 eV/A? in
bulk Pd to only 6.8 eV/A? in PdH. The effect of the the presence of hydrogen on the
bulk modulus is comparably small. I obtain B = 2.03 x 10'? dyn/cm? for bulk Pd
which compares well with the experimental value[Kit 86] B = 1.81 x 10!? dyn/cm?
and the LDA value of 2.15 x 10'? dyn/cm?. The corresponding value in PdH is only
3% smaller, B = 1.98 x 10'? dyn/cm?, which is in fair agreement with the LDA result

1.95 x 10" dyn/cm? of Ref. [Tom 91a).

Since my main interest is the effect of hydrogen on the Pd modes, I do not include
the hydrogen-derived optical modes in Fig. 4.5. These modes have a very high fre-
quency and are well separated from the acoustic Pd-derived modes due to the mass
disparity of these atoms. While the hydrogen atoms can be basically thought of as
Einstein oscillators, the weak coupling between hydrogen atoms broadens the opti-
cal states to a 3 THz broad band. Since the H-H nearest neighbor distance in
PdH ro g = 2.06 A is much larger than the H-H interaction range (= 1 A), I have
neglected the direct H-H interaction in this calculation, but have accounted for the
dominant indirect interaction mediated by Pd atoms. A closer analysis of the opti-
cal bands reveals that two out of the three bands show no dispersion and represent
Einstein modes of hydrogen atoms with no direct coupling. The above mentioned
dispersion of the third branch reflects the degree of Pd mediated indirect interaction
between H atoms, which is almost equally strong for the first and second neighbors.
These effects in the optical band can also be seen in the measured phonon dispersion

relations of the related systems PdDg ¢3[Row 74] and PdT, 7[Row 86).
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The calculated phonon spectra for the Pd(100) and Pd(110) surfaces are shown
in Figs. 4.6 and 4.7, respectively. These surfaces are represented by relaxed 25-
layer Pd slabs. Phonon spectra of the clean (001) and (110) Pd surfaces, shown
in (a), are compared to results for hydrogen covered surfaces, shown in (b). In
order to distinguish surface from bulk states, I are showing phonon bands of bulk
Pd in Figs. 4.6(c) and 4.7(c). For the sake of simple comparison, the bulk bands are
projected onto the same two-dimensional Brillouin zones in (c) as used in (a) and
(b). Note that this procedure yields continuous bulk bands at each k-point in the
Brillouin zone. The apparent discreteness in Figs. 4.6(c) and 4.7(c) results from a
finite l-c‘-point sampling in a direction perpendicular to the Brillouin zone. For both
surfaces, my calculations indicate the presence of surface modes which appear either

in the bulk band gaps or are split off from the bulk band edges.

Based on the comparison of phonon spectra for Pd(001) in Fig. 4.6(a) and the
projected bulk spectra in Fig. 4.6(c), the presence of the surface introduces a soft
Rayleigh mode S; which is substantially softer than any bulk mode in the Brillouin
zone. At the M point, this mode corresponds to vibrations of surface atoms per-
pendicular to the surface. The origin of the mode softening is a decreased interlayer
interaction at the surface, which is only partly compensated by the surface contrac-
tion. The analysis of my results indicates that the zone-edge frequency of the S,
mode increases from 3.72 THz for the unrelaxed surface to 4.11 THz for the relaxed
surface. A second surface mode S, which is barely split from the bulk band at M,
is a transversal mode corresponding to in-plane vibrations. In addition to these soft
modes, the surface introduces a phonon mode S¢ with v ~ 6 THz in the'gap of the
bulk spectrum near X. This mode corresponds to in-plane vibrations of topmost

layer atoms, coupled to out-of-plane vibrations of second layer atoms.
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Figure 4.6: (a) Calculated phonon dispersion relations for a clean 25-layer Pd slab
with a (001) surface. (b) Corresponding results for a H-covered Pd slab (mono-
layer coverage, hollow site). (c) Bulk phonon dispersion relations of Fig. 4.5(a),
projected onto the two-dimensional surface Brillouin zone used in (a) and (b). (From
Ref. [Zho 91a]. ©American Physical Society)
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Figure 4.7: (a) Calculated phonon dispersion relations for a clean 25-layer Pd slab
with a (110) surface. The experimental data of Ref. [Lah 87| are given by e. (b) Cor-
responding results for a H-covered Pd slab (monolayer coverage, long-bridge site). (c)
Bulk phonon dispersion relations of Fig. 4.5(a), projected onto the two-dimensional
surface Brillouin zone used in (a) and (b). (From Ref. [Zho 91a]. ©American Physical
Society)
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The phonon spectrum of a hydrogen-covered Pd (001) surface has been shown
in Fig. 4.6(b). I have assumed a monolayer coverage corresponding to occupying
all hollow sites by H atoms. The Pd surface has again been represented by a 25-
layer slab. Similar to the bulk Pd-H system, I am mainly interested in the effect of
hydrogen on the Pd surface modes, and do not show the H-derived high-frequency
optical modes which are well separated from the Pd modes. The most striking change
in comparison to the H-free surface shown in (a) is a massive softening of the Rayleigh
mode. At M, the frequency of the S; mode decreases from 4.11 THz to 2.77 THz
due to hydrogen adsorption. On the other hand, hydrogen does harden other modes,
such as the bulk band gap mode at v ~ 6 THz which has been discussed above. A
detailed analysis of the eigenstates shows that surface phonon modes with a vibration
amplitude perpendicular to the surface experience a large amount of softening. Other
surface modes with amplitudes restricted to the surface layer, such as the S¢ mode,
experience a hardening due to the restricted movement in presence of hydrogen atoms.
The eigenvector analysis also indicates that hydrogen adsorption also increases the
confinement of surface modes to the few topmost layers and shortens the penetration

depth into the bulk.

As done above for Pd (001), in Fig. 4.7, I compare the phonon spectra of clean and
hydrogen-covered Pd(110) surfaces to bulk phonon spectra. For the hydrogen covered
surface, I have assumed a monolayer coverage corresponding to the occupation of all
long-bridge sites (the equilibrium adsorption site) and represented the Pd surface by
a 25-layer slab.

A comparison between the calculated phonon spectra for clean Pd(110) and in-
elastic He scattering data of Ref. [Lah 87] is shown in Fig. 4.7(a). The softest surface

mode is the Rayleigh mode S;. My calculation reproduces the general features of this
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mode quite well, but the calculated frequencies are = 10% higher than the observed
data. While I am aware that the parametrized MBA Hamiltonian may not describe
the detailed changes of metal bonding at surfaces to a very high accuracy, I can not
exclude the possibility of a slight hydrogen contamination of the Pd sample used in
Ref. [Lah 87], which is very hard to detect and would also soften the surface Rayleigh

mode.

Since Pd(110) shows the largest surface contraction, the softest surface phonon
modes are quite close to the lowest lying bulk bands throughout the surface Brillouin
zone. The strongest softening can be observed at the Y point, where I obtain three
surface modes S;, S2 and E well below the bulk band. My analysis of the eigenstates
indicates that these modes correspond to in-plane (along the surface z and y direc-
tions) and out-of-plane (along the z direction) vibrations of the topmost layer. The
lowest mode is an in-plane mode with an amplitude along the y direction. Similar
to the (001) surface, the surface contraction generally hardens the surface phonon
modes. This calculation shows that at the Y point, because of the relaxation, the
lowest surface modes with topmost layer amplitudes along the z , y, and z direc-
tions are shifted from 2.36 THz, 2.29 THz and 2.77 THz to 2.71 THz, 2.23 THz and

2.94 THz, respectively.

From the comparison between Figs. 4.7(a) and (c), one can see that the presence
of the (110) surface introduces several other vibration modes beyond the Rayleigh
mode. The bulk phonon spectrum, shown in Fig. 4.7(c), contains gaps near X, at
v = 5.5 THz, and near Y, at v ~ 4.5 THz. On Pd(110), three surface states appear
in both gaps. The 5.4 THz gap mode at X corresponds to topmost layer atoms
vibrating along the surface z direction, and the 4.7 THz gap mode at Y corresponds

to an analogous vibration along the surface y direction. The surface also introduces
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high frequency states slightly above the top of the bulk bands, well visible at the
X and Y points. These modes have considerable amplitudes deep into the bulk,
and correspond to alternating in-plane and out-of-plane vibrations on the individual

layers.

Calculated surface phonon dispersion relations for the H covered Pd(110) surface
are shown in Fig. 4.7(b). As for bulk PdH and H/Pd(001), I do not show the H-
derived high-frequency optical modes for H/Pd(110) in Fig. 4.7(c). The general trends
discussed above for the effect of hydrogen on the surface modes of the Pd(001) surface
hold also for the (110) surface. Specifically, One can observe a softening of surface
modes involving an out-of-plane motion of topmost layer atoms, and a hardening of
modes involving an in-plane vibration of surface atoms along the z direction at X

and the y direction at Y. Other vibration modes experience very little change.

Hydrogen-induced bon.ding changes at the Pd(110) surface can be understood by
investigating the three lowest phonon modes S;, S; and E at the Y point. The
S1 mode, which involves in-plane vibrations of the topmost layer along the surface
y direction and out-of-plane vibrations of the second layer, has been pushed up in
frequency from 2.23 THz for the clean surface to 2.71 THz for the H covered surface.
The main reason for this hardening is a restricted freedom of motion of topmost layer
Pd atoms due to hydrogen atoms adsorbed in the long-bridge site. The S; mode,
corresponding to a vibration of topmost layer Pd atoms along the close-packed surface
z direction, has been softened by the presence of hydrogen from 2.71 THz for the clean
surface to 2.46 THz for the H covered surface. Finally, the £ mode, corresponding to
out-of-plane vibrations of the topmost layer, experiences the strongest softening from

2.94 THz for the clean surface to 2.56 THz for the H covered surface.

As compared to the (001) surface, phonon modes at the Pd(110) surface are less
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affected by hydrogen adsorption. This is especially true for the softening of the
Rayleigh mode. This last conclusion may not hold in case of an adsorption in the
quasi-threefold site discussed in the previous Section. In that case, I would expect
an increasing Rayleigh mode softening with increasing hydrogen coverage, which has
been observed at the Y point on the related Ni(110) surface in high-resolution EELS

experiments[Leh 87].

From this calculation, one can see that hydrogen adsorption has a profound effect
on both the equilibrium structure and dynamical properties of Pd surfaces. These two
effects are closely related. The presence of hydrogen adsorbates reverses the topmost
layer contraction, and the large anharmonicity of the inter-layer interactions causes
the effective inter-layer force constant to decrease with increasing inter-layer distance.
This results in a softening of the Rayleigh surface phonon mode with an out-of-plane
amplitude in the topmost layer. Since the hydrogen-induced expansion is larger on
the more densely packed (001) surface than on the (110) surface, the Rayleigh mode

softening is also stronger on the Pd(001) surface.

At both Pd(001) and Pd(110) surfaces, the equilibrium adsorption height of hy-
drogen is close to zero, i.e. hydrogen atoms are buried inside the topmost Pd layer,
where they affect the effective Pd-Pd force constants most. There is very little sur-
face stress associated with this adsorption site, due to the small size of the H atoms.
Surface phonon modes with in-plane vibration amplitudes are nearly independent of
surface relaxations, but are affected by the presence of hydrogen. This latter effect
results from the hydrogen-induced change of Pd-Pd force constants, and also the
restricted freedom of motion due to the extra adsorbed atoms which hardens some of

these modes.
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4.3 Mechanical stability of Pd-H systems

4.3.1 Thermal expansion and the melting transition in Pd

The first nontrivial application of the present formalism is to determine the equilib-
rium volume of Pd as a function of temperature, and to study the melting transition.
In the corresponding molecular dynamics simulation, I consider an originally cubic
volume (or simulation box) containing 500 Pd atoms on an fcc lattice. Periodic
boundary conditions are used to eliminate surface effects, and the external pressure
is set to zero. I start the simulation by first equilibrating the system for 10,000 time
steps (corresponding to 2 x 107!'s) in a VTN canonical ensemble which is in con-
tact with a heat bath at T = 300 K. This simulation is followed by another 20,000
time steps in the Tt N canonical ensemble at zero external pressure. The equilibrium
volume V per atom is related to the volume of the simulation box, and is obtained
from a running average during the simulation. The statistical error based on the last
10,000 time steps is found to be negligible. After V has been determined for the given
temperature, the heat bath is gradually warmed up to another temperature, and the
equilibrium volume per atom is obtained from a statistical average over 10,000 time

steps at the new temperature.

My results, presented in Fig. 4.8(a), indicate a thermal expansion of the lattice
in the whole temperature range studied. In the temperature range between T =
2000 — 2050 K, the equilibrium volume per Pd atom shows a discontinuous increase,
indicative of a first-order phase transition. This phase transition corresponds to the
melting point, as can be verified by inspecting the trajectories of individual Pd atoms
at temperatures below and above the critical temperature, vshown in Figs. 4.9(b) and

4.9(c). Near the melting point, my calculations show a narrow hysteresis describing
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Figure 4.8: (a) Equilibrium volume V of a Pd atom in bulk Pd as a function of
temperature T'. The dashed line is a guide to the eye connecting the calculated data
points. Observed linear expansion of Ag[Pea 58], the neighboring element of Pd, is
shown by the dotted line. (b) Equilibrium volume V per Pd atom in bulk PdH,,
as a function of the hydrogen concentration z. The dotted line corresponds to the
observed|[Pei 78] expansion coefficient of Pd as a function of z. Results of the present
molecular dynamics simulations are given by e in (a) and (b). (From Ref. [Zho 92].
(©American Physical Society)
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Figure 4.9: Atomic trajectories in bulk Pd at the temperatures (a) T = 300 K and
(b) T = 1800 K below the melting temperature Ty, and (c) at T = 2050 K above
Ty. Corresponding pair correlation functions g(r) at T = 300 K, T = 1800 K
and T = 2100 K are shown in (d), (e), and (f), respectively. (From Ref. [Zho 92].
(©American Physical Society)
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an overheated solid or an undercooled liquid, depending on whether the system is
being heated or cooled. The small difference of < 10% between the calculated melting
temperature and the experimental value[Kit 86] of Tas = 1827 K is impressively small
in view of the fact that the interaction potentials are based on T = 0 static properties
of Pd. A small positive difference between the calculated and the observed melting
point is also expected due to the finite size of the unit cell and absence of large defects

or a surface.

In the temperature range T' < 1500 K, the thermal expansion of the lattice
is nearly linear, corresponding to a thermal (linear) expansion coefficient of oy =
1.7 x 1073 K~!. While I could not find any corresponding experimental results for
Pd, this value lies very close to a; = 1.89 x 10~ K~! which has been observed in
Ag[Pea 58], a neighbor of Pd in the periodic system. At higher temperatures, the
volume-temperature relation shows strong deviations from linearity. This relation-
ship bears information about the Pd-Pd interaction potentials at large interatomic
separations. Above the melting point, the expansion coefficient of the system experi-
ences an abrupt increase above the solid phase value, correlated with a sharp increase

of the interparticle distance at T.

In order to illustrate the effect of temperature on the dynamical behavior of the
system, I showed the trajectories of individual Pd atoms [projected onto the (100)
plane] in Figs. 4.9(a)—(c) at different temperatures. At T = 300 K, all atoms appear
to be pinned to their equilibrium site and show negligible fluctuations about this po-
sition, reflected in a very small Debye-Waller factor. At T' = 1800 K, the fluctuations
of Pd atoms about their equilibrium sites are already quite appreciable. The size of
these fluctuations is a considerable fraction of the lattice constant, which, according

to Lindemann’s criterion, is indicative of the proximity to the melting point. A statis-
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tically negligible fraction of atoms is also seen to diffuse far away from their site, but
the crystalline order still exists. Above the melting point, all atoms diffuse relatively
freely throughout the sample, as shown in Fig. 4.9(c), and the long range order is

destroyed.

A more quantitative measure of the crystalline order is the pair correlation func-
tion g(r) which is shown in Figs. 4.9(d)-(f) for the above temperature values. Clearly,
the validity of conclusions related to the long-range order in the crystal is limited by
the finite size of the simulation box. At T' = 300 K, g(r) consists of a set of sha.t:p
peaks which will result in a sharp diffraction pattern. At T = 1800 K, g(r) still shows
a substantial amount of structure even for large interatomic distances r, indicative
of long-range order, but the peaks are smeared out and begin to overlap. Above the
melting transition, the most characteristic feature in the pair correlation function is a
peak at the nearest-neighbor distance. For larger interatomic distances, g(r) contains
almost no information about the atomic structure and approaches the constant value
g(r) = 1 very rapidly. This would justify a treatment of the liquid as a continuous

medium beyond the nearest-neighbor distance.

As I will discuss later on in connection with fracture, interesting details about the
cohesion of the system under different conditions can be learned from the distribution
of atomic binding energies. In Figs. 4.10(a) and (b), I compare the binding energy
distribution for bulk Pd atoms at T = 300 K and T = 2100 K, just above the
melting point. In absence of applied tensile stress, my simulations indicate that
binding energies in the system can be characterized by a rather featureless single-
peaked distribution function indicating that most atoms have an indisfinguishable
environment. The small width of this peak at T = 300 K, shown in Fig. 4.10(a),

reflects an almost perfect crystalline order at this temperature. Above the melting
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Figure 4.10: Distribution of atomic binding energies E.,; in bulk Pd at (a) T = 300 K
and (b) T = 2100 K at zero pressure. (c) Corresponding data for Pd at T = 300 K
at the point of critical uniaxial tensile stress p. for fracture, discussed in Section 4.3.2
The solid lines give the probability distribution, the dashed lines show the integrated
probability. (From Ref. [Zho 92]. ©American Physical Society)
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point, this peak is strongly broadened and shifted towards smaller binding energies,
as shown in Fig. 4.10(b). The former effect comes from the large variety of binding
sites in the liquid, the latter one reflects the loss of cohesion mainly due to a uniform

lattice expansion.

4.3.2 Mechanical stability of H-free Pd under tensile stress

One of the most challenging problems related to the mechanical stability of metals is to
obtain a quantitative understanding of the fracture process due to uniaxially applied
tensile stress. I address this problem by studying the deformation of a metal block
(the simulation box) under a uniaxial load, as shown schematically in Fig. 4.11(a). I
expect the length z of the metal block first to increase monotonically with increasing
load. Once a critical value of the tensile stress p, is reached, the material can no longer
support the load and breaks into parts. In the following, I describe the molecular
dynamics simulation of the elastic and plastic deformations in the Pd metal block
which is exposed to increasing uniaxial tensile stress, as a function of temperature

and - in the following subsection - as a function of hydrogen concentration.

In the present MD simulation, I consider a canonical (TtN) ensemble of 500 Pd
atoms in a simulation box which has cubic shape at zero applied stress, but which
can vary its shape freely in the case of anisotropic pressure. For a given temperature
of the heat bath, I determine the shape changes [especially the elongation of the cell

Az, see Fig. 4.11(a)] in response to uniaxial tensile stress which is described by the
stress matrix

0
g= ( 0 ) (4.6)
0

Results for the elongation Az of the MD unit cell as a function of p are shown in

[ ]
I — ]
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Figure 4.11: (a) Schematic picture of Pd deformations under tensile stress, showing
the length z and deformation Az of the unit cell. (b) Deformation Az of bulk Pd as
a function of the external tensile stress p, for different temperatures. (c) Deformation
Az of hydrogen loaded bulk Pd at T = 300 K, as a function of the external tensile
stress p, for different hydrogen concentrations. The molecular dynamics results are
given by the data points. The lines are guides to the eye. (From Ref. [Zho 92].
(©American Physical Society)
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Fig. 4.11(b) for temperatures between 77 K and 1800 K. In this simulation, I increased
the uniaxial stress p in finite steps of initially Ap = 2.0 GPa from zero to a load just
below the point of fracture. From there on, I decreased the steps Ap to 0.5 — 1 GPa
in order to increase the accuracy of the calculated critical tensile stress p.. At each
value of p, the system has been allowed typically 5,000 time steps (or 10~!'s) to
equilibrate. I observed that the equilibration took longer near the point of fracture
and extended the simulation accordingly. The equilibrium shape of the MD unit cell

has been obtained by averaging over the last 5,000 time steps.

The first important result of this simulation is the order of magnitude for the criti-
cal tensile stress p, to initiate fracture, typically a few GPa. As shown in Fig. 4.11(b),
p. decreases with increasing temperature, from 11 GPa at T = 77 K to 1 GPa at
T = 1800 K. On the other hand, I find an increase in the plasticity, given by 9z/dp,
with increasing temperature at constant load. I conclude that the Young’s modulus Y,
defined by Y = 0p/0z, decreases as the temperature rises. Both effects indicate that
the material becomes softer and easily deformable with increasing temperature, which
agrees with the everyday experience. Microscopically, this softening corresponds to
the increased probability of activated atomic diffusion leading to a new equilibrium
geometry (plastic deformations to a “thin wire” and fracture under excessive uniaxial
load). In the elastic region p << p., the Az—p relationship is nearly linear for all tem-

peratures. This Hooke’s law type behavior is expected based on the MBA interaction

potential which is dominated by harmonic terms close to the equilibrium.

It is interesting to note that the above MD simulations, performed under uniazial
stress, contain the information about the bulk modulus B which describes the elastic

response to isotropic pressure. For a cubic crystal, the elastic response to a very small
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applied uniaxial stress p is

D= Cufl + 201262 (47)

along the direction of the load. Here, €;,¢; are the strain components along the
load direction and perpendicular to the load direction, respectively, and Cy,, C;; are
elastic stiffness constants. No stress occurs perpendicular to the load direction [see

Fig. 4.11(a)], so

0= C]gC] + Cuéz + C1262 . (48)

From Egs. (4.7) and (4.8) one can derive

_ V(ip) - V(p=0)
p=(Cu+2Cy) Vip=0) . (4.9)
Using B = (1/3)(C11 + 2Cy2) for a cubic crystal leads to
-1
B= lV (3_‘i) . (4.10)
3 Op p=0

As shown in Fig. 4.12(a), the present results for the absolute value of B and the
temperature dependence of B are in good agreement with the experimental data
of Ref. [Lan 79]. At low temperatures, the bulk modulus is found to be essentially
independent of temperature. With rising temperature, however, the present results

indicate a strong decrease of B.

I found it instructive to inspect the distribution of binding energies for a signature
of atomic fracture at very large tensile loads. In Fig. 4.10(c), I show the distribution
at the point of critical tensile stress p., for a developed fracture. As compared to
the stress-free situation shown in Figs. 4.10(a) and (b), the distribution of binding

energies shows several distinctive peaks. The lowest binding energies correspond to
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sites at the surface of the crack. The highest binding energies, same as in the stress-

free sample shown in Fig. 4.10(a), correspond to bulk sites in the intact fragments.

4.3.3 Mechanical stability of H loaded Pd under tensile
stress

Hydrogen is well known to dissociate at transition metal surfaces and to penetrate
easily into the bulk metal, releasing the heat of hydride formation in many systems
such as Pd[Ale 78]. This process makes such metals an ideal medium for hydrogen
storage. On the other hand, the presence of hydrogen is known to have an adverse
effect on mechanical properties of metals, specifically facilitating the formation of
cracks under tensile stress[Bir 79]. In order to obtain a microscopic understanding
of the processes associated with hydrogen-assisted crack formation, I simulated the
response of hydrogen loaded Pd to uniaxial tensile stress in a molecular dynamics

calculation.

I have chosen a cubic simulation box containing 500 Pd atoms as the initial MD
unit cell, and occupied the 500 octahedral interstitial sites in the lattice at random
with hydrogen atoms. I have considered three different H concentrations in PdH_,
namely ¢ = 0.1, z = 0.25, and z = 0.6, and performed all simulations at room
temperature, T = 300 K. At each H concentration, I first let the system equilibrate

over a period of more than 30,000 time steps (corresponding to 1.5 x 10~!!s).

First, I study the volume changes due to hydrogen at zero pressure. The free vol-
ume V(z) of Pd atoms in PdH,, shown in Fig. 4.8(b), has been determined for each
H concentration z by averaging over 10,000 time steps after reaching the equilibrium.
I found the free volume to increase almost linearly with increasing hydrogen concen-

tration z, which agrees with the observed relation[Pei 78] V(z) = V(0)(1 + 0.19z).

AN
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In order to understand the effect of dissolved hydrogen on the mechanical stability
of Pd, I studied the response of the system to uniaxial tensile stress using molecular
dynamics. As in the hydrogen-free samples, the system was first allowed to equilibrate
under fixed external tensile stress p and constant temperature of the heat bath T =
300 K. Then, the stress-induced elongation Az of the simulation box was determined
by averaging over 10,000 time steps (corresponding to 5 x 107!%s). The results,
presented in Fig. 4.11(c), show an almost linear relationship between p and Az. I
found the slope of the Az(p) curves to be almost independent of z at low values
of p, indicating that changes of the hydrogen concentration have little effect on the
Young’s modulus Y. These results also indicate that the critical tensile stress p,
for the onset of fracture, corresponding to the “end points” of the Az(p) curves,
decreases with increasing hydrogen concentration. I found that hydrogen can reduce
the critical tensile stress for fracture p. substantially when compared to the hydrogen-
free system, but that the order of magnitude of p. in the different systems is the
same. This hydrogen-induced reduction of the mechanical strength is sometimes
called “hydrogen embrittlement”[Bir 79]. As I will discuss later on, the microscopic
results indicate that this is a misnomer; I find hydrogen to enhance the ductility and

plasticity of the metal matrix locally, thereby weakening the structure as a whole.

One can also use the MD results for uniazial tensile stress to estimate the bulk
modulus of the system, following the procedure outlined in the previous subsection.
The results, presented in Fig. 4.12(b), indicate that the bulk modulus B decreases
strongly in the presence of hydrogen. Another quantity of interest is the Poisson’s
ratio 4 which is the ratio of the unit cell deformations along the direction of the

applied load, Az, and perpendicular to it, Az. In a cubic system, u relates the




103
Young’s and the bulk modulus as B = Y/(3 — 6u), which defines u as

Y
6B

p= (4.11)

N | »—

My above results for Y(z) and B(z) indicate that the Poisson’s ratio decreases

strongly with increasing hydrogen concentration in the metal.

As in the hydrogen-free system, I investigated the distribution of binding energies
for a signature of atomic fracture at different tensile loads. My results for the PdHg 25
system are summarized in Fig. 4.13(a) for zero tensile stress and in Fig. 4.13(b) for
critical tensile stress. The structure of the binding energy distribution in the stress-
free case reflects the distribution of inequivalent Pd atoms with 0-6 hydrogen nearest
neighbors. The relatively featureless distribution of binding energies at the point of
critical tensile stress p = p., displayed in Fig. 4.13(b), is in sharp contrast to the
hydrogen-free case shown in Fig. 4.10(c), and is more reminiscent of the results for
molten Pd, shown in Fig. 4.10(b). The absence of distinct fracture-related features in
the binding energy distribution in Fig. 4.13(b) indicates that all Pd atoms reside in a
relatively homogeneous atomic environment. This environment is close to the molten
system; it has an amorphous structure and can easily be plastically deformed. I
conclude that increased hydrogen concentration has a similar effect on the mechanical

properties of Pd as a temperature increase, namely enhanced ductility and plasticity.

An independent microscopic signature of fracture on the atomic scale can be of-
ten found in the distribution of Wigner-Seitz volumes associated with the individual
atoms in the crystal. Statistical presence of large atomic volumes indicates the oc-
currence of fracture with no additional assumptions about the number, position or
morphology of one or more simultaneous cracks. This information is displayed in

Fig. 4.14 for Pd and H atoms in PdHg 35 at p = p.. The volumes of Pd atoms, given
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by the solid line, show a distribution which is characterized by a sharp peak near
15 A3, corresponding to atoms in bulk-like environment, and a wide structureless tail
towards larger volumes, associated with atoms near the crack surface. This finding
again confirms the previous conclusion that Pd atoms have no preferential binding
arrangement in the hydrogen loaded sample, which shows a plastic behavior under

critical tensile stress.

The preferential hydrogen sites in this structure are determined in the following
way. I enlarged the original Wigner-Seitz volumes of Pd atoms by a factor of 1.5 in
each direction and for each hydrogen atom in the crystal, I generated a list of Pd sites
which contain this atom in their enlarged unit cell. This definition allows for more
than one Pd site to be associated with a given hydrogen atom. Next, I combined
the lists of Pd sites associated with each H atom and plotted the distribution of the
corresponding Pd Wigner-Seitz volumes. The results are given by the dashed line
in Fig. 4.14. A comparison with the solid line for the Pd atoms shows no strong
preference of hydrogen atoms for specific sites in the metal structure. The dotted line
in Fig. 4.14 represents the probability that a Pd atom, characterized by its atomic
volume, is likely to have one or more hydrogen atoms as its closest neighbors. In
case that there would be no preferential sites for hydrogen atoms, this curve should
be flat. These results indicate a strong preference of hydrogen atoms for sites near
highly coordinated Pd atoms in the bulk. From the position of the peak in the dotted
curve, which lies at a slightly larger volume than that of bulk Pd atoms, one can infer
that hydrogen atoms are more likely to occupy subsurface sites or sites close to the

crack tip than sites in the bulk of Pd.
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4.3.4 Discussion

The above molecular dynamics calculations, based on the Nosé and Rahman-Parrinello
formalism, suggest a useful and consistent picture of the atomic-scale processes which
occur in PdH, at different temperatures and hydrogen concentrations z, specifically
in response to large uniaxial tensile stress. Even though the interaction potentials
are based on static ab initio calculations at T' = 0, the finite temperature results of
these simulations are in good agreement with experimental data. This increases my
confidence that the MBA Hamiltonian describes the interactions in the Pd-H system
correctly to a large degree. Since this Hamiltonian has a solid theoretical background,
it can provide microscopic insight into the nature of interatomic interaction under dif-

ferent conditions.

These simulations show that the introduction of hydrogén into bulk Pd at room
temperature has a similar effect on the structural properties and elastic behavior
as a temperature increase in the hydrogen-free metal. Increased hydrogen loading
and increased temperature both increase the free volume linearly, decrease the bulk
modulus, and reduce the critical tensile stress for fracture. It is plausible to some
degree that the presence of hydrogen simulates a temperature increase, since the
light H atoms have a much faster dynamics that Pd atoms and can easily excite Pd
vibrations in elastic collisions. This effect is enhanced by the fact that hydrogen
atoms reduce the bonding strength between Pd atoms and soften the vibrational
modes of the Pd lattice[Zho 91a]. I found that hydrogen-induced changes of structural
properties and elastic response become more pronounced with increasing hydrogen
concentration, as shown in Figs. 4.8(b), 4.12(b) and 4.11(c). At the point of fracture, I
found that the presence of hydrogen enhances the plasticity of the system significantly,

causing hydrogen-assisted “melting” even at T = 300 K, which is associated with a
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substantial diffusion of Pd atoms. I found it useful to compare the present results for
hydrogen loaded Pd under critical tensile stress to hydrogen-free Pd at the melting
point in an animated video movie, and found Pd diffusion at the crack surface of the
hydrogen loaded system to be comparable with the atomic diffusion in melting Pd

metal.

As mentioned above, a fundamental difference between the effect of hydrogen
loading and temperature increase lies in the fact that hydrogen modiﬁgs the interac-
tion between Pd atoms. This difference is most obvious in the response to uniaxial
tensile stress, shown in Figs. 4.11(b) and 4.11(c). In the hydrogen-free system, one
can observe both the bulk and the Young’s modulus to decrease with increasing terh-
perature, while the Poisson’s ratio y is nearly constant, consistent with Eq. (4.11).
On the other hand, increasing the hydrogen concentration in Pd at a constant tem-
perature T = 300 K still causes the bulk modulus to decrease, but has little effect on
the Young’s modulus. In this case, the Poisson’s ratio decreases with increasing hy-
drogen loading, indicating an increasing resistance against shape deformations. This
effect could also assist in the initial formation of cracks. Based on the results shown in
Fig. 4.11(c), I find that the critical value of tensile stress p. drops at an increasing rate
with increasing hydrogen concentration, indicating a continuous ductility increase in

the system with increasing number of H atoms in the vicinity of the Pd metal bonds.

The microscopic origin of the ductility increase of Pd in presence of hydrogen is
the rehybridization of Pd orbitals in the hydrogen loaded metal. As was found in
a previous ab initio calculation of atomic binding in bulk Pd and PdH[Sun 89], the
hydrogen-induced binding changes of Pd stem mainly from a filling of antibonding
states in the Pd4d band, accompanied by a depletion of the partly filled Pd5s band

and a small charge transfer towards hydrogen. These effects are considered, albeit

-y
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in a very approximate way, in the many-body alloy Hamiltonian. Unlike in models
based on pairwise interactions, this Hamiltonian does address the different electronic
hopping processes to neighboring atoms from the point of view of electronic band
formation in the attractive part of the total energy. Hence the binding energy of a Pd
atom is not simply proportional to the number of nearest neighbors, but depends in
a more complex way on the hybridization with the neighboring atoms and the band
filling, which appears to be essential for the understanding of bonding changes in this

system.

The calculated values for the critical tensile stress are about one order of mag-
nitude too high when compared to experimental data for single- and polycrystalline
samples. There are two reasons for this overestimate of p.. First, it is impossible
to study the dynamics of the fracture process in a molecular dynamics calculation
for realistic time scales and large systems. The time spans presently accessible by
such simulations fall at least ten orders of magnitude short of a realistic time for the
formation of a crack, which is typically seconds. Second, in a realistic system, the
fracture process is assisted and proceeds by dislocation motion in the crystal. The
‘presently used unit cell containing 500 Pd atoms, which is large for MD standards, is

clearly too small to show the spontaneous formation and motion of dislocations.

I also tried to address the effect of dislocations in a somewhat artificial way,
namely removing a single atom from the unit cell, thus creating a defect site and a
possible seed for a dislocation or a crack. The corresponding MD simulation did not
show a reduction of p. when compared to the initially “perfect” systems. This is not
surprising since the typical atomic fluctuations near the point of fracture are large

and comparable to the size of a single atomic vacancy.

In hydrogen loaded Pd, the local decohesion and structural relaxations are medi-
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ated by hydrogen which has a very large diffusion constant. I studied the interplay
between the time scales for structural changes and the diffusion of hydrogen by con-
sidering isotope substitution. I found that replacing H by D atoms in PdH, has no
effect on p., probably due to the large difference between the time scales for hydrogen
motion and structural relaxation, and possibly also the incoherent motion of hydrogen

atoms in the metal which averages out local changes of elastic properties.

The above microscopic results for the elastic response of hydrogen-loaded Pd
to uniaxial tensile stress strongly support one of the previously postulated mecha-
nisms for “hydrogen embrittlement”, namely the Hydrogen Enhanced Local Plasticity
(HELP) mechanism[Bir |. This mechanism, which has been used to interpret exper-
imental data, postulates that hydrogen concentrates preferentially near the tip of a
starting crack. Hydrogen subsequently locally softens the metal matrix in the vicinity
of the crack tip, which leads to an increase in the velocity of dislocation motion. This
process can lead to a softening over microns over very short time scales. The system
will become microscopically ductile, but will appear as brittle on macroscopic length

scales.

While the present calculations have been performed for a specific system, namely
hydrogen loaded Pd, I expect that the effect of hydrogen on the stability of other fcc
metals will be qualitatively the same. The situation in bcc metals (such as Fe) may
be somewhat different, since hydrogen is observed to stiffen rather than soften these
structures[Bir |. These questions are presently being addressed in corresponding MD

simulations[Zho 93b).
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4.4 Summary and conclusions

In conclusion, I applied the Many-Body Alloy (MBA) Hamiltonian to Pd-H systems.
All parameters have been obtained from ab initio Density Functional calculations,
with no adjustable parameters for surface properties. I tested this Hamiltonian first
and calculated the equilibrium structure and binding energy of bulk Pd and PdH,
as well as H-free and H covered Pd(001) and Pd(110) surfaces. I found the calcu-
lated results to be in good agreement with experimental data and results of ab initio

calculations where available.

Next, I studied the effect of hydrogen on the vibration spectra of bulk Pd and
the Pd(001) and Pd(110) surfaces, by constructing the dynamical matrix based on
the MBA Hamiltonian. I found that in the bulk systems, hydrogen softens the Pd
vibration modes, as seen in the comparison of bulk Pd and PdH phonon spectra. The
results for the clean and H covered (001) and (110) surfaces of Pd are not as clear-cut.
I found the most pronounced effect of hydrogen coverage to be the softening of the
surface Rayleigh mode with out-of-plane vibration amplitudes on the topmost layer.
Other surface modes, such as in-plane vibrations of the topmost layer, are affected to

a lesser degree or occur at higher vibration frequencies in the presence of hydrogen.

Finally, I have used the Nosé and Rahman-Parrinello molecular dynamics formal-
ism to study the equilibrium structure and elastic properties of bulk Pd as a function
of temperature and hydrogen concentration. I have used this formalism first to predict
the elastic constants, thermal expansion and melting temperature of hydrogen-free
and hydrogen loaded bulk Pd. I found my results to be in good agreement with

available experimental data.

Introducing uniaxial tensile stress as an independent variable into this formalism
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has enabled me also to study the elastic deformations as a function of the applied
load at different temperatures and hydrogen concentrations. At small applied loads,
I found that the bulk and the Young’s moduli decrease with increasing temperature
in hydrogen-free bulk Pd. Increased hydrogen concentration at constant temperature
has a very similar effect as the temperature increase in the hydrogen-free metal: The
system gets softer, which is reflected in a decreased bulk modulus. While hydrogen
softens the Pd-Pd bonds, its presence does not affect the Young’s modulus. Conse-
quently, the Poisson’s ratio decreases with increasing hydrogen loading, indicating an
increasing resistance towards shape deformations. This behavior might assist in the

formation of cracks.

At large values of the uniaxial tensile stress, one can observe the onset of crack for-
mation. I find that the critical tensile stress for fracture decreases both with increasing
temperature and increasing hydrogen concentration. Near the point of fracture, how-
ever, the elastic response of hydrogen-free and hydrogen-loaded Pd is vastly different.
Following the fracture, Pd atoms can be found in well-defined “crystalline” sites in
the fragments or at the crack surface for the Pd system which is free of hydrogen.
In hydrogen-loaded Pd, the metal structure can be called amorphous at the point
of fracture. One can find a broad distribution of Pd sites in this system which can
easily be deformed plastically. I conclude that the hydrogen-induced reduction of the
mechanical stability of Pd (and likely also other metals) originates from an increased
ductility and plasticity in parts of the sample with a large hydrogen concentration,
such as regions near grain boundaries and dislocations. These conclusions agree with
one of the previously postulated mechanisms for “hydrogen embrittlement”, namely
the Hydrogen Enhanced Local Plasticity (HELP) mechanism[Bir |. More detailed

studies will be necessary to confirm this behavior also in bcc metals (such as iron). A
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comparison with corresponding experimental data, stemming from atomic resolution

studies of single crystals would be highly desirable.
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