ABSTRACT

YU, LIPING. First Principles Studies of Interface Dielectric Properties of Polymer/metal-
oxide Nanocomposites. (Under the direction of Dr. Jerry Bernholc).

This thesis is devoted to studying interface dielectric properties of polymer nanocom-
posites from first principles. We aim to understand at atomic scale the role of interface
effects and the dielectric finite size effects of nanoparticles in determining the effective di-
electric properties of polymer nanocomposites.

To study surface effects from first principles, we first investigate the two common
methods, namely dipole correction and Coulomb cutoff, used to eliminate the artificial
effects introduced by using the supercell approximation. We implement Coulomb cutoff
technique in a plane-wave-based density functional theory code and compare it with dipole
correction for the same system under the same conditions. By comparison, both methods
are shown to be equivalent and able to remove the artificial effects of periodic images very
accurately. We also find that a combination of these two methods offers an easy way to
distinguish the localized bound states of interest from highly delocalized unoccupied states
while using a relatively small supercell, and to ascertain the convergence of the results with
respect to supercell size.

To understand the dielectric properties at the atomic scale, we develop a new
nanoscale averaging model to connect the macroscopic quantities to the corresponding mi-
croscopic ones. This model allows us to compute the spatially resolved local dielectric
permittivity, including the critically important ionic contributions, for interfaces and other
complex structures. In this model, a simple way of evaluating real-space decay length of
the nonlocal dielectric functions is also proposed.

By using the dipole correction and our averaging model in supercells, we calculate
the optical and static local dielectric permittivity profiles for polymer (polypropylene) /
metal-oxide (PbTiO3 and alumina) nanocomposites. Our ab-initio results show that metal-
oxide/polymer interface effects are very localized and are mostly confined to the metal-oxide
surface side, and that nanoscale metal-oxide slabs can on average retain the macroscopic
value of bulk dielectric permittivity. These findings suggest that classical mixing laws asso-
ciated with macroscopic composites can be applied to model the overall dielectric constant

of a real polymer/metal-oxide nanocomposite system.
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Chapter 1

Introduction

Polymer nanocomposites are usually defined as the composites of polymers with
dispersed inorganic nanofillers. The nanofiller can be an insulator, a semiconductor or a
metal, and can have spherical, cylindrical, or flake shapes. The polymer can be conductive
or non-conductive. The combination of polymers with nanofillers could yield many novel,
unique and improved properties, and offers the potential to tailor materials for special
purposes. Since 1990s, an intensive research and development effort has been devoted to
the synthesis of various types of polymer-nanocomposites and to understanding of the basic
principles that determine their electronic, optical and magnetic properties [1]. At present,
a number of polymer-nanocomposite-based devices, such as light emitting diodes, photo-
diodes, solar cells, gas sensors, and field effect transistors, have been developed. Due to the
improved long-term stability of polymer-nanocomposites and many other advantages, the
research in this field continues to grow.

Unlike applications of nanotechnology in the photonics and electronics area, the
use of the polymer nanocomposites in the field of dielectrics and electrical insulation has
not attracted a lot of interest until very recently [2, 3, 4, 5]. In 1994, the term “nano-
metric dielectric” [6] was introduced as a future research area associated with polymer-
nanocomposite dielectrics. However, only after 1999, experimental data [7, 8] started to be
reported, suggesting that polymer nanocomposites can gain many advantages in the field
of bulk electric insulation. In particular, it has been demonstrated that polymer nanodi-
electrics can generally exhibit significant improvements in dielectric strength [2], as well as

an order of magnitude improvement in voltage endurance [9].



The current increasing need for high-power density and high voltage capacitors,
gate dielectrics, memories and power-storage devices has stimulated a new wave of research
interest in polymer nanocomposites [10, 11, 12, 3, 13, 14, 15]. By incorporating high-
permittivity inorganic nanoparticles into a polymer matrix with low dielectric loss and
high dielectric strength, one may be able to develop new composite materials that have
improved dielectric properties (resistivity, dielectric strength, permittivity and dielectric
losses) and retain the unique attributes of polymers such as ease of production, light weight,
and often ductilility, etc.. By varying the size and percentage of filler nanoparticles, the
polymer nanocomposites may be fabricated with tailored dielectric properties for specific
applications.

In experiment, designing composite materials for specific electric applications with
a classical ‘trial and error’ approach is quite expensive in both time and money. However,
using theory and modern computers, the desired properties can be modeled, estimated
and corrected. In this thesis, we have undertaken a theoretical study of the permittivity
properties of polymer nanocomposites, aimed at providing ab-initio data for mesoscopic
modeling and guiding of experiments.

The most distinctive feature of polymer nanocomposites, in comparison with con-
ventional micro-composites, is the extremely high interface area between the nanoparticles
and the polymer matrix. The smaller the size of the embedded nanoparticles, the larger the
surface area to volume ratio, which leads to larger interface regions. For filler nanoparti-
cles with modest loadings, the surface area associated with the internal interfaces becomes
dominant in nanocomposites [16]. The properties of these interface areas may differ sub-
stantially from those of both the base polymer matrix and the nanoparticle material. As
a consequence, the interface area may play a pivotal role in determining the overall dielec-
tric properties of nanocomposites. It means that a truly new material, differing from its
constituents, can be created due to the interface zone which can be adjusted by controlling
nanoparticle sizes.

In addition to interfaces, dielectric properties of the polymer nanocomposites also
depend on the polymer [17] and nanofiller materials [18] themselves. For nanoparticles,
especially ferroelectric materials [19, 20], the size effects may also become very important.

The understanding of how different factors determine dielectric properties of poly-

mer nanocomposites is far from being satisfactory. Most of the models proposed so far



are based on the classical electrodynamics, such as the multi-core model [4], various mixing
models [21] and the classical effective medium method [22, 23]. In these models, the effective
properties of composites are generally taken as functions of proprieties of bulk constituents,
volume fraction of components, shape and arrangement of fillers, and polymer-filler inter-
face. The size effects of the nanofiller are totally ignored, and the properties of interfaces are
often assumed, or based on very crude classical approximations, irrespective of (physically
attached or chemically bonded) interface structures. Therefore, the properties predicted by
these models are very qualitative even for a very simple system[23].

Indeed, the regions of surfaces and interfaces in polymer nanocomposites are gen-
erally of the order of nanometers. At this length scale, the theory of macroscopic electro-
dynamics is no longer valid. The methods based on this classical theory then are neither
able to describe and predict correctly the dielectric behaviors across surfaces and interfaces,
nor can they determine whether the size dependence of dielectric properties of nanostruc-
tures arises from a quantum confinement effect or from increased surface-to-volume ratio.
Therefore, to understand the interface properties and finite size effects, one has to rely on
quantum mechanical theory.

Density functional theory (DFT) [24, 25] is today the most widely used quantum
mechanical approach today for electronic structure calculations. It has been proved to
be remarkably successful in interpreting and predicting properties of many-electron sys-
tems. In this thesis, we perform DFT-based first principles calculations to study the
surface and interface dielectric effects in polymer nanocomposites. By focusing on the
polymer(polypropylene) /metal-oxide (PbTiOs and alumina) nanocomposites, the ab-initio
calculations can bring up general, in-depth new insights that classical methods cannot pro-
vide.

Most of the ab-initio methods used to study surface properties typically adopt the
supercell technique and assume periodic boundary conditions in all three directions. The
periodically repeated supercell, containing both the slabs and the vacuum, often generates
two major problems, not present in isolated slabs. First, there are interactions between
periodic images of the slab, even for symmetric non-polar slab. Second, for an asymmet-
ric slab with two surfaces having different work functions, or a slab with a non-vanishing
polarization normal to the surface, a fictitious electric field is induced to enforce the pe-

riodicity of the potential at the supercell boundaries. The charge density self-consistently



achieved under this fictitious field influences the atomic relaxations, energetics, electronic
band structure, and also the dielectric response properties.

In order to study the dielectric properties of the surfaces as correcting as possi-
ble, one needs to get rid of spurious interactions between slab replicas and the unphysical
electric field. Therefore, in the first part of this thesis, we will compare the two common
methods that have been proposed for this purpose and choose the one that is good for our
dielectric calculations. Furthermore, one should notice that the dielectric response function
at the microscopic scale is in principle nonlocal. To understand the local macroscopic per-
mittivity from the microscopic point of view, a special treatment is needed. In our work, we
also propose a new model that can efficiently extract the spatially resolved local dielectric
permittivity across a surface or interface with nanoscale resolution.

The rest of the thesis is organized as follows: in Chapter 2, we outline the general
DFT-based methods that are needed for our dielectric permittivity calculations. In Chapter
3, we investigate the methods that are used to eliminate the unphysical image interactions
created by using a supercell in DFT calculations for surfaces. Chapter 4 presents and
discusses our first-principles results for polymer/metal-oxide nanocomposites. This chapter
also details a new model we developed to study nano-resolved local dielectric permittivity

profiles for large complex systems. Finally, our conclusions are summarized in Chapter 5.



Chapter 2

Methodology

This chapter outlines some general DFT-based theories related to our dielectric

permittivity calculations.

2.1 Density functional theory

Density functional theory (DFT) is a quantum-mechanical theory used to calculate
the electronic structure for many-electron systems. It has become a common tool in first-
principles calculations aimed at interpreting or predicting the properties of atoms, molecules
and solids. There are a large amount of literature on DFT, including excellent reviews and
overviews [26, 27, 28, 29, 30, 31, 32, 33, 34, 35]. In this section, we briefly describe two
core elements of DFT, the Hohenberg-Kohn theorem [24] and Kohn-Sham equations [25],
focusing on the basic concepts. Some approximations involved in DFT are also described
briefly.

Before describing DFT, we look at the traditional ways in quantum mechanics
to solve many-electron problems. For a system of N interacting electrons under an exter-
nal potential v(r) (usually the Coulomb potential of nuclei!), a stationary electron state

is described by a wavefunction ¥(ry,...,ry) satisfying the non-relativistic Schrédinger’s

!Since nuclei have much larger masses than electrons, they are considered as static in studying the
electronic properties. This is called the Born-Openheimer approximation.



equation (SE)?

N N
Hv = [T +V (7] v= |} —;iv? +3 o)+ Ulwiry) | U =BV, (2.1)
i i<j
where T and U are so-called universal operators, representing the electron kinetic energy
and the electron-electron interaction energy respectively, and V is the system-dependent
(i.e., nonuniversal) potential energy from the external field. In this equation, it is the U
term by which the much more complicated many-particle problem differs from the sepa-
rable single-particle problem. The usual approaches to Schrédinger’s equations are based
on the expansion of the wave function in Slater determinants [36]. The simplest one is the
Hartree-Fock method [37]. The more sophisticated approaches, e.g., configuration inter-
action methods, have also been developed during the decades of struggling with quantum
many-body problems. However, due to the huge number of the degrees of freedom in ¥’s
for a large and complex system, these methods require too many computational resources
to be applied to systems.

DFT provides an alternative and much more versatile way to solve the above many-
body Schrodinger’s equation (2.1). It systematically maps the many-body problem, with
U , onto a single-body problem without U by using the charge density as the key variable
which only has three continuous degrees of freedom. The charge density p(r), which for a

normalized V¥ is defined as

p(I‘) :N/d37‘2/d37“3~~'/dgTN‘IJ*(I‘,I'Q,...,I‘N)\I’(I‘,I'Q,...,I'N). (2.2)

In DFT, knowledge of the p(r) leads to the knowledge of the ground-state wave functions

and the potential, and hence one can compute the all other ground-state observables.

2.1.1 The Hohenberg-Kohn theorem

At the heart of DFT, the Hohenber-Kohn (HK) theorem states that for a non-
degenarate ground state system, the external potential v(r) is uniquely determined by the

corresponding ground state (GS) electronic density po(r), to within an additive constant.

2Spin effects are neglected here since we are dealing with non-magnetic materials and only electric prop-
erties are of interest in this work.



For a given GS py(r), one can determine external potential v(r) and calculate the corre-
sponding ground state wave function Wo(rg,ry--- ,ry). It means that for ground states

Eq.(2.2) is invertible and ¥q is a unique functional of py?

\I/()(I‘(], ro:--- ,I‘N) == qf[po(l‘)] (23)

So both ¥y and pg are equivalent and carry exactly the same information. Consequently,

any ground state observable O is also a functional of GS 005
Oy = Olpo] = (¥[p0]|O|¥po]). (2.4)

For the observable of GS energy, its functional can be written as

~ A ~ ~ A~ A

Eo = Elpo] = (¥lpol|T + U + V| ¥[pol) = min (9|7 + 0 + V%) (2.5)

and has the variational property

Elpo] < Elp] = in(W[T + U10) + [ ro(e)o(s) = Flo] + Vo, (2.6)

where p is the arbitrary density in the same potential V, and the internal-energy functional
Fp] is independent of v(r) and only determined by 7' and U. It implies that any density
different from pg would result in an energy greater than GS Ep and GS Ej is obtained only
by GS po.

The above HK theorem has been proved by several ways. The original proof,
given by HK [24], is to show that a contradiction to the variational principle is obtained
assuming that Wq is not uniquely determined by pg. A constrained-search proof consisting
of Equations (2.5) and (2.6) was given independently by M. Levy [38] and E.Lieb [39]. In
addition to these two classic proofs, several other alternative proofs have also been found.
One of these is the so-called ‘strong form of the HK theorem’, based on the inequality
[40, 41, 42]

/d3Ap(r)Av(r) <0 (2.7)

which means that a change in the potential must also change the density and hence there

are no two local potentials with the same GS charge density.

3For degenerate ground states, several of the degenerate GS wave functions produce the same density
and hence the unique function ¥[p] does not exist. However, the energy functional still exist and can be
minimized by po.



Therefore, the HK theorem is rigorous. It exactly reduces the N-body problem to
the determination of a three-dimensional function p(r) which minimize E[p]. However, HK

is still of little use since F[p] is unknown.

2.1.2 The Kohn-Sham equations

The introduction of the Kohn-Sham (KS) equations [25] is the breakthrough in
applications of the DFT. The system of interacting electrons is mapped onto a fictitious KS
system of noninteracting electrons with the same GS electronic density.

Considering a system of interacting electrons, the exact energy functional can be

written as

Elp] =T[n] + Uln] + V[n] = Ts[p] + Unlp] + Exclp] + Vpl, (2.8)

where the subscript s denotes ‘single particle’, and the exchange correlation energy is defined
as Exc =T —Ts + U — Ug. In terms of single particle orbitals ¢;(r) of a noninteracting

system with density p(r), Ts* can be expressed as

2 N
T, — _;Lm > / dPrert (1) V2eu(xe). (2.9)

The minimization of E|[p] gives

OE[p]  0Ts[p]  oVIpl | oUnlp]l = 0Exclp]

U So) ~ ap) T optr) T ap(e) T op(e)
_ Tlp)
= 5o +v(r) + vy (r) + vxe(r). (2.10)

In this equation, vy (r) denotes the so-called Hartree term describing the electron-electron
Coulomb repulsion, and vx¢(r) is called the exchange-correlation potential, which includes
all the many-body interactions.

For a noninteracting KS system, its orbitals are given by Schrodinger’s equation

2m

2
[—hvz + Us(r>:| ¢i(r) = €;pi(r) (2.11)
and yield

N
pul) = Y 6i(0)P (212

4 A nonrelativistic treatment is assumed here. The treatment can also be scalar relativistic (using the
relativistic kinetic-energy operator and other simple relativistic corrections, but no spin-orbit coupling) and
relativistic (using Dirac’s equation, also which includes spin-orbit coupling).



The minimization condition for the energy functional of this system is simply

_ OEslp] _ 8Tslp] | 0Vilp] _ Tilp]
op(r)  op(r) = dp(r)  dp(r)

Comparing this with Eq.(2.10), one finds the same p = p, if the potential v, is chosen to be

+ vs(r). (2.13)

vs(r) = (r)+UH +’UXC( )

! dp(r)
By the HK theorem, vy is uniquely defined. Since both vy and vxc depend on p, which
depends on the ¢;, which in turn depends on vs. The Eqs.(2.11)-(2.14) can be solved self-

(2.14)

= I'

consistently, starting with an initial guess of p(r), calculating the vs(r), and then solving
the differential equation (2.11) for the ¢;. From the new charge density calculated from ¢;
by Eq.(2.12), one starts again and repeats the procedure until convergence is reached.

From the solved pp and ¢;, one can then calculate the total energy of the interacting
system by

N /
Bo=) i~ e;/m(r)po(r) B /dgmxc(r)po(r) + Exclpol- (2.15)

r— x|

The equation (2.15) shows that Ej is not just the sum over all ¢;, but also includes three
additional terms which account for particle-particle interactions. The ¢; should be taken
as artificial objects and are actually introduced as the eigenvalues of an auxiliary single-
body equation whose eigenfunctions yield the correct density. Only this density has a strict
physical meaning in KS equations. However, in many situations, ¢; do empirically provide a
reasonable first approximation to the actual energy levels of extended systems. In solid state
physics, this approximation, behind most band structure calculations, often gives results
that agree well with experimental photo-emission and inverse photo-emission data [43]. The
eigenfunctions can also be interpreted as zero-order approximations to quasi-particle wave

functions.

2.1.3 Approximations to the exchange-correlation energy

In Eq.(2.8), the exchange-correlation energy functional Ex¢[p] contains all the
many-body effects of the problem and is typically much smaller that the known terms 75,
Ug and V. It is often decomposed as Exc = Ex + E¢, where Ex is due to the Pauli
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principle (exchange energy) and E¢ is due to correlations. The exchange energy can be

expressed explicitly in terms of single-particle orbitals as

v — x|

e? ()t () os(r r
el = 55 [ SO0 o1
ik

However it has no general exact expression in terms of the density. For the correlation energy
E., the general explicit expression is also unknown, neither in terms of the densities nor or-
bitals. Therefore, in order to make DFT calculations practical, one has to make reasonably
simple approximations for Exc. Up to now, there exist three major types of such approxi-
mated functionals [35], namely, local (TF, LDA and Xa), semilocal or gradient-dependent
(GEA and GGA), and nonlocal (hybrids[44], orbital functionals such as meta-GGAs[45],
EXX[46] and SIC[32], and integral-dependent functionals such as ADA[47]). Here I only
shortly describe the two most popular functionals: the local-density approximation (LDA)

and the generalized gradient approximation (GGA).

Local-density approximation

LDA is the simplest one and was introduced by Kohn and Sham [25] in 1965. The

exchange-correlation energy in LDA is written as

EERA p(r)] = / p(r)exc (p(r)) d¥r = / p(r) {ex + )} dPr (2.17)

and the exchange-correlation potential is given as

LDA € r
okPA ) = ‘fjgf) = excl(p(o) + p(r)fw, (2.18)

assuming that E'x ¢ depends solely upon the value of the electronic density at each point in

space. The most successful LDA is based on the homogeneous electron gas model. In this

model, the per volume exchange energy exc is known exactly,

o 3e2 [(3\Y?
el = <W> p*3, (2.19)

and so the LDA for Ex is

/
Bl = -3 (3) 3 [ roteys. (2.20)
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hom

2o of the homogeneous electron gas is unknown

The analytic expressions for the €
except in the high- and low-density limits corresponding to infinitely-weak and infinitely-
strong correlations [26]. The earlier approximation for €., based on perturbation theory
[48, 49], became outdated with the advent of highly precise of Quantum Monte Carlo
(QMC) calculations for electron gas by Ceperley and Alder [50]. Modern expressions for
€. are parameterized by interpolating the accurate values obtained from QMC calculations
and reproducing the exactly known limiting behaviors. Various approaches, using different
analytic forms for e, have generated several LDA’s for the correlation functional, including
Perdew-Zunger [51], Cole-Perdew [52], Perdew-Wang [53] etc..

The LDA has proven to be amazingly successful, particularly in condensed matter
systems. The partial reason for this success comes from systematic error cancellation [54,
49, 55]: LDA typically underestimates Ec but overestimates Fx, resulting in unexpectedly
good values of Exc. This error cancellation is not accidental, but caused by that fact that
for any density LDA zc hole satisfies the correct sum rule.

The LDA also has some well-known limitations, and is not often accurate enough
for quantum chemistry applications. For instance, LDA can underestimate a semiconductor
band gap by up to 50%. In molecules and solids, LDA badly overestimates the cohesive
energies and bond strengths, and underestimate the bond lengths. In addition, for a finite
system, the LDA potential vxc decays exponentially, exhibiting an incorrect long-range
behavior, while the true vxc decays much slower in a Coulombic manner. The artificially
rapid decay manifests itself in the number of Kohn-Sham orbitals that the LDA potential
can bind. The LDA potential can not support a Rydberg series and those states it does
bind are too high in energy. This results in the HOMO energy being too high in energy, so
that any predictions for the ionization potential based on Koopmans’ theorem [56] are not

good [34].

Generalized gradient approximation

Any real system is spatially inhomogeneous, i.e., it has a spatially varying density
p(r) and the electrons are exposed to spatially varying electric fields produced by the nuclei.
The GGA is the simplest extension of LDA to include the spatial variation as a term Vp(r)

in the functional. The general form for the exchange-correlation energy functional in GGA
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is written as
B = [ exololr Voot (2:21)

Unlike LDA which has only one expression for 6}}("81 with the various parametriza-

tions (i.e., different ways of writing it), GGA is not unique: different choices of the functional
exc(p, Vp) can lead to very different GGA. In quantum chemistry, GGAs are often obtained
by fitting parameters to test sets of selected molecules. In physics, GGAs tend to empha-
size the exact constraints. Nowadays, there are many GGA-type functionals available. The
most popular (and maybe the most reliable) GGAs are BLYP (Becke’s exchange functional
[57] combined with the correlation functional of Lee, Yang and Parr [58]) in chemistry and
PBE [59] (Perdew, Burke and Ernzerhof) in physics. PBE GGAs are designed to improve
PW91 (Perdew and Wang) GGAs [60] which have some unphysical wiggles in the PW91
xc potential for small and large reduced-density gradients, and do not satisfy some exactly
known features of Exc.

GGA functionals usually yield much better atomic energies and binding energies
than LDA, and give reliable results for all main types of chemical bonds (covalent, ionic,
metallic and hydrogen bridge). However, GGAs are still local and they can reproduce only
phenomenan due to charge overlap. For the van der Waals interactions that have a non-local

character, both GGA and LDA fail [61].

2.1.4 Pseudopotentials

To make the DFT calculations more practical, pseudopotentials (PP) are often
used for ions. Using PP, the basis set size and the number of electrons are greatly reduced
in solving KS equations. The ionic potentials enter the KS equation (2.14) as parts of the
external potential vey¢. For large system in DFT, especially in solids, the strong Coulomb
potentials of the nuclei and the effects of the tightly bound core electrons are replaced by
pseudopotentials acting on the valence electrons. The idea behind the PP is that chemical
binding in molecules and solids is dominated by the outer (valence) electrons of each atom.
The inner (core) electrons retain a atomic-like configuration and their orbitals change very
little when the atom is put in a different chemical environment. Hence, it is reasonable to
freeze the core electrons with the nucleus, and leave only the valence electronic density to

be determined self-consistently for the system of interest.
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The aim of pseudopotential theory is to find useful pseudopotentials that can
faithfully represent the scattering of electrons over a desired energy range. The scattering
properties of a localized potential can be concisely described by phase shifts. For any
potential that gives the same phase shift, the scattering cross-section and all properties of
the wave function outside the scattering region are exactly same [62]. Therefore, a simple
and weak effective potential without nodes can be used to reproduce all scattering properties
of a true potential with nodes. On the other hand, it means that the pseudopotentials are
not unique.

The earlier developed pseudopotentials are usually local and not accurate enough
for all the properties of interest [63, 64, 65]. However it is worth mentioning here that
the orthogonalized plane wave (OPW) method, introduced by Herring [66, 67] is the direct
antecedent of modern pseudopotential and projector augmented wave (PAW) methods [68,
69]. Modern pseudopotentials, based on “ab initio norm-conserving” [70] concepts, have now
been widely used for much of the current research and for development of new methods in
electronic structure theory.

Modern norm-conserving PPs are generated from all-electron KS calculations and
are not fitted to experiment. They are constructed using the following requirements (see

Fig. 2.1.4):

e All-electron and pseudo valence eigenvalues must agree for a chosen atomic reference

configuration;

e All-electron and pseudo valence wave functions must be the same beyond a given core
radius 7., which is usually located around the outermost maximum of the atomic wave

function;

e The integrated all-electron and pseudo charge inside r. must be equal for each wave

function (norm-conservation).

From the first two requirements, it follows that the potentials outside r. are also
same. Inside the the r., the pseudo potential and the wave function differ from all-electron
counterparts and are usually much smoother. The last point is crucial. It has been shown
[70] that the norm-conservation condition actually implies that the logarithmic derivatives

of the all-electron and pseudo wave functions match at r. to second order in € — €pound,
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All-electron wavefunction

r

All-electron potential

Figure 2.1: Comparikon of a wave function of the Coulomb potential of the nucleus (blue)
to the one of the pseudopotential (red). The all-electron and the pseudo wave functions
and the potentials match beyond a certain cutoff radius r..

which means the same scattering phase shifts for both all-electron and pseudo potentials
to linear order in energy around the chosen energy ¢;. Therefore, this point ensures good
scattering properties and good transferability.

Norm-conserving PP has been extended by Blochl [71] and Vanderbilt [72], who
showed that “ultrasoft pseudopotentials” can be defined by using auxiliary localized func-
tions to improve the accuracy of norm-conserving PP and to reduce the computational cost.
More recently, the advent of the PAW method [68, 69, 73] has completed reformulation of
the OPW methods into a form that is particularly appropriate for DF'T calculations of to-
tal energies and forces. Both norm-conserving and ultrasoft PPs can be derived from PAW

methods as special cases.

2.1.5 Supercells

In solid state physics, we are dealing with crystal structures in which the positions

of atoms are repeated periodically in space. A supercell refers to a repeating unit cell of
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the crystal that contains one or several primitive cells. In real cases, instead of studying
the enormous number of electrons and nuclei of crystal, one studies these properties in a
supercell cell using Born-von Karman (or periodic) boundary conditions (PBCs). Combined
with plane-wave expansions, PBCs have been extensively applied to the quantum ab initio
studies of properties of crystalline solids. Due to its simplicity and a unified numerical
scheme for both periodic and aperiodic systems, the supercell method has been extended to
study aperiodic systems, such as defects in solids [74], substitutional alloys, and other finite
systems, such as molecules [75], wires and slabs. For finite systems, enough empty space
between the periodic replicas has to be inserted into a supercell, so that the interactions
between them are weak. In this work, we focus on surface and interface systems, using
this supercell method. In order to eliminate the artificial interaction of the replicas and
reduce the computational cost, some additional techniques need to be employed. In the
next chapter we investigate two most commonly used such methods.

In a periodic potential, i.e., U(r+R) = U(r) for all R in a Bravais lattice, the Bloch
theorem states that the eigenstates 1) of a one-electron Hamiltonian H = h?V?/2m + U(r)

have a special form:
ic(r) = e Tuy (), (2.22)

where ug (r + R) = uk(r). The Born-von Karman boundary conditions further impose that
the eigen wave-function must be periodic over a volume commensurate with the supercell

of the underlying Barais lattice, i.e.,
Y(r + Nya;) = ¢(r), i=1,2,3, (2.23)

where a; are the three supercell vectors and N; are all integers of orders of N /3 where
N = NjNyNj is the total number of the supercells in the crystal. Under this condition, the

wave vector k must be real and has the form

m; _
k= Z ﬁlbi, m; integer. (2.24)

as
by

by  bs
=

Ak —=
No 8 N3

( )Z%(bl‘bsz@:%' = {. (2.25)
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Hence the number of allowed wave vectors in the reciprocal cell is equal to the number of
supercells in the crystal. In the limit of a large (macroscopic) crystal, the Ak goes to zero
and k can then be taken as a continuous variable.

All possible eigenstates 1); x can be specified by k within the first Brillouin zone
(BZ) and the band index i. Many properties, such as the charge density, total energies,
etc., which are functions of 1); x, are obtained by a sum or integration in k over the first

BZ. For a general function f;(k), its average value per cell becomes,

2md

. ) _ chll )
fi = Zfl QBZ dkfl(k) = /szfl(k). (2.26)

In real calculation, integration is often take over in an irreducible BZ, instead of
the full BZ, by considering the symmetries in a crystal. Moreover, special k-points are
often chosen for efficient integration of smooth periodic functions. In our work, we choose
the most widely used Monkhorst-Park [76] special k-points. This special k-point choosing

method leads to a uniform set of points determined by a simple formula valid for any crystal:

3
2n; — N; — 1
knl,ng,ng = Z - 2NZZ Gi; (227)
where Gj is are the reciprocal vectors corresponding to the supercell in the crystal.

2.1.6 Plane wave basis

In practice, a numerical solution of the KS equations (Eq.2.11) typically proceeds
by expanding the KS orbitals in a suitable set of basis functions and solving the resulting
secular equation for the coefficients in this expansion. Many basis functions have been
constructed, such as plane waves (PW), linear combinations of atomic orbitals (LCAO),
orthoganized PW (OPW), linear muffin tin orbitals (LMTO), linear augmented plane waves
(LAPW), Gaussian type orbitals (GTO), etc. In this work, all calculations are done in the
Quantum-Espresso code with a PW basis [77]. Hence, in the following we only describe PW
methods. The PW have many attractive features: they are naturally periodic, orthogonal,
independent of atomic positions, fixed by the crystal structure and by the cutoff, and they
have no basis set superposition errors, and can use Fast Fourier Transformations (FFTs)

efficiently.
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A PW basis set is defined as
1 aiaye I 2
§0k+G(I') = <I"k —+ G> = ﬁe s %‘k + G| S Ecuta (228)

where Q is the volume of the crystal, G is the reciprocal lattice vector and E.y; is the cutoff

of the kinetic energy. With this definition, the normalization becomes:
k+Glk+G) =dgc- (2.29)
An eigenfunction expanded in this PW basis can be written as

Pix(r) = Z ca(rlk+G). (2.30)

G

By inserting Eq.(2.30) into the KS equation (2.11), multiplying from the left by (k + G/|
and by integrating as in Eq.(2.29), we obtain the KS equations in the PW basis as

h2
Z(k + G| - %VQ +us(r) |k + G)eig = €icigr- (2.31)
G

The matrix element of a kinetic operator is simply

h2

2m

h2
(k+G'| - %V2|k+(}> = —|k+G]*ca- (2.32)

For a crystal, the KS potential is periodic and can be expanded as
vs(r) =D 0s(Gi )G, (2.33)
m

where

1
chll

Thus the matrix element of the potential becomes

vs(G) vs(r)e ST dr, (2.34)

(k+ G|k + G) = > v:(Gm)dar-a.a,,» (2.35)

m

which is nonzero only if G and G’ differ by some reciprocal lattice vector G,.
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2.2 Density functional perturbation theory

DFT is a powerful approach to calculate the ground state charge density and the
total energy, which give access to a wide number of experimental observables. Density
functional perturbational theory (DFPT) extends the scope of DFT. Compared to finite-
difference methods, DFPT is more powerful and provides an easy and systematic way to
calculate quantities related to derivatives of the total energy (or charge density) with respect
to a small perturbation of the potential applied to the system. DFPT was first proposed
by Baroni, Giannozzi and Testa [78] as the linear response to atomic displacement and
then generalized to various other perturbations [79, 80, 81]. Their formalism is based on
the Sternheimer equation, Green’s functions and sum-over-states techniques. A different
formalism of DFPT, due to Gonze [82, 83, 84], is based on the variational principle, providing
more accurate expressions for the energy derivatives, and giving also access to arbitrary
order of perturbations based on the 2n+1 theorem [85]. Both methods have been commonly
used and discussed in detail in the review by Baroni et al. [86].

The basic ansatz behind DFPT is that a general observable of the system X, such
as the wavefunction, electron density, potential, energy, etc., can be expanded as a small

perturbation series in A around their unperturbed values X©, i.e.,
X)) =XO 4 ax® 4 32x@ 4 ... (2.36)

The expansion coefficients are given by simple numerical coefficients:

1d"X
XM = — .
n! dA\™ |, _,

(2.37)

The applied potential, external to the electronic system, is supposed to be known through
all orders, and our goal is to calculate the X (™ for other quantities.
The variation of the Kohn-Sham orbitals, gbg)(r), can be obtained by standard

first-order perturbation theory, i.e., the Sternheimer equation [87],
(HiQR — D)D) = —(V5 — D)ol (2.38)

where H}% is the unperturbed KS Hamiltonian,

(1) d
por Vze|P
V@ = v+ [ LGy Tl 00
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is the first order correction to the Kohn-Sham potential, and

) = (BP0 (2.40)

is the first order variation of the KS eigenvalue e%o). The first order variation of the charge

density can be obtained as

N/2
p = 23 (1) (r) + cc. (2.41)
n=1
N/2 ()11}, (0)
_ (0% () (0% () (P | Vs [¥n )
23 5 o el (242

Equations (2.38)-(2.41) form a set of self-consistent equations for the perturbed
system analogous to standard KS equations. Eqgs.(2.38) are linearly coupled to each other.
Thus the set of ¢{1)’s is the solution of a problem of dimension (NM /2 x NM/2), where M
is the size of the basis set used for representing ¢’s. Since only occupied states are needed to
construct the right side of equation (2.38), the computational cost of determining the density
response to a perturbation is of the same order as that needed to calculate the unperturbed
ground-state density. On the other hand, Equation (2.42) indicates that the contribution
to the electron-density response from products of the occupied states cancel. Therefore the
response of the system to an external perturbation depends only on the component of the
perturbation that couples the occupied-state manifold with the empty-state one [86]. All
the above applies to insulators. For metallic systems, a finite density of states occurs at the
Fermi energy and a change in the occupation number may also occur upon the application
of a perturbation. A modification of DFPT to treat metal systems have been discussed by
de Gironcoli [88].

In this work we use DFPT to calculate the bulk dielectric permittivity given as
the second derivative of the total energy with respect to the applied electric field. Both
high-frequency and low-frequency dielectric permittivities are considered. The perturbation
potential due to a homogeneous electric field is linear in space, but it breaks the periodicidity

of the crystalline lattice:
v =>"E, - ra. (2.43)

To deal with this problem, the long-wave method is commonly used. A linear potential is
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obtained as the limit of q approaching 0 for
2 si . iqr —iq-r
o(r) = i AT i (2 - (2.41)
qa—0 al a—0  \'ilg|  ilq
In DFPT the high-frequency permittivity mainly comes from the electronic con-
tribution and can be obtained as [84]
o 4m E&EB 0).,,ea ,,€8
€ap = Oap— Q—QEQI {u sutY,u }

= daB — % /Bz Z s (<uf§k|Hl((?l){ — 652L|uifk> — <ui§k|iuf,fk> <wmk|umk>> dk

. 5 (G)
ST [ ()] 67 (x)dr — 167 . (249)
0 Jo, dp b0 o0 GZ;O “ar

At low frequencies, phonons are coupled to macroscopic electric fields. Hence, to
compute the low-frequency permittivity tensor, one has to include the ionic (or lattice)
response to the electric field perturbation. The polarization due to the ionic displacement
induced by the field can be dominant, especially for polar materials. Following Gonze et

al., at the long-wavelength limit, one derives the low-frequency permittivity tensor:

2 -1 *
eaﬁ( ) - eaﬁ+ Z Ko [ q= O) Mw ]my’ KB ZH,Bﬁ” (246)

ww! ol B!
where Z : ap 18 the Born effective charge, defined as the proportionality coefficient relating
the induced dipole moment per unit cell along o and atom displacement along 3 at zero
macroscopic electric field. It also describes the linear relation between the force on the atom
and the applied macroscopic electric field. Hence, it can be calculated in two ways:

0P,  OF..
Orp(@=0)  Oeg

t g =0 (2.47)

By using eigendisplacements Up,q(k8) of C(q = 0) and by defining the mode-oscillator

strength tensor

Sim,ap = (Z o, mq=o(m')> | 2 Z o Uma=o(w'5) (2.48)

I{//B/
eq.(2.46) can be written in a simpler form

4 Sm’ag

€ap(W) = €ap + o) (2.49)

2 _ 2
— Wi — W
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2.3 Modern polarization theory

Electric polarization is a basic quantity in the theory of the dielectrics. The clas-
sical definition of polarization, expressed in terms of the dipole moment per unit volume,

i.e., with obvious notations,

P= % (ZH: Z.R, — /Q drp(r)r> , (2.50)

is only valid for a finite system. For an extended system, this definition is only acceptable
if the polarization elements are discrete. However, in a real dielectric, the electronic density
is continuous and there is no unique way to find the dipole moment as a sum of dipoles by
‘cutting’ the charge density into discrete finite regions. Hence, the dipole of a unit cell is
ill-defined. The origin for this non-uniqueness comes from the unbound position vector r in
Eq.(2.50).

Therefore, a proper definition of bulk polarization in a crystal requires that the
expression in terms of r be replaced by a different form. This can be done by using the
relation between polarization field P(r,t) and polarization current j(r,t):

dPé;’t) =j(r, 1), (2.51)
which indicates that a static change in the polarization can be calculated from adiabatic
evolution of a system with time. Since the polarization current is a physically measurable
unique quantity, the change in polarization AP can be strictly determined through currents

and be taken as a fundamental definition of polarization,

P(r,t) = /t dt'j(r,t"). (2.52)

In this definition, the j should be specifed as the current that flows through the material
under the condition of zero internal macroscopic field, which ensures the periodicity of the
Hamiltonian and excludes influence of extrinsic charges.

The definition of polariztion in Eq.(2.52) is physically correct but is not sufficient
for applications. The quantum mechanical resolution to the polarization problem for an
extended crystalline has been derived only in 1990s, and is known as the modern polarization
theory (MPT) [89, 90, 91]. It makes polarization calculations practical using the already

well-proven tool of the electronic structure theory.
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According to MPT, the bulk polarization is defined as a Berry phase of the elec-
tronic Bloch wavefunctions. The detailed derivation of the theory can be found in the
references [92, 89, 93, 90]. Here, only some main formulas of the theory are outlined and
discussed briefly.

Let us consider two states Ay and Ay of a crystal, connected by a continuous
adiabatic transformation of the Hamiltonian described by revolution of a variable A, which
usually parameterizes displacements of atoms in a unit cell. During the transformation, the
macroscopic electric field is always required to vanish. The change in electronic polarization
AP induced by this transformation can then be obtained from Eq. (2.52) with time ¢
replaced by A,

oP
AP_/Al dA (2.53)

The first derivative of P with respect to A is well defined in the infinite system and is given

by [92]

occ empty

B Qzeh ZZ Z |p] < k“?\VKS/a/\W k) + c.c. (2.54)

zk —€3)?

where (2 is volume of the crystal. It has been proved [89] that the integral of Eq.(2.54) over

a closed loop in parameter space results in a change in polarization which takes the form

0P eR
f{ e (2.55)

where y and R correspond to the unit cell volume and a lattice vector. This suggests
that the electronic polarization is well-defined modula eR/€y. Furthermore the integral
in Eq.(2.53) has been shown to be independent of path between A; and Ay and can be

Computed from
A 9)\ 1 2)s .

where P()) is given in terms of geometric Berry phase [94] v by

occ

P()) = 'y——Im/ dkz WA Vil ) (2.57)

where w;k(r) are the periodic part of the Bloch wavefunction and obey the “periodic gauge

condition”

U (r) = e C T (r). (2.58)
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The physics behind Eq.(2.57) becomes more transparent when this expression is written in
terms of centers of the Wannier functions Wi()‘) (r) of the occupied bands,

occC

P(\) = —(22‘22 / W (r) Pr (2.59)
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Chapter 3

Equivalence of dipole correction
and Coulomb cutoff techniques in

supercell calculation

In ab initio calculations of surfaces or non-periodic systems one frequently relies
on the supercell approximation, where the periodic replicas of the system are separated by
enough empty space to avoid spurious interactions between successive images. However,
a vacuum separation is not sufficient to screen dipolar interaction that appears in asym-
metrically charged or polar systems. The dipole correction and Coulomb cutoff methods
are often used to eliminate such interactions between periodic replicas. In this work, these
methods are compared under the same conditions in the framework of plane-wave-based
Density Functional Theory (DFT). The dipole correction method is shown to be equivalent
to the rigorous Coulomb cutoff formalism in calculations of total energy, force, charge den-
sity and self-consistent potential. We demonstrate that the band structures obtained by
these methods coincide for localized bound states and that the corrections have essentially
no influence on occupied energy bands, only substantially affecting unoccupied bands. By
comparing the results of the two methods, the localized bound states of interest can be
easily distinguished from highly delocalized unoccupied states using a relatively small su-
percell. This comparison offers substantial savings in computational time when ascertaining

convergence with supercell size. The accuracy of the dipole correction method is also con-
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firmed by comparing the results for a model ferroelectric BaTiO3 slab with a Berry phase
calculation of polarization for the bulk system. (Most of this chapter has been published in

Phys.Rev.B 77, 245102(2008))

3.1 Introduction

The plane-wave method with Born-von Karman periodic boundary conditions
(PBC’s) is one of the most important state-of-the-art techniques in electronic structure
calculations for systems ranging from bulk solids to molecules and surfaces [95]. The sys-
tems are considered to be repeated periodically in three-dimensional space and the supercell
approximation is commonly adopted when non-periodic systems, such as surfaces, nanos-
tructures or molecules are investigated. When necessary, e.g., for modeling surfaces, a
vacuum region is inserted into the supercell to separate the periodic replicas along the ape-
riodic direction(s). However, the supercell approximation artificially introduces spurious
dipole interactions between periodic images when there is a net dipole moment or charge
in the cell . The dipole interactions lead to results that display strong dependence on cell
size and shape, possibly introducing artifacts into the calculations.

The issue of eliminating the undesired interactions between the periodic images
has been extensively discussed in the literature. Several different methods have been pro-
posed [98, 99, 100, 96, 101, 102, 103, 104, 105, 106, 107, 97, 108, 109, 110]: Makov and
Payne [96] correct the electrostatic energy functional (but not the potential) for an ape-
riodic system by adding a dipole-dependent term in a cubic supercell. Kantorovich [105]
generalized this method to cells of arbitrary shape. Another kind of method obtains the
electrostatic potential by subtracting out countercharge matching multiple moment of the
charge distribution, and solving for that part using boundary conditions of an isolated sys-
tem [106, 110]. A different approach is to introduce a modified Coulomb potential with a
spatial cutoff [102, 103, 108, 109]. This Coulomb cutoff formalism can remove all spurious
image interactions introduced by the long range part of the Coulomb potential, including

dipole and all higher order multipole interactions. It has been demonstrated to be exact

!Note that higher order multipole corrections are negligible in a polar slab system. The quadrupole-
quadrupole interaction decays as L™°, where L is the linear dimension of a supercell. It is clearly negligible
for supercells as large as the ones used in typical calculations [96]. Moreover, it has been shown that adding
the quadrupole corrections does not noticeably improve the accuracy of the results [97].
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and rigorous for clusters [102, 103], slabs [107] and even wires [108]. For polar slabs, the
simple to implement dipole correction method, which introduces a correcting dipole in the
vacuum region, has been widely used in calculations [111, 112]. It was originally proposed
by Neugebauer and Scheffler [100] and later corrected by Bengtsson [104].

Unfortunately, the above methods have never been consistently compared to each
other. It is therefore difficult to know which one is the most suitable for the system at hand.
In particular, it is not clear yet whether the simple dipole correction [104, 100] is sufficiently
effective in cancelling the spurious interactions due to PBC’s in planar polar slabs.

In this paper we compare the dipole correction method [104] with the exact
Coulomb cutoff formalism [107, 108] that we implemented in the plane-wave based density-
functional code PWSCF [77], in which the dipole correction method was already coded as
an option. We studied the convergence of these two techniques via computation of the total
energy, force, charge density, potential and electron band structure. Our results demon-
strate that the dipole correction method is equivalent to the Coulomb cutoff formalism.
As such, both methods can completely cancel the spurious interactions between periodic
images in a polar slab system. As already noted in Ref. [108], we find that the corrections to
the band structure substantially affect the unoccupied electronic states, but have negligible
influence on the occupied ones. This finding is important when studying optical or excited
state properties of polar slabs. In fact, as will be described below, comparisons between the
two methods provide a cost-effective avenue for confirming the convergence of the results

with respect to supercell size.

3.2 Coulomb cutoff formalism and dipole correction tech-
nique
In the supercell approach, periodic images of the system interact with each other

through the long-range Coulomb potential, i.e., the electrostatic potential V' (r) that satisfies

the Poisson equation with PBC’s. It has the form of a convolution

V(r) :/ n(r) d3r':/n(r')v(|r—r'])dr’. (3.1)

11 space ‘I‘ - I‘"
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In reciprocal space for a 3D periodic system with reciprocal lattice vectors G, Eq.(3.1) can

be written using the convolution theorem as
V(G) =n(G)v(G), (3.2)

where n(G) and v(G) are the Fourier transforms of the charge density n(r) and long-range
Coulomb potential v(r).
To remove all undesired interactions between periodic replicas in the Coulomb

cutoff formalism [102, 107, 108], one replaces Eq.(3.2) with a modified one

V(G) = a(G)i(G) (3.3)

where the Fourier integral
H(G) = / B(r)eC T ddy (3.4)
all space
corresponds to a modified Coulomb interaction

ﬁ for |z — 2| < L
(e — ) = (35)

0 otherwise.

The modified charge density 7(r) is still 3D periodic, but the range of the cutoff parameter
L must be equal to the supercell dimension in the aperiodic direction, and at least twice
the slab thickness [108]. Here, the slab thickness is defined as the distance between the two
surfaces outside the slab where charge densities are essentially zero, and not the distance
between the top and bottom atomic surfaces of the slab. By choosing L and the slab
thickness in this way, the densities belonging to different slab images will not overlap and
cannot interact through o(r).

In plane-wave-based DFT calculations, the electrostatic energy is decomposed into
three terms: Hartree, ion-electron and ion-ion interaction. Within the Coulomb cutoff
formalism, each term has an analytic form in reciprocal space for a 2D slab system (refer
to Refs. [107, 108] for the exact expressions). The divergent terms at G = 0 are shown
to cancel exactly when the cutoff is applied to both the ionic and Hartree potentials. The
regular spherical energy cutoff still can be applied after separating surface terms that need

higher cutoff G, and special care (see discussion in Appendix B of Ref. [107]).
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The dipole correction method [104] is based on the observation that the electro-
static potentials on the two sides of an isolated slab with nonzero net dipole moment m are
different, and the use of PBC’s introduces an artificial uniform electric field in the supercell
that cancels the potential jump across the slab. To eliminate the unwanted electric field,
one introduces a dipole layer in the mid-vacuum region of the supercell. Furthermore, a
true external electric field Feyxt can also be applied to the slab in the same way by adjusting

the strength of the additional sawtooth-like potential [113, 111, 114]

dmm

dip(y _ _ _ ¢ ¢
VEP(2) e < . ext) 5 —5 <2<y (3.6)

The dipole-corrected potential V(r), total energy Eio and Hellmann-Feynman forces Fp

become
V(r)= Vdip(z) + VO(I‘), (3.7)
2
Eiot = Egot + <7;m - ext> Am, (3.8)
0 4mm\
Fi=F; +eZ1 | Eext — Y Z, (3.9)

where VO(r), EY, and F{ are the calculated electrostatic potential, total energy and force
without dipole correction, Z7 is the ionic charge of I-th atom and A is the area of the surface
unit cell.

We should stress that the Coulomb cutoff and dipole-correction methods corre-
spond to two different physical procedures, rather than mathematical transformations of
the same expression. The former is considered to be exact, rigorous, and able to remove
all spurious interactions between periodic images. However, it is more complex to imple-
ment and needs modifications for including non-zero electric field. In contrast, the dipole
correction can simultaneously cancel the undesired artificial electric field due to PBC’s and
include an external electric field applied to a slab, but it is difficult to ascertain whether the
artificial electric field completely cancels all interactions between the periodic replicas. The
two methods may also differ in their convergence properties with respect to supercell size.
In order to investigate these issues, it is necessary and fruitful to compare these methods
under the same conditions and for the same physical system.

To accomplish this, we implement the Coulomb cutoff formalism in the PWSCF [77]

code, where the dipole correction method was already programmed [115]. We are thus able
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Figure 3.1: Band structures of Na sheet with and without Coulomb cutoff correction in
supercell thicknesses of 19 a.u. (a) and 76 a.u. (b). The Fermi energies in the two supercells
have been aligned.

to perform calculations with no correction, dipole correction, and Coulomb cutoff, in the
same supercell and with the same inputs (such as cutoff energy, k-points, pseudopotentials,
etc.). The slab is centered in the middle of the supercell along z direction and the supercell
size is chosen large enough so that the Coulomb cutoff formalism exactly removes all the
undesired interactions. Our calculations use the cutoff energy of 30 Ry, Vanderbilt ultra-
soft pseudopotentials [72] with Perdew-Zunger (LDA) parameterization of the exchange-
correlation functional [116], and an in-plane Monkhorst-Pack k-point grid of 8 x 8 [76].

3.3 Results and discussion

As a first test of the implementation of the Coulomb cutoff formalism in the PWSCF
code, we computed the total energy and the electronic band structure of a non-polar Na
sheet in a supercell of size 7.6 x 7.6 x 19 a.u. As expected, the total energies from calculations
with and without the Coulomb cutoff are the same, i.e., -0.651110 Ry, because the sheet
is non-polar. The electronic band structure, which agrees very well with that in Ref. [108],
shows that the occupied band states obtained with the Coulomb cutoff correction applied
are essentially the same as the ones obtained without the correction, while the unoccupied

bands start to differ as their energies increase (see Fig. 3.1a). In the Ref. [108], the authors
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Figure 3.2: Plane-averaged total potential (thick black curves) along the normal direction
of the Na-layer slab with no correction in supercells of thicknesses of (a) 19 a.u. and (b) 76
a.u. The three lowest energy bands at the I' point and their corresponding electron densities
without correction and with Coulomb cutoff correction are also shown.

also found the same effect for a Si chain and stated it is due to greater delocalization of
states at higher energies.

To understand this effect more explicitly, we plot in Fig. 3.2a the planar average
of the total potential and squares of the wave functions of the three lowest band states at
I". It shows that the supercell of 19 a.u. thickness is too small for the potential to become
flat in the vacuum region. In this small cell, the third lowest I state does not decay to
zero in vacuum, which inevitably leads to overlap interactions between states belonging
to neighbor slab images. This state then behaves like a bulk one and the Coulomb cutoff
correction is no longer valid. It changes both the bulk-like wave function and its band
energy. When calculations are performed in a larger supercell (76 a.u.) with more vacuum,
the flat vacuum potential around the slab is recovered (see Fig. 3.2b) and the band structure
difference between results with and without the Coulomb-cutoff correction disappears (see
Fig. 3.1b). In this large supercell, the third lowest I" state is well localized within about 25
a.u. from the slab and the Coulomb correction does not affect it.

From Figs. 3.1-3.2, we conclude that differences between results obtained with and
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Table 3.1: Calculated total energy, force on the oxygen atom and dipole moment per unit
area for a water-molecule sheet in a supercell of size 5.67 x 5.67 x 23 a.u. See text.

Total Energy (Ry) F.(O) (Ry/a.u.) Dipole moment(e/a.u.)

No correction -34.335063 0.014020 0.018996
Dipole correction -34.329478 0.014475 0.016516
Coulomb cutoff -34.329477 0.014497 0.016518
Double cell -34.329482 0.014355 -

without the Coulomb cutoff only occur for those unoccupied states that overlap with their
periodic images due to limited size of the vacuum region. These differences disappear in a
very large supercell, as they should, since there are no dipole interactions between nonpolar
repeated slab images.

For a more meaningful comparison between the two techniques we now turn to a
highly polar slab: a layer of water molecules in a supercell geometry, for direct comparison
with a previous investigation [104].

Table 3.1 shows the total energies, forces and dipole moments for a water-molecule
sheet in a supercell of size 5.67 x 5.67 x 23 a.u., for the cases of no correction, Coulomb
cutoff and dipole correction, respectively. The dipole moment is calculated from the electron
charge density and the point charges of ions. As a reference, we also performed the same
calculation in a nonpolar double cell, where we positioned two water slabs with dipoles in
opposite directions so that no net dipole moment exists in the simulation cell. The results
show that both Coulomb cutoff and dipole correction give essentially the same total energy,
forces and dipole moment, which also agree very well with the results of the double cell
calculation where no correction is needed.

Fig. 3.3 shows the convergence of total energy with respect to the supercell size
¢ (a is fixed at 5.67 a.u.) with and without the corrections. At supercell sizes c¢/a > 3,
the Coulomb cutoff and the dipole corrections are essentially converged, while without a
correction the convergence is much slower. This behavior agrees well with what is reported
for the Coulomb cutoff formalism in Ref. [108, 102]. Surprisingly and to the best of our
knowledge, no such convergence tests have ever been published for the dipole correction.
In supercells with sizes ¢/a < 3, the Coulomb cutoff correction is not converged, while the

dipole correction is essentially converged at ¢/a = 2. As mentioned in Sec.II, the supercell
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Figure 3.3: Variation of the total energy of a water-sheet slab with various supercell sizes,
calculated with no correction, dipole correction and Coulomb cutoff. The inset shows the
plane-averaged charge density of the water molecule sheet. Its effective thickness d is 1.3a.
See text.

size for the Coulomb cutoff method should be at least twice the slab thickness. The thickness
of the water sheet is about 1.3a; therefore the Coulomb cutoff cannot eliminate all spurious
interactions between replicas for a supercells smaller than ¢ = 2.6a.

In Fig. 3.4 we plot the planar average of the electrostatic potential in the z-direction
for a water sheet in a supercell of size 5.67 x 5.67 x 23 a.u. Except in the mid-region of
the vacuum, the dipole correction and Coulomb cutoff methods give an essentially the same
electrostatic potential. Both potentials introduce characteristic dipole layers in the vacuum,
which allow for proper extraction of the work functions of the two inequivalent slab surfaces.
As evident from the figure, the dipole potential in the Coulomb cutoff method has a shape
that is similar to the electrostatic potential of the slab, but with an opposite sign. This is
why the size of the supercell has to be at least twice the slab thickness. In contrast, the
simple step-like potential in the dipole correction method allows for a significantly smaller
vacuum region and thus a smaller supercell. The dipole method should thus be preferred
for large slab systems.

The calculated band structures of the HoO sheet are shown in Fig. 3.5 for the
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Figure 3.4: Planar average of the electrostatic potential (Vs) for the water sheet with
Coulomb cutoff, dipole and no correction. The positions of the periodic images of the water
slab are shown as vertical gray lines. The vertical dotted line shows the position of the cell
boundary in the middle of the vacuum region.

cases of (i) Coulomb cutoff, (ii) dipole correction and (iii) no correction. Similar to the
case of the nonpolar Na sheet (Fig. 3.1), we observe differences only in the unoccupied
states. In Fig. 3.5a for a small supercell, the Coulomb cutoff and dipole corrections agree
for all occupied bands and the lowest unoccupied band within the whole Brillouin zone,
and for the second lowest unoccupied band at k-points between X and M, while disagreeing
for all other states. For convenience, we call the former coincident and the latter non-
coincident states. By examining their wave functions, we find that all coincident states
are well-localized bound states that decay to zero in the vacuum of the supercell (see the
i = 1 curve in Fig. 3.6a for an example), while all non-conincident states are delocalized
and spread over the whole supercell (see the i = 3 curve in Fig. 3.6a for an example). As
a result, the two methods here do not work accurately for the overlapping non-coincident
states and behave differently. In a larger supercell (¢ = 113 a.u), the non-coincident states
in Fig. 3.5a become coincident states and both correction techniques coincide again.

The comparison between Fig. 3.5a and Fig. 3.5b shows that the non-coincident

states in the small supercell (¢ = 23 a.u.) are far from convergence and cannot be taken
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Figure 3.5: Band structures of the water sheet with Coulomb cutoff, dipole or no correction,
in supercells with thicknesses of (a) 23 a.u. and (b) 113 a.u. The dashed line separates
occupied states from the unoccupied ones. All band structures have been aligned so that
the lowest occupied states coincide.

as correct band states. It follows that to obtain a converged band structure, especially
for the unoccupied states, one needs a huge supercell even with Coulomb cutoff or dipole
correction. Moreover, there also exist unbound non-coincident continuum states (not shown
in the figure), which have higher energies and in principle need an infinitely large supercell
to represent them. Strictly speaking, it is therefore impractical to calculate the high-energy
band structure for an isolated polar slab using the supercell technique. However, in this
work we are interested in low-energy unoccupied non-conincident states, which are well
localized near the slab. The corrections made to the coincident states by both techniques are
substantial in the small supercell, but become much smaller as the supercell size increases.
For instance, the difference between the direct band gaps at I calculated with (2.23 eV) and
without (2.73eV) the correction is about 0.5 ¢V in the small supercell (Fig. 3.5a), but it is
about 0.14 eV in the large supercell (Fig. 3.5b). This difference occurs because the empty
coincident states are still spread out in the vacuum and are therefore substantially affected

by the electric field in the vacuum region, which is due to periodic boundary conditions. The
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Figure 3.6: Plane-averaged electron densities associated with the first and third lowest
unoccupied states at I' of the water sheet along the aperiodic z direction in supercells of
thicknesses (a) 23 a.u. and (b) 113 a.u. with dipole correction. The different vacuum
potentials on the two sides of the polar slab result in a series of potential wells in the total
potential of the periodically repeated supercell (see the dot-dashed blue curve). The third
lowest conduction states in (b) are confined to the lower potential well in the vacuum region.
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electric field obviously decreases as the length of the supercell is increased. After removing
this field by either the Coulomb cutoff or the dipole correction, it is amazing to find that
the corrected coincident bands in this small supercell (¢ = 23 a.u., see Fig. 3.5a) are almost
identical to the ones calculated in a much larger supercell (¢ = 113 a.u., see Fig. 3.5b) and
thus can be taken as converged results.

The above results show that the convergent results for well-localized bound states
can be obtained with either Coulomb cutoff or dipole correction in a relatively small su-
percell. To distinguish these states from highly delocalized or unbound continuum empty
states, one can simply perform calculations with both techniques and compare the respec-
tive results. In this way, one can confirm the convergence for states of interest without
having to carry out calculations for several supercell sizes, thereby saving large amounts of
computer time.

To assess the computational cost of the two corrections we show in Table 3.2 the
average CPU time needed to run a single self-consistent iteration for a test system. The
corrections increase only slightly the computational time compared to the “no correction”

case, and they both cost about the same.
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Table 3.2: Average CPU time in seconds for one self-consistent iteration with and without
the corrections for a molecular sheet of water in a supercell of size 5.67 x 5.67 x 113 a.u.
(25 bands and 16 x 16 x 2 kpoints are used for this test). All calculations are carried out
on an IBM SP4, using from 1 to 8 CPUs.

#procs No Correction Coulomb Cutoff Dipole correction

1 400 410 427
2 234 239 247
4 127 130 133
8 74 78 79

In general, our tests have shown that the dipole correction and the Coulomb
cutoff techniques produce almost identical results for the total energy, force, charge density,
electrostatic potential and the band structure. Therefore, we can conclude that the addition
of a self-consistent dipole to screen the interaction between periodic replicas of a polar
supercell leads to very accurate results. Actually, the additional external dipole layer in
the vacuum can be seen as an effective capacitor. The charge on the plates of the capacitor
produces an electric field that compensates the artificial electric field due to the PBC’s
imposed on the polar slab. The external field introduces a potential drop in the vacuum
region where the wave functions are essentially zero and thus are not affected. Consequently,
the whole supercell has a zero net dipole moment and all periodic interactions are effectively

screened.

3.4 Comparison to Hartree-Fock theory

In order to confirm even more strongly the validity of the two techniques, we
decided to follow an approach similar to that of Fu et al. [117], who carried out a Hartree-
Fock (HF) calculation for genuinely isolated slabs with a localized basis set. They calculated
the bulk spontaneous polarization P;s of ferroelectric BaTiOgs from a bulk truncated slab with
ideal ferroelectric distortions. Their HF result of 0.245 C/m? agrees well with the bulk value
of 0.240 C/m? obtained independently with a Berry phase calculation [89], demonstrating
that indeed one can recover the theoretical bulk value of polarization using genuinely isolated
slabs.

However, a similar isolated slab calculation in density functional theory is ham-
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pered by the fact that the DFT-LDA gap in BaTiOgz is much too small. Due to the small
band gap and the high value of polarization in bulk-truncated BaTiOg slab, Zener (inter-
band) tunneling occurs [118, 119]. This results in metallicity for polar slabs thicker than
three atomic layers, and thus in charge transfer from one side to the other. This transfer
reduces the depolarization field and eventually leads to zero polarization as the thickness of
the slab increases. Hence the bulk spontaneous polarization derived from a planar metallic
slab is zero. This behavior is in contrast with the HF result, where the calculated band gap
is much larger [120]. To circumvent this problem, we created fictitious bulk and slab struc-
tures of BaTiOgz in which the ferroelectric distortions are artificially reduced to 1/10 of the
physical ones. In this fictitious system, the corresponding polarization and depolarization
fields are also reduced, and thus the slabs used in our DFT-LDA calculation for deriving
bulk polarization are still insulators. We have performed polarization calculations with the
reduced distortions using DFT-LDA with dipole correction. From the slab geometry we
obtain Py = 0.0230 C/m?, in excellent agreement with the value of 0.0238 C/m? derived
from Berry-phase calculations. Therefore we can conclude that the dipole correction (or
equivalently the Coulomb cutoff formalism) yield results that are equivalent to the ones
acquired for isolated slabs in a localized basis scheme [117].

As an additional example, we re-examine by using the dipole correction method
in DFT-LDA, the surface properties (primary polarization) of isolated ferroelectric BaTiO3
slab, which was previously studied by Fu et al.[117] within the scheme of ab initio Hartree-
Fock theory with localized basis, enabling them to consider isolated slabs.

In the calculations, we adopt lattice constants (i.e. ap= 7.4251 a.u. and cy/ag =
1.0093) of relaxed perovskite bulk BaTiOs. The values of ferroelectric distortion relative
to fixed Ba are: A(Ti) = -0.0118¢p, A(O;) = 0.0184cp, and A(Oyy) = 0.0123¢p. In slab
calculations a fix vacuum length of six lattice contants (6¢op = 45 a.u.) is used for separating
periodic replicas and is enough for the charge density, electrostatic potential, total energy
and occupied bands to reach convergence.

Following the steps in ref.[117], we calculate spontaneous polarizations P, for an
n-layer bulk-truncated ferroelectric BaTiO3 slab with asymmetric terminations (one TiOq

and one BaO surfaces). In DFT-LDA with dipole correction applied, the spontaneous
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polarization of the slab can be conveniently evaluated as

AV, AV,

C
" 4rl,, 2mney’ or /0 Prot(z)zdz ( )

where AV, is the planar averaged electrostatic potential difference across the slab, and [,, =
nco/2 is the thickness of n-layer slab. As shown in ref.[117], P, can also be approximated
as

2Poo

Py~ 0o + 2, (3.11)
ncy

where 04, and po, are two asymptotic constants of surface charges and surface dipoles, i.e.,
their values for n = oo in our DFT-LDA calculation. The quantity P, is related to bulk
spontaneous polarization through electronic dielectric constant €., as Ps = €oo Po.-

In Fig.3.7, we plot the calculated polarizations P,, as function of 1/n for slabs of
two to twelve atomic layers, and fit them by Eq.(3.11) with and without dipole correction.
Without dipole correction, the intercept at the origin gives P, = 0.018 C/m?, which
corresponds to bulk spontaneous polarization of P, = 0.110 C/m? far away from 0.241
C/m? obtained in a Berry phase calculation [89]. With dipole correction, Ps, = 0o = 0.0
C/m?, which means zero spontaneous polarization for infinite ferroelectric BaTiO3 slab.
Hence, the bulk spontaneous polarization of 0.241 C/m? cannot be recovered in the middle
region of infinite long slab with bulk-truncated structure. It seems to be contrary to the
Hartree-Fock calculation, from which the bulk properties are quickly obtained in the slab
mid-region.

Actually, the above conclusion comes from fitting P, as a function of n using
Eq.(3.11), which is based on the assumption that surface dipoles and surface charges ap-
proach constant values as n increases, and that the bulk properties can be recovered quickly
in the midregion of the slab. In other words, Eq.(3.11) assumes that the polarization P,
or depolarization field F), in the slab midregion become invariant as the thickness of the
bulk-truncated slab increases. In this case, the potential difference AV,, across a polar slab,
which equals the product of the depolarization field and the slab thickness at zero electric
field (i.e. AV, = E, -1,), will increase infinitely as n — oo. This cannot occur in our real
physical system because when AV, is greater than the band gap, the dielectric slab will
undergo an electrical breakdown and become metallic [83], which is known as interband (or
Zener) tunneling [118, 119]. Therefore there exists a critical thickness (d.) beyond which

the insulating polar slab will turn into a metallic one. Once the slab becomes metallic, the
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Figure 3.7: Dipole moment per unit volume (P,) as a function of 1/n with and without
dipole correction for isolated BaTiOs slabs. The solid lines represent two fits to Eq.(3.11).
The two intercepts at the origin are 0.0 and 0.018 C/m?.

charges start transfer from one surface to the other. This charge transfer reduces polariza-
tion or the depolarization field in the slab and could lead to AV,, becoming a constant, only
related to the asymmetric surface properties of two sides, such as the work function. Hence
the assumption of Eq.(3.11) is only valid for insulating slabs where charges are prohibited
from transfering between the two surfaces, and is no longer true once the slab becomes
metallic.

For an isolated BaTiO3 slab with bulk-truncated geometry, its critical thickness
can be estimated from the bulk band gap V,, bulk electronic dielectric constant e, and
bulk spontaneous polarization Ps via

_ €V
© Anp,

(3.12)

Using P, = 0.241C/m? , Vg = 2.08eV, and €5 = 6.09, calculated for bulk BaTiO3 with
our DFT-LDA scheme, one obtains d. = 8.8 a.u., larger than thickness ¢y = 7.5 a.u.
of a two-layer slab and less than 2¢y of a four-layer slab. It suggests that bulk-truncated

BaTiOj3 slab with more than three atomic layers will turn metallic. From our band structure
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Fermi energies are highlighted by dotted curves.
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calculations for BaTiO3 slab with two, four and ten layers (shown in Fig.3.8), one can find
that a two-layer slab is insulating and slabs with four and ten layers are metallic. Their
band structures are similar to BaTiOgs slabs with both sides terminated by TiOg surfaces
[112]. At n = 2, the highest valence band is the O-p state in the TiOq surface layer and
the Ti-d state in this layer corresponds to the lowest unoccupied band. As n increases,
Ti-d states in the TiO9 surface layer move down to the mid-band-gap and cross the Fermi
energy level at ' point. At the same time, the O-p states in the TiOs subsurface layer on
the other side of slab move upward to the mid-band-gap and cross the Fermi energy level at
the M k-point. Both Ti-d and O-p states become partially occupied and conducting then.
The charge exchange between these states leads to global charge tansfer across the slab,
compensating the depolarization field.

As the BaTiO3 slab becomes metallic, the net change of potential across the slab
with n > 4 (see Fig. 3.9) approaches quickly a consant (4.11 eV), which is of the same
order of magnitude as the bulk band-gap (2.08 eV). Therefore, it is physically true that the
calculated asymptotic value of polarization goes to zero as AV/4xl,, — 0 with [,, — oo, and
the surface charge density of slab cannot allow for bulk spontaneous polarization. In the
Hartree-Fock calculation, the bandgap could be more than six times larger than the one
from DFT-LDA calculation [120]. From Eq.(3.12), one can see that this big bandgap in
Hartree-Fock calculation makes the slab with n < 12 still insulating and the assumptions
of Eq.(3.11) can apply. Hence it is also true in Hartree-Fock calculation that the bulk-
properties are recovered in the midregion of the slab at a relatively small number of layers
n.

To confirm the above argument, we perform the same calculations in the scheme
of DFT-LDA with dipole correction for artificial BaTiO3 bulk and slab structures in which
the ferroelectric distortions are artificially reduced to 1/10 of the real ones adopted above.
In this fictitious system, the corresponding polarization and depolarization field are then
also reduced and the critical thickness of slab is so long that slabs with n < 10 still remain
insulateing. The fit of P, versus 1/n for the dipole correction results in Fig.3.10 gives the
asymptotic value of polarization Py = 0 = 0.00345 C/ m?. Using €5, = 6.67 calculated
within our DFT-LDA scheme we deduce that P; = 0.0230 C/m?2, in excellent agreement
with the value of 0.0238 C/m? obtained from our Berry-phase calculations. Without dipole
correction, we get that P, = 0.0135 C/m? and Ps; = 0.0899 C/m?, which is almost four
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Figure 3.9: Potential difference across the slab, AV,,, as a function of n, calculated from
DFT-LDA with dipole correction for isolated BaTiOj3 slabs with bulk-truncated geometries.

times of the bulk polarization calculated from the Berry phase. This suggests that the
dipole correction is essential for slab calculations within DFT-LDA scheme. Therefore,
in this situation, the dipole correction implemented DFT-LDA yields equivalent results
for isolated slabs as a calculation with localized basis set, analogous to a Hartree-Fock
calculation [117], which proves once again that the dipole correction works well and can
also simulate a truly isolated slab accurately.

Since dipole correction is shown to be able to remove all spurious interactions, our
result also illustrates that an isolated ferroelectric BaTiOs with bulk-truncated structure
can not exist in the vacuum at zero field (i.e. open circuit boundary condition). After struc-
tural relaxation with dipole correction, it has been confirmed that a ferroelectric BaTiOs3
or PbTiO3 slab becomes paraelectric and has zero net dipole moment due to strong depo-
larization field [111]. On the other hand, an isolated nonpolar or polar dielectric slab could
also turn metallic in finite electric field [115] during DFT-LDA calculation, and its dielectric
properties would change essentially as well. So to determine the dielectric properties of an

isolated slab in finite electric field, it is crucial to check if the slab becomes metallic and to
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Figure 3.10: Dipole moment per unit volume (P,) as a function of 1/n with and without
dipole correction for isolated BaTiO3 slabs with ferroelectric distortion reduced to 1/10 of
the real relaxed one. The solid lines represent two fitts with Eq.(3.11). The two intercepts
at the origin are 0.0135 and 0.00345 C/m?.

find out the range of the electric fields in which the slab’s polarization scales linearly [121].

3.5 Conclusions

This work shows that the dipole correction and the Coulomb cutoff formalism
techniques are equally effective in eliminating the spurious interactions between periodic
images of polar supercells. The results of either technique are equivalent to the ones that
would be obtained for isolated slabs, as previously demonstrated in HF calculations with a
localized orbital basis. In general, we conclude that both techniques have different relative
strengths, which can be exploited in different contexts: The Coulomb cutoff formalism can
be applied not only to slab geometries, but also to arbitrary-shape nanostructures. However,
for slab geometries the dipole correction is preferred because a smaller supercell is sufficient
for achieving convergence. Moreover, electric fields can be trivially included in the dipole
correction method.

Finally, it is found that both corrections have essentially no influence on occupied
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band states and affect only unoccupied bands. The corrections made to the electrostatic
potentials by using the two methods differ only in the mid-region of the vaccum. Therefore,
for those highly delocalized states which extend to the mid-vacuum-region, the two methods
differ and do not work correctly. By comparing the results of dipole and Coulomb cutoff
corrections, the highly delocalized unoccupied states can be easily distinguished from local-
ized bound states in a relatively small supercell calculation. This identification is important
when determining excited states and optical properties from slab calculations. In general,
careful convergence studies should be performed when calculating properties involving un-
occupied electronic states. Judicious comparisons between the results of the two corrections

make this task much easier and less costly.
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Chapter 4

Dielectric properties of
polypropylene/metal-oxide

interfaces

Nanoscale-resolved dielectric properties of polypropylene / metal-oxide (alumina,
PbTiOg3) interfaces and of the corresponding surfaces are investigated via first-principles
calculations. In order to ascertain the locality of the atomically-resolved permittivity pro-
files, we propose a simple procedure to directly evaluate the real-space decay length of
nonlocal effects in the dielectric susceptibility. Based on this decay length, the microscopic
dielectric response is derived by using a convolution of rectangular and gaussian filters
as the averaging weight function. This procedure converges quickly to the bulk values in
slabs of only moderate thicknesses, while providing atomic-layer-resolved permittivity pro-
files even in the presence of significant relaxations and surface structure. Our results show
that (i) the surface- and interface-induced modifications to the dielectric permittivity in
polymer/metal-oxide composites are localized to only a few atomic layers; (ii) the interface
effects are mainly confined to the metal-oxide side; and (iii) metal-oxide particles larger
than a few nanometers should retain the average macroscopic value of their bulk dielectric

permittivity.
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4.1 Introduction

Recently, the growing need for high-power energy density capacitors and elec-
trical energy storage devices has stimulated intensive research efforts on polymer-ceramic
nanocomposites in which metal oxide nanoparticles are incorporated into a polymer matrix
[11, 12, 3, 14, 15]. Polymers such as polypropylene generally have high dielectric strength,
good flexibility and easy processability at low temperatures, but also have a low dielectric
constant which limits their ability to store energy. On the other hand, metal oxides, such
as ferroelectric PbTiOg, possess very high dielectric permittivity, but are brittle, have low
dielectric breakdown fields and need high temperature sintering. When these two materials
are integrated into a nanocomposite, they offer the possibility of achieving high energy and
power densities, potentially enabling a broad range of applications in aerospace, automotive
and power industries [3].

The combination of the high-k metal-oxide nanoparticles with polymers usually
results in an effective composite dielectric permittivity, €, higher than the pure polymer
matrix and lower than the nanoparticles [11]. The general understanding of the role of
interface effects is currently still limited to a qualitative level [3, 23], and is mainly based
on classical approximations such as various mixing models [21], and the classical effective
medium method [22]. However, as the incorporated particles shrink to nanometer sizes,
their dielectric properties may become quite different from the corresponding bulk materials.
The large interfacial area also leads to significant interfacial volume, which may affect the
properties of both the nanoparticles and the polymer. These effects are investigated at the
microscopic, quantum-mechanical level in this work.

Recently, Giustino and Pasquarello [121] developed a first-principles theory for
investigating atomic-scale permittivity profiles across interfaces between insulators. It has
been successfully applied to several systems, such as Si/SiO3 [121], SiO2/C12Has-chain [122],
and metal/SrTiO3 interfaces [123]. In this theory, a local susceptibility is introduced to de-
scribe variations of the dielectric response over length scales of the order of interatomic
distances. It assumes that the nonlocality of the microscopic susceptibility tensor occurs
at smaller distances. In fact, this assumption may not be always true. For a homoge-
neous system, as already shown by Giustino and Pasquarello [121], the typical real-space

decay length & of the nonlocal effects in the dielectric function is larger than the spreads of
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maximally localized Wannier functions [124]. The latter are usually of the order of inter-
atomic distances [125]. In particular, for a system where the lattice contribution dominates
the low-frequency dielectric response, we will show that the decay length & can be much
larger than an interatomic distance. Furthermore, £ may differ substantially between sys-
tems. Therefore, to properly average and obtain nanoscale-resolved, local and physically
meaningful permittivity profiles, one needs to determine the decay length £ of the nonlocal
susceptibility for each specific system under investigation.

In this work, we will evaluate & directly by calculating the spatial spread of the
change density induced by slightly displacing each non-equivalent atom from its equilibrium
position. Using the calculated £, we introduce a modified averaging model that ensures
the locality of the dielectric permittivity profile extracted from ab initio calculations, while
efficiently filtering out the physically uninteresting oscillations due to the lattice periodicity.
The resulting profiles are flat in the bulk-like region and atomically smooth in the interface
and surface regions, while still providing nanoscale resolution.

The main goal of the present work is to investigate the local dielectric permittivity
profiles of polymer/metal-oxide nanocomposites, which are being considered for high power
density capacitors. These composites would combine the advantages of polymers, which
are light, flexible and can withstand high electric fields, but have low dielectric constants,
with those of oxides, which are usually brittle and heavy, with low breakdown fields, but
their dielectric constants are usually much larger. A composite material, consisting of
oxide particles embedded in a polymeric matrix, would avoid the brittleness of the bulk
oxides while still taking advantage of their large dielectric constants. We choose isotactic
polypropylene (iPP) as the host polymer matrix, because it is one of the most commonly
used capacitor dielectrics. For metal oxides, we select alumina (a-AlyO3) and tetragonal
PbTiOs3, representing two categories of materials of current interest, a non-ferroelectric and
a high-k ferroelectric. We calculate the optical and static dielectric permittivity profiles
across both single bare slabs of these materials and of their interfaces with iPP, with the goal
of understanding the nanoscale variation of surface- and interface-induced changes to the
local dielectric properties. Theses quantities, which may be very hard to measure, are needed
for accurate mesoscopic modeling of dielectric properties of the complex nanocomposites
[126].

The rest part of this chapter is organized as follows. In section 4.2, we briefly
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review the theory of local dielectric permittivity theory, focusing on aspects important to
nanoscale averaging. Section 4.3 describes the procedures used to evaluate of the decay
length ¢ of the microscopic susceptibility and to obtain the permittivity profiles. Section
4.4, Results, introduces and discusses the dielectric permittivity profiles across metal-oxide
and iPP slabs and their interfaces. The summary and conclusions of the paper are presented

in Section 4.5.

4.2 Theory of local dielectric permittivity

In the following we assume that the interface is oriented along the z axis and each
material is periodic in the plane parallel to interface, referred as the xy-plane. Focusing
on the dielectric permittivity across the surface or interface, we eliminate the in-plane
dependence by taking a planar average of the corresponding microscopic quantity, e.g.,
for the charge density we define p(z) = % Js p(F)dxdy, where S is the area of the xy cross
section of the unit cell. This transverse averaging has no effect on the Poisson equation [127].
Starting from the plane-averaged quantities and following Giustino and Pasquarello [121],
we derive elements of the local dielectric permittivity theory, focusing on the connection
between microscopic and macroscopic quantities.

At the microscopic scale in the linear regime, the susceptibility x(z,z’) and per-

mittivitity e(z, z’) are defined through

D(z) = /s(z,z’)E(z')dz’, (4.1)

and
P(z) = /X(z,z’)E(z/)dz/, (4.2)

which are related to each other by
e(z,2) = 8(z — 2') + 4nx(z, 7). (4.3)

In Eq.(4.1)-(4.2), P(z) and E(z) correspond to the induced polarization [128] and the change
of the total electric field due to an applied external field. They can be obtained from the

induced charge density using

L B(z) = 47 ial2) (4.4)
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and

d%P(z) = —Pind(2). (4.5)

The microscopic electric displacement D(z) in Eq.(4.1) is defined as D(z) = E(z) + 47 P(z)
and satisfies

—D(z) =0, (4.6)

which shows that D(z) is a constant.

The microscopic permittivity e(z, z') and susceptibility x(z,z’) as defined in Eq.
(4.1)-(4.2) are nonlocal and usually vary very rapidly over interatomic distances. In order
to obtain measurable local dielectric properties from the microscopic quantum-mechanical
results, a spatial averaging procedure needs to be adopted. Denoting the averaging distance
as rg, it must be significantly larger than the interatomic distance, so that the dielectric
response function can be considered local. For nanostructures, in order to obtain a physically
transparent position-dependent local dielectric permittivity near a surface or an interface,
ro needs to be as small as possible, but it should not be smaller than the decay length & of
the nonlocal susceptibility.

In terms of these properly averaged quantities, Eqs.(4.1) and (4.2) can simplify to
D(2) = e(2)E(2) and P(2) = x(2)E(2), (4.7)

where the double bars indicate the averages taken over the zy-plane and z direction. Nat-
urally, Eq.(4.7) defines our local dielectric permittivity and susceptibility.
In practical applications, considering that 5(2) is continuous, it is convenient to

express the local permittivity in terms of the polarization ﬁ(z), i.e.

A7 P(2)

€(Z) =1 —|—47I'X(Z) =1+ m,

(4.8)

where D is the external field of a finite system. For an extended system, D = E,, + 47 P,
where F,, corresponds to the average self-consistent electric field, and P is the field-induced
macroscopic polarization in the supercell. The latter can be determined by Berry phase
method [89]. Thus, Eq. (4.8) together with Eq. (4.5) establish a direct link between the
induced charge density and the local permittivity. By calculating pinq(z) with the atoms
fixed or relaxed in the finite electric field, we can obtain the corresponding optical and static

permittivity profiles.
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In addition to the above, Giustino and Pasquarello [121] also analyzed the lo-
cal permittivity in terms of discrete effective electronic and ionic polarizabilities. For the
electron charge density, decomposition into maximally localized Wannier functions [124]

provides a discrete representation of the local contributions. They define the effective elec-
(n)

olec for each Wannier function by relating its induced dipole to the

tronic polarizability o

electric field at its center z,:
B EB=0) = ) B(z,). (4.9)

This definition relates the variation of the dielectric response to the specific features of the

local bonding arrangement.
(n)

olec> they also define the effective ionic polarizability as

In analogy with «

S 2P 4(RE, - RES) = o) E(Ry), (4.10)

B
where Rj3 and Z I[,)Z,B represent the coordinate and the dynamical charge of the ion I. The
dynamical charge is determined from the linear relation between the force on an atom Fyg

and the effective local field E’Z,

Do = (ngi). (4.11)
In our calculations, based on ai(ir)l, we also define an effective layer ionic polariz-

ability by
Mlayor E% 1 ol (4.12)

where S is the transverse area of the simulation cell and the summation is over all atoms
belonging to the same layer. The Eq. (4.12) is well justified because E is almost the same
for all the atoms belonging to the same layer.

In Egs. (4.9-4.10), the aé@c and ai((fr)l describe the extent of electronic and ionic
contributions to the local polarization around the center of the Wannier function or the
ion, respectively. However, because of non-locality, the contributions of nearby Wannier
functions and ions should also be considered when evaluating the local permittivity at a
given position, depending on the decay length of the nonlocal microscopic susceptibility.

For a layered structure, the neighboring layers should also be included.
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4.3 Methodology and calculations

4.3.1 Evaluation of the decay length of the nonlocal susceptibility

As seen in Sec.4.2, the local dielectric permittivity should be obtained from a
suitable averaging procedure. Only when the average is taken over a distance ry that is
larger than the decay length £ of the microscopic susceptibility, can the derived permittivity
profiles be considered local and physically meaningful. The determination of ¢ is thus the
key for ascertaining the locality of the derived permittivity profile.

The microscopic susceptibility x(r,r’) can be equivalently defined as the linear

response of the charge density dp(r) to an external potential perturbation §Vex(r'), i.e.,

5p(e) = [ X(e,1) 3V (), (4.13)
which can be formally written in term of a functional derivative

x(r,r’) = (W(z(il(‘z") (4.14)

From this definition, for a given very localized external potential disturbance at position
r’, the corresponding induced charge density dp at r characterizes the nonlocality of the
microscopic susceptibility x(r,r’). The spatial decay of dp can then be used to obtain the
decay length & of x(r,r’). We therefore evaluate ¢ directly from the decay of the induced
charge density by displacing an ion by a very small amount Awu from its equilibrium position
in a supercell, resulting in a very localized dipolar external potential that quickly screened
by the electrons. The supercell is chosen large enough that the induced charge density does
not overlap between the cells.

In general, the induced charge density profile dp(r) in an insulator should have a
small, but slowly decaying tail, corresponding to screening by the finite dielectric constant.
However, in density functional theory the screening is rather rapid [129], both when using
LDA or GGA. In our supercells we observe a rather rapid decay, sometimes with small
oscillations, which still decay to zero before reaching the supercell boundary. In order to
provide a physically meaningful lower bound of nonlocality of x(r,r’), we define £ due to a

particular atom as spatial extent the region containing 95% of |dp|, viz.

20+&/2
/ 6p(2)ld= | / 16p(2)]d= = p = 95%, (4.15)
z0—&/2 L
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where zg is the z coordinate of the atom being displaced and L is the supercell size along z.

In fact, the above method for obtaining £ corresponds to calculating the broadening
width of a dynamical charge [130] for a given atom along a certain direction. Within a linear
regime, the dynamical charge and its broadening width (i.e., £) show little dependence on
the magnitude of Au for the same atom at different r, even for a nonuniform material. This
is shown in Fig. 4.1, where the £ is calculated by displacing atoms at different positions with
varying Aw in an isolated (001)a-AlsO3 slab. In principle, the smaller Au correspond to a
more localized disturbance and should yield more accurate £. Nevertheless, for consistency
with permittivity calculations, we choose Au to be the maximum atomic displacement
caused by the electric field used for deducing dielectric functions. However, the dynamical
charge and its broadening width are different for atoms with different numbers of valence
electrons and ionicities. For example, by displacing Al and O atoms we find £ = 8.9 and 4.3
bohr, respectively. To ensure the locality of the dielectric permittivity everywhere in the
slab considered in the next sections, we choose the maximum £ of all atoms in our averaging

procedure.

4.3.2 Nanoscale averaging model

The averaging procedure can be explicitly defined by using a real normalized weight

function f, which satisfies

/f(z—z')dz'zl; flz=2)=0, |z =2 > rp. (4.16)

For the electric field we then have
Bz) = / Tz — 2)B(2')d. (4.17)

Eq.(4.17) shows that E(z) depends on the choice of the f. The electric displacement is
invariant after any averaging because of Eq.(4.6), i.e., D(z) = D(z). As a result, the
dielectric permittivity derived from Eq.(4.7) is not unique and depends on the choice of the
weight function f.

In actual calculations two kinds of weight functions are commonly used. One is a

rectangular filter [131]

fil) = 1005 ~ |2, (1.15)
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Figure 4.1: Planar average of the atom—disp%acement—induced charge densities along z in
a (001)a-AlyO3 slab. Vertical lines indicate planes of O (dashed line) and Al (solid line)
atoms. The green vertical segments denote the positions of the atoms being moved. The
periodic interlayer distance in the middle of slab is indicated as a,.
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where © is a unit-step function and [ is the layer periodicity. The f; is best suited for a
superlattice composed of undistorted crystalline layers. However, for a system with varying
planar distances, this method is not efficient in filtering oscillations that are due to different
layer spacings. The other commonly used function is the Gaussian broadening kernel [121]

Jolz) = J;%e—ﬂ/%i (4.19)

which is continuous at any z and suitable for disordered systems with only short-range order.
However, since f, does not explicitly include the periodic lattice spacing information, it is
less efficient in flattening the permittivity profile in the bulk-like region away from the
interface.

In this work, we are mainly dealing with crystalline slabs, which usually contain
uniformly spaced atomic planes in the regions far away from surfaces or interfaces, while
near surfaces or interfaces this spacing becomes non-uniform. The slab must be thick enough
to recover bulk permittivity in its middle region, but we are particularly interested in the
widths of the surface or interface regions. Efficient averaging, which would quickly lead to
a flat permittivity profile in the middle of the slab while preserving the main features in the
surface and interface regions would thus provide maximum physical insight and minimize
the computational expense. We thus choose as f a convolution of the two broadening

functions
fio(2) = /fl(z — (2 = 2" dd". (4.20)

Similarly to the decay length of the induced charge density, there is also some arbitrariness
in defining the broadening width ry of this convolution. In order to be consistent with the
numerical definition of ¢, we define ry through Eq.(4.15), with |dp(2)| replaced by fi,(2).

To ensure the locality of the extracted dielectric functions, we further require that
ro > §. (4.21)

In our calculations, [ is set to the lattice spacing of the bulk region away from the surface
or interface, and o is then constrained by the above condition (Eq.(4.21)). To confirm that
f10(z) satisfies Eq.(4.21) for the particular choices of [ and o, we also validate this condition
visually by plotting normalized |dp| and fi, in the same figure and centered at the same

position. This procedure provides a robust lower bound of o that satisfies Eq.(4.21).
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Table 4.1: Bulk dielectric constants and lattice parameters for monoclinic iPP, hexagonal
Al,O3 and tetragonal PbTiO3. GGA was used for iPP and AlyO3, and LDA for PbTiOs.
See text.

iPP Al,O3 PbTiO3
Expt.[133] Calc. | Expt.[134] Calc. | Expt.[135] Calc.
a(A) 6.65 6.73 4.76 4.77 3.91 3.86
b 20.96  21.13 — — — —
c 6.51 6.53 12.99 13.04 4.14 4.01
a(®) 99.30  99.17 — — — —
e(o0) 2.30 2.25 3.25 3.22 7.13 7.24
€(0)  220-3.35 230 | 94,11.6 9.8, 12.2 | 32-35 36.4

The actual averaging with f, is easily carried out in reciprocal space, by multi-
plying each Fourier coefficient with the weight

Sin(Gl/Q) 6_G202/2

Ja = Gl/2

(4.22)

4.3.3 Calculations

The calculations were performed using density functional theory and ultrasoft
pseudopotentials, as implemented in the QUANTUM-ESPRESSO package [77]. For alumina
and iPP slabs and their interfaces, we use the exchange and correlation functional in the
generalized gradient approximation (GGA). For the PbTiOg3 slab and PbTiOg3/iPP interface,
the local density approximation is used, because the GGA catastrophically overestimates
both equilibrium volume and ¢/a of PbTiOgz [132]. The wave functions and the augmented
charge density are represented by plane-wave basis sets with energy cutoffs of 30 and 300
Ry, respectively. All atoms in the supercell are relaxed until the atomic forces are less
than 3 meV/ A. Our calculated bulk dielectric constants and lattice parameters of a-AlyOs,
tetragonal PbTiO3 and monoclinic iPP are in excellent agreement with experimental ones
(see Table 4.1).

The slab structures used to investigate the oxide surfaces and oxide/polymer in-
terfaces are constructed in an orthorhombic supercell, with periodically repeated slabs or
stacked films separated by a 20 A vacuum region along the z-axis. We derive the optical
and static local dielectric profiles from Eqgs.(4.7) as described in Section II. The induced

charge densities appearing in Eqs.(4.4)-(4.5) are calculated as differences between the to-
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tal charge densities corresponding to two oppositely directed macroscopic electric fields of
+0.001 a.u.. The finite electric field can be applied by either using the dipole correction
method [104, 111], or the method based on Berry-phase theory of polarization [136, 137].
Here we choose the former one, because it removes well the artificial periodic image inter-
actions due to supercell approach [138], while avoiding the convergence issues related to the

latter method [139].

4.4 Results and discussion

In this section we first consider metal oxide slabs in vacuum, which enable anal-
ysis of permittivity profiles near surfaces, for both paraelectric (a-AlyO3) and ferroelectric
(PbTiO3) slabs. We also examine a polypropylene slab, to establish its permittivity profile.
In the last subsection we analyze the metal-oxide/polymer interfaces, and compare their
dielectric profiles to those of the constituent materials. The computed profiles can also be

used in mesoscopic modeling of dielectric properties of nanocomposites.

4.4.1 Metal-oxide slabs
a-Al; O3 slabs

For alumina, we consider two surfaces, the single-O-layer-terminated (110) and
the single-Al-layer-terminated (001) surface. From bond-counting rules of Harrison [140],
both surfaces should be chemically stable and charge neutral. The latter surface has been
observed in the experiment [141]. The relaxed surface structures in our calculations agree
very well with other ab initio calculations [142].

For both kinds of slabs, our calculated &’s (5.9 bohr for (110)-slabs and 8.9 bohr
for (001)-slabs) are found to be larger than their layer stacking periodicities (4.5 bohr for
(110)-slabs and 4.1 bohr for (001)-slabs). To obtain the local dielectric permittivities, we
choose the averaging weight functions, as described in Sec.4.3.2, with [ = 4.5 bohr and
o = 1.2 (ro= 6.8 bohr) for the (110)slabs, and | = 4.1 bohr and o = 3.0 (19 = 12.7 bohr) for
(001) slabs. We have confirmed that the weight functions with these parameter values are
broader than their corresponding induced charge density profiles by plotting them together
in the same figure (see Sec.4.3.2).
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Figure 4.2: (a) Dielectric permittivity profiles of’a-AlaO3(110) slabs along the [110] di-
rection. Vertical lines represent the edge planes of the corresponding slabs. All slabs are
aligned at the leftmost surface. (b) Overall effective dielectric permittivities, both high

frequency and static, of the four a-AlyO3(110) slabs in (a).

The horizontal dotted lines

show the corresponding bulk permittivities. The number of layers in slab are indicated in

the figure.
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To investigate the size dependence of the slab permittivities, we calculated the
optical and static permittivity profiles for both kinds of slabs with sizes of 6 to 24 atomic
layers. Fig. 4.2(a) shows these profiles for alumina (110) slabs. For slabs thicker than 12
atomic layers (~ 26 bohr), the optical permittivity profile in the middle of the slab is flat
and matches the corresponding bulk value very well (within 1%). For the static permittivity,
a flat bulk-like permittivity is obtained for 18 layers and beyond. In the surface regions
of these slabs, both the optical and static permittivity profiles have the same shape and
are independent of slab thickness. The permittivities increase near the surface and then
decrease quickly when approaching the outermost surface layer. As the slab size goes below
18 (or 12) atomic layers, the static (or optical) dielectric permittivity in the slab interior is
affected by the surfaces. This coupling becomes stronger as the slab size decreases. As a
result, the bulk-like dielectric behavior can no longer be recovered in the mid-region of such
thin slab. For instance, in the middle of a six-layer (110) slab, both the static and optical
permittivities are much larger than the corresponding bulk ones. The results for alumina
(001) slabs are similar and not shown.

Overall, the combined effects of the two surface regions lead to a reduced effective
dielectric permittivity for a thin slab, when compared to the bulk value. This can been seen
in Fig. 4.2(b), where the slab thickness is defined as the distance between the two outermost
surface layers. However, the decrease in the overall dielectric permittivity becomes smaller
as the slab thickness increases. For a (110) slab with 24 atomic layers (18.7A), the effective
permittivity is already very close (within 5%) to the bulk value. This implies that alumina
slabs with thicknesses greater than a few nanometers can have bulklike dielectric properties.
Similar dependence of permittivity on the slab thickness has also been found in finite Si
systems [121, 143].

Fig. 4.2 also shows that the ionic contribution dominates the static dielectric per-
mittivity across the entire slab. To understand in more detail how the ionic contribu-
tions determine the surface dielectric properties, we calculated the dynamical charges ZP
and effective ionic layer polarizabilities, according to Eqgs. (4.11-4.12), for an 18-layer alu-
mina(110) slab. Fig. 4.3(a) indicates that the effective dynamical charges in the middle of
slab agree well with the corresponding dynamical charges in the bulk. In the surface region,
both Al and O have reduced effective charges in their corresponding outermost layers.

From the calculated Z”, we obtain the effective ionic layer polarizability profile,
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Dynamical charges (a) and effective ionic layer polarizability (b) for an 18-

layer alumina(110) slab as same as the one used Fig. 4.2. The two horizontal lines in (a)

Figure 4.3:

correspond to the dynamical charges of Al (solid) and O (dashed) respectively in bulk. The
two horizontal lines in (b) are only shown for the convenience of comparison between surface

and interior. Vertical lines denote the positions of Al (solid) and O (dashed) planes along

zZ.
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shown in Fig. 4.3b. We observe that the Al layers are much more polarizable than the O
layers. The ionic layer polarizability profiles of both Al and O layers display features similar
to the static permittivity profile. Clearly, the enhancement of the local dielectric permit-
tivity close to the surface is due to the second outermost Al layer and second outermost O
layer, which are more polarizable than the corresponding layers in the slab interior. When
approaching the outermost surface layer, the local static permittivity decreases quickly

because of the much lower polarizabilities of the outermost layers.

(001) PbTiOj; slabs

In the ionic limit, a (001)-oriented PbTiO3 slab can be considered as an alternating
stack of neutral PbO and TiOs layers. We consider a (001) slab with 13 atomic layers. The
calculated decay length of x(z,2’) for this slab is about 8.2 bohr (about 3 atomic layers),
confirming that this slab is thick enough to avoid the surface-surface interactions.

In a zero-field calculation, open-circuit boundary conditions are adopted. How-
ever, under these conditions any ferroelectric slab with a net polarization perpendicular
to the surface relaxes into a paraelectric nonpolar structure. This is because the net po-
larization leads to surface charges that give rise to a huge depolarization field inside the
slab. The depolarization field contributes a positive electrostatic energy, which is large
enough to completely destabilize the bulk ferroelectric state [111]. For instance, a 13-layer
TiOo-terminated free-standing PbTiO3 slab, which was obtained by truncating a relaxed
bulk structure, relaxes into an anti-centrosymmetric layered domain structure and becomes
nonpolar as a whole. From the outermost surface to the innermost layer, the relative dis-
placement between the metal and the oxygen atoms (rumpling) oscillates in sign from layer
to layer, and its amplitude decreases rapidly to zero, as shown in Fig. 4.4.

To preserve ferroelectricity in such a slab, the depolarization field must be screened.
In real systems, this screening may be provided by free charges from metallic electrodes,
or by compensating surface layers, which may include adsorbates or charged defects, such
as cation or oxygen vacancies. In our calculations, we use Nb- and Sc-doped surfaces to
compensate the depolarization field. This charge-compensating method has already been
employed to stabilize domain walls in other PbTiOg calculations [144]. Specifically, in
the 2x2 13-layer TiOs-terminated PbTiO3 slab, we replace three Ti atoms by Nb on one

surface, and three Ti atoms by Sc on the other surface, creating a delta-like compensating
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Figure 4.4: Layer rumpling (the relative displacement of the oxygen atom with respect to

the metal atom along ¢) for free standing PbTiOg slabs with (square) and without (circle)
surface charge compensation. Horizontal dashed lines represent the corresponding rumpling
of the TiOs and PbO layers in the bulk.
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surface charge densities of about £0.0141 e/bohr?, which are very close to those induced by
spontaneous bulk polarization of PbTiOgz (0.0134 e/bohr?). After relaxation, this slab now
remains in a single domain ferroelectric state (see Fig. 4.4), with slightly increased layer
rumpling parameters and ¢/a ratio in the middle of the slab.

The local dielectric permittivity profiles for this compensated slab are shown in
Fig. 4.5. In the averaging model we use [ = 7.63 bohr, which is equal to the lattice spacing in
the slab interior, and o = 2.5. The resulting weight function (r¢ ~ 13.0 bohr) is broader than
the induced charge density profile (§ ~ 8.2 bohr). For these choices we observe that in the
slab interior both the optical and static dielectric permittivity profiles are flat and slightly
lower than the corresponding bulk values. This permittivity reduction originates from the
slightly over-compensating surface charges. As a response to the remanent surface charges,

the lattice constant ¢ in the slab mid-region increases by about 1%. For a strained bulk with
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this enlarged ¢ and «a fixed at its theoretical bulk value, we find that the optical and static
permittivities become 7.13 and 33.95, respectively, matching very well the corresponding
permittivities in the slab interior.

In the surface regions, similarly to Si slabs [121], the optical dielectric permittivity
is reduced due to lower electronic polarizability at the surface. However, the static per-
mittivity is substantially enhanced in the subsurface layers, and differs in shape at the two
surfaces. In order to better understand this enhancement, we also calculate the dynamical
charges and effective ionic layer polarizabilities for this slab. As shown in Fig. 4.6(a), the
atoms in the two outermost surface layers have smaller dynamical charges, while within
the slab interior the effective dynamical charges coincide well with the corresponding ones
in the bulk. From the discrete effective ionic layer polarizability profile (Fig. 4.6(b)), one
can observe similar characteristics as in the continuous local permittivity profile in Fig. 4.5.
At the left side of the slab, the outermost surface layer of (Nb3/4T11 /4)02 is much less
polarizable, leading to a lower local permittivity. The sub-surface layer of PbO and the
third-inner-surface layer of TiOg have larger polarizabilities and result in a higher local per-
mittivity in the nearby region. At the other side of the slab, the outermost (Scz/4Ti;/4)Ox2
surface layer is also much less polarizable. Interestedly, the least polarizable layer is the
sub-surface layer of PbO. The combined effect of these two layers produces a small local
permittivity peak at the surface. The more polarizable third and fourth inner-surface layers

induce a significantly larger local dielectric permittivity peak, as shown in Fig. 4.5.

4.4.2 Polypropylene slabs

Here we only consider the most common crystal phase of iPP, the a-phase [133].
The unit cell is monoclinic, with the lattice parameters as shown in Table 4.1. The cell
contains four parallel chains arranged along the b axis. Each chain consists of three -CHo-
CH(CH3)- monomers and has a three-fold helical conformation. In our slab calculations,
for computational reasons, an orthorhombic supercell is used instead of the monoclinic one,
which only amounts to a change of the angle between a and ¢ from 99.17° to 90°. In this
supercell, the chain conformation and unit chain length are preserved, and the change in
the dielectric permittivity is less than 3%. It is therefore reasonable to assume that the
surface dielectric properties are essentially unaffected by this change of the unit cell.

We study the dielectric permittivity profiles across iPP slabs that consist of two bi-
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Figure 4.6: Dynamical charges (a), and effective ionic layer polarizability profile (b) for
the PbTiO3 slab shown in Fig. 4.5. Vertical lines represent the positions of the atomic
layers. In (a), bulk dynamical charges of Pb, Ti and O are indicated by horizontal lines.
The triangles at left- and right-most layers represent the dynamical charges of Nb and Sc
atoms, respectively. The dynamical charges of surface Ti are similar to those of Nb and Sc,

as indicated by the overlapping squares and triangles.
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Figure 4.7: (a)-(b) the atomic structure (xz and yz sections of the supercell) of the iPP

slab with single-methyl surfaces. The double-methyl surface in the text refers to the surface
between the surface and subsurface layers shown here. (c) Optical and static dielectric
permittivity profiles for the single-methyl-terminated slab along z.

layers parallel to the ac plane and terminated by either single- or double-methyl groups (see
Fig. 4.7(a)-(b)). The in-plane lattice parameters were chosen equal to the DFT-optimized
a and c values in the monoclinic cell. The single-layer thickness along z is 20.0 bohr, which
is much larger than the £ of only 4.9 bohr along the surface normal. In order to see the
permittivity variation across the chain and in the interchain region, and to compare with
the iPP/alumina(110) interface profiles below, we choose the same averaging model as the
one we used for alumina(110) slabs, i.e., [ = 4.5 bohr and o = 1.2, corresponding to a ry of
6.8 bohr.

Fig. 4.7(c) shows the permittivity profiles for the iPP slab with single-methyl
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surfaces. For the double-methyl-terminated slabs, the permittivity profiles look very similar
and thus are not shown. The figure shows that the lattice contributions to the static
dielectric permittivity can be neglected, as in bulk iPP, because of vanishing dynamical
charges. The permittivity profile decays very smoothly from the surface to the vacuum,
similarly to the drop in permittivity from the chain to the interchain region. Inside the slab,
the permittivity oscillates from chain to chain around the bulk value. Near the surface, the
peak permittivity at the chain increases slightly, while the interchain permittivity decreases
with the increase in interchain distance. This implies that lower chain packaging density in

iPP would lead to a lower effective permittivity, as would be expected.

4.4.3 iPP/metal-oxide interfaces

The atomic structure of interfaces between polypropylene and metal oxides has
not yet been determined. For chemisorbed polypropylene, it could be quite complex and
depend on the morphology and quality of the surface of the oxide. In this initial study we
thus only examine physisorbed polypropylene, where all the bonds maintain their initial

saturation.

iPP /alumina interface

We only consider the single-methyl iPP surface being physisorbed to the oxygen
terminated alumina (110) surface. This interface can be constructed in a moderate size
orthorhombic supercell with a lattice mismatch along the chain direction of less than 4%,
while other kinds of interfaces would require a much larger supercell to achieve a physically
reasonable lattice mismatch.

In the current orthorhombic supercell, two iPP chains are stacked parallel to the xy
surface of a 18-layer a-Al;O3(110) slab (see Fig.4.8). Since iPP polymer is more flexible than
the oxide, the in-plane lattice parameters are chosen from the corresponding theoretically
relaxed values of bulk a-AlyO3, namely a = \/§aA1203 =826 A, b= CAlL,O; = 13.04 A.
The iPP chains are aligned along y (i.e. b) direction and elongated by 3.2%, whereas along
x-direction (a) the interchain distance is increased by 26.5%. As a result, the iPP chain
density in the surface plane is decreased by 23.4% relative to the slab in Sec.4.4.2. Along z-

direction, as mentioned in Sections 4.4.1-4.4.2, the calculated nonlocality lengths for alumina
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represents the interface region. The bulk dielectric permittivities corresponding to each
slab component are marked by horizontal dotted lines.

and iPP are 6.8 bohr and 4.9 bohr, respectively. To obtain the local permittivity profiles
and be consistent with Sections 4.4.1-4.4.2, we use [ = 4.5 bohr and o = 1.2, corresponding
to rg of 6.8 bohr.

Fig. 4.8(c) shows the optical and static local dielectric permittivity profiles for this
interface. In the interior of the alumina slab, both the optical and static permittivities are
flat and coincide well with the corresponding bulk values. However, on the iPP side, the
permittivity is decreased by about 14% from its theoretical bulk value. This is because
the in-plane iPP packing density is reduced by 23.4%. As already seen from Fig. 4.7 in

Sec.4.4.2, a lower chain density yields lower dielectric permittivity. In the interface region,
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the interface permittivity profiles of alumina and iPP are quite similar to those of their
corresponding isolated surfaces (see Fig. 4.2(a) and Fig. 4.7(c)). Proceeding from AlyO3
to the iPP, the permittivity is enhanced in AloO3 close to the interface and then decreases
quickly to the smaller dielectric constant of the iPP. The variation of the permittivity across
iPP part of interface is quite smooth and similar to the permittivity decay from the middle
of the chain position to the interchain region. This shows that the interface dielectric
effects at the iPP side are insignificant and that the dielectric properties of the interface are
dominated by the alumina component. The width of the transition region between alumina
and iPP depends thus on the characteristics of the alumina side and is very short, only

about 6-7 atomic layers (11 bohr).

iPP/PbTiO; interface

Here, we only consider physisorbed polypropylene on surface charge compensated
PbTiOg3 slab, so that the depolarization field is realistic. To construct a model structure
for this interface, we use an orthorhombic supercell containing a 13-layer PbTiOg3 slab and
a 4-layer slab of isotactic polypropylene (iPP). The two slabs are joined together at the
(803/4T11/4)—02 surface, as shown in Fig. 4.9. In the plane of the interface, we use a 2 x 2
unit cell of relaxed PbTiOg3, as in the previous subsection. For iPP, one unit of the chain is
then matched to asupercell, Which results in a 23% elongation of its LDA relaxed length, and
a 16% elongation of the experimental length. This elongation, although seemingly large, is
still much smaller than the experimental breakage elongation of 47% [145]. After atomic
relaxations, we find that the conformation of the chain remains the same and its dielectric
permittivity changes very little. Therefore, we expect that this model interface structure can
still describe the major dielectric features of a physisorbed-polymer/ferroelectric interface.

To obtain the local dielectric permittivity profile, we adopt the same averaging
model as for the PbTiO3 slab. We can then easily compare the permittivity profiles of the
bare slab with those of the PbTiO3/iPP slab. The calculated local permittivity profiles
of iPP/PbTiO3 are displayed in Fig. 4.9. Both optical and static permittivity profiles in
PbTiO3 and iPP slab interiors are flat and satisfactorily match the corresponding bulk
values. In the interface region, the permittivity decreases rapidly from that of PbTiO3 to
the iPP value. The transition region is about 15 bohr thick and mostly confined to the
PbTiOg side, while at the iPP side the permittivity profile at the interface differs very little



69

-4 FTY AT

e O X at o B

@® Sc *“T“"L) -z_:f—

@ Nb T

¢ C I [ J [

« H |

— static |

2 60 — - optical
o p—
> -
=
= 40 =
E
(D) —
=

100 120

a. u.
Figure 4.9: The optical and static dielectric(permit ivity profiles of the iPP/PbTiOg3 inter-

face. The xz section of the interface structure is shown at the top. The grey vertical bar
represents the interface region. The three dotted horizontal lines mark the optical and static
permittivity of bulk iPP, and optical and static permittivities of bulk PbtiOs, respectively.

from that of bulk iPP. At the PbTiOj side of the interface, the static permittivity still
exhibits two peaks. Compared to the free (Scz/4Ti;/4)Og2 surface in Fig. 4.5, the peak closer
to the iPP becomes higher and surpasses the bulk value of PbTiO3.

The increased permittivity peak at the PbTiO3 side of the interface originates
from the attachment of iPP. A comparison of discrete, effective ion-layer polarizability
profiles shows that the two outermost surface layers (i.e., (Scg/4Ti;/4)O2) and PbO) of
PbTiO3 become much more polarizable when attached to the iPP polymer. By evaluating
the individual ionic polarizabilities of all twelve atoms in the (Scs/4Ti;/4)O2 layer, we find
that the major cause for the increased layer polarizability comes from the Sc atom that is
located closest to the side methyl branch of the iPP chain. For this Sc atom, the dynamical
charge is increased from 1.90 at the free surface to 2.98 at the interface, and its ionic

polarizability correspondingly increases from 66.65 to 269.79. The four O atoms nearest to



70

this Sc atom and the nearby Ti atom also have increased ionic polarizabilities and contribute
considerably to the increased layer polarizability. From the charge density difference profile
(i.e., Ap(z) = PiPP/PbTiO, — pirp (%) — prbTios (2)), we find that the charge density around
these six atoms is partially transferred into the middle of the interface. As a result, these
ions are screened by fewer electrons and become more polarizable. For the other two Sc and
four O atoms that are farther away from the iPP chain, the charge transfers are very small
and their polarizabilities remain almost unchanged. Similarly, for the subsurface PbO layer,
as affected by the (Scs/4Ti;/4)O2 layer, the four Pb atoms are become more polarizable and

increase the effective ionic polarizability of this layer.

4.5 Summary and conclusions

This work focused on evaluating dielectric permittivity profiles across metal oxide
slabs and metal oxide-polymer interfaces. In order to obtain local permittivity profiles with
high resolution, the nonlocality decay length £ of the microscopic susceptibility tensor is
explicitly determined for each system across the slab or interface. The £ is obtained by intro-
ducing small displacements in the atomic positions and evaluating the width of the change
in the charge density induced by this disturbance. Using the physical condition that the
averaging width of the nonlocal susceptibility must be greater than the nonlocality length,
we proposed a new procedure for obtaining nanoscale-resolved local dielectric permittivity
profile along a given direction. It combines the advantages of the two common averaging
models: rectangular filtering and Gaussian kernel. It converges quickly to the bulk value
in slabs of only moderate thicknesses, while providing atomic-layer-resolved permittivity
profiles even in the presence of significant relaxations and surface structure.

This model was used to obtain dielectric permittivity profiles for alumina, PbTiOsg,
and iPP slabs, and for physisorbed interfaces of alumina/iPP and PbTiO3/iPP. The calcula-
tions show that the surface and interface effects on dielectric permittivity are very localized
(within only a few atomic layers) and that the interface effects are mainly confined to the
metal oxide side.

For polypropylene slabs the permittivity profiles indicate that the surface effects
can be neglected and the effective permittivity of the slab depends mostly on the packing

density of the chains. Since the effective permittivity is lowered significantly by nanovoids,
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the free volume in nanocomposites could be a major factor for reducing their effective
permittivity.

For both alumina and PbTiOj3 slabs, the static dielectric permittivity is enhanced
in the subsurface region, but decays rapidly when approaching the outermost layer. The
discrete effective ionic layer polarizability profile shows that these effects are due to the
more polarizable subsurface layers and less polarizable outermost surface layers.

Overall, due to their very localized surface permittivity effects, alumina slabs and
particles with sizes larger than a few nanometers can retain their average macroscopic values
of bulk dielectric permittivity.

For the ferroelectric PbTiOg slab, our results show that its effective dielectric per-
mittivity strongly depends on the electrostatic boundary conditions, ¢.e. the depolarization
field. In the slab interior, the permittivity depends on the tetragonality ratio ¢/a, which can
be modified by the residual depolarization field. Therefore, the bulk-like permittivity can
only be obtained after the depolarization field is completely screened, which requires a slab
with thickness of more than a few nanometers. However, in a real system, the screening is
imperfect. Hence, different surface terminations, defects, molecular or cluster adsorption,
etc., will in general affect the effective permittivity of the slab.

While we have only considered physisorbed interfaces, chemically-bonded inter-
faces should have similar properties outside of the immediate bonding region. However,
the bonding at the interface will affect surface charges, which would certainly affect the
depolarization field. One should therefore search for bonding configurations that would
enhance the screening of the depolarization field, thereby lowering the minimum sizes of the
oxide particles at which their bulk permittivities are preserved. In general, however, since
the range of interface effects extends only over a few atomic layers in charge-compensated
slabs, classical mixing laws associated with macroscopic composites should be applicable
for modeling the overall dielectric properties of a real polymer/metal-oxide nanocomposite
system. Alternatively, a nanoscale computer simulation of the nanocomposite, using the
bulk dielectric constants for its constituents, could be employed to arrive at a more detailed
description of the dielectric properties, provided that the nanoparticles are larger than a

few nanometers.



72

Chapter 5

Summary and Conclusions

In this thesis, we have studied the interface and surface dielectric properties of
polymer (polypropylene) /metal-oxide(alumina and PbTiO3) nanocomposites from first prin-
ciples.

In our first principles calculations, we model the surface and interface structures
using slabs or stacked slabs in supercells, using periodic boundary conditions. Since we are
mainly concerned with polar slabs or slabs with asymmetric surfaces, some artificial effects
are also introduced, which would substantially affect the dielectric properties of systems of
interest. To elliminate these effects, some additional techniques need to be adopted. We
compared two such methods, the dipole correction and the Coulomb cutoff technique, and
identify the preferred one for our dielectric studies.

By comparising the two method, we find that they are equally effective in elim-
inating the spurious interactions between periodic images of polar supercells. The results
of either technique are equivalent to the ones that would be obtained for isolated slabs, as
previously demonstrated in HF calculations with a localized orbital basis. In general, we
conclude that both techniques have different relative strengths, which can be exploited in
different contexts: The Coulomb cutoff formalism can be applied not only to slab geome-
tries, but also to arbitrary-shape nanostructures. However, for slab geometries the dipole
correction is preferred because a smaller supercell is sufficient for achieving convergence.
Moreover, electric fields can be trivially included in the dipole correction method.

In particular, we found that both corrections have essentially no influence on occu-

pied band states and affect only unoccupied bands. The corrections made to the electrostatic



73

potentials by using the two methods differ only in the mid-region of the vaccum. There-
fore, for those highly delocalized states which extend to the mid-vacuum region, the two
methods differ and do not work correctly. By comparing the results of dipole and Coulomb
cutoff corrections, the highly delocalized unoccupied states can be easily distinguished from
the localized bound states in a relatively small supercell calculation. This identification is
important when determining excited states and optical properties from slab calculations.
In general, careful convergence studies should be performed when calculating properties
involving unoccupied electronic states. Judicious comparisons between the results of the
two corrections make this task much easier and less costly.

To understand the local dielectric permittivity at the atomic scale, one need to
deal with nonlocalilty of the microscopic dielectric response functions. In this work, in
order to ensure the locality of the extracted permittivity profile, the nonlocality decay
length (£) of microscopic susceptibility tensor in real space is explicitly determined for
each system under investigation along a given direction. We artificially introduce a very
localized potential disturbance by moving an atom a little bit from its equilibrium position.
The spatial broadening width of this potential-disturbance-induced charge density is used
to represent £. Based on the calculated &, we propose a new averaging model for obtaining
nanoscale-resolved local dielectric permittivity profile along a given direction. This model
combines the advantages of the two common averaging models: rectangular filtering and
Gaussian kernel, and is especially good for interface or surface systems.

With the dipole correction method and our averaging model, we study from first
principles the local dielectric permittivity profiles for alumina, PbTiOgs, and iPP slabs, and
physisorbed interfaces of iPP/alumina and iPP/PbTiOs. Our calculations show that the
surface and interface dielectric permittivity in polymer/metal-oxide slabs is very localized
(only a few atomic layers), and the interface effects are mainly confined to the metal-oxide
side.

For iPP slabs, the permittivity profiles indicate that the surface effects can be
neglected and that the effective permittivity of the slab depends on the chain packing
density. The lower the density, the lower the effective permittivity. It means that the
nanofiller-induced free volume in nanocomposites could be a major factor in reducing the
effective permittivity of nanocomposites.

For both alumina and PbTiOj3 slabs, the static dielectric permittivity is enhanced
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in the subsurface region. It decays rapidly when approaching the outermost surface layers.
The discrete effective ionic layer polarizability profile illustrates that the increase and de-
crease in the static permittivity, respectively are due to the more polarizable inner surface
layers and less polarizable outermost surface layers.

Overall, due to its very localized surface permittivity effects, alumina slabs with
size larger than a few nanometers can retain the average macroscopic value of bulk dielectric
permittivity. The size dependence of the permittivity mainly comes from slab surface effects.

For ferroelectric PbTiO3 slab, our results suggest that the slab dielectric permit-
tivity strongly depends on the electrostatic boundary conditions, i.e., the depolarization
field. In the slab interior, the permittivity depends on the tetragonality (¢/a), which can be
modified by the residual depolarization field. Therefore the bulk-like permittivity can only
be obtained after the depolarization field is completely screened, which requires width of
more than a few nanometers. In a real system, however, the screening is imperfect. Hence,
different surface terminations, defects, molecular or cluster adsorptions, etc., will in general
affect the effective permittivity of the slab.

Finally, we should mention that the interface structure models in our calculations
are very simple. In the future, chemically bonded structure and other surface configura-
tions should also be considered. As expected, our results suggest that properly prepared
nanocomposite dielectrics can substantially increase the permittivity of the polymer host. It
also means that a nanocomposite dielectric can be fabricated with tailored dielectric prop-
erties, i.e., controllable permittivity as a function of the volume percentage of incorporated
high-k nanoparticles. On the other hand, the localized nature of the surface or interface di-
electric permittivity makes quantitative tests of our predictions difficult. However, based on
the predicted short range of interface-induced changes to the dielectric permittivity, classi-
cal mixing laws associated with macroscopic composites can be applied to model the overall
dielectric constant of a real polymer/metal-oxide nanocomposite system. Alternatively, a
nanoscale computer simulation of the nanocomposite, using the bulk dielectric constants for
its constituents, could be employed to arrive at a more detailed description of the dielectric

properties, provided that the nanoparticles are larger than a few nanometers in diameter.



75

Bibliography

[1]

D. Y. Godovsky. Device applications of polymer-nanocomposites. In Biopolymers
PVA Hydrogels, Anionic Polymerisation Nanocomposites, volume 153, pages 163-205.
Springer Berlin / Heidelberg, 2000.

T. Tanaka, G.C. Montanari, and R. Mulhaupt. Polymer nanocomposite as dielectrics
and electrical insulation-perspectives for processing technologies, material character-
ization and future applications. IEEE Trans. Dielectr. FElectr. Insul., 11:763-784,
2004.

Yang Cao, Patricia C. Irwin, and Karim Younsi. The future of nanodielectrics in the

electrical power industry. IEEE Trans. Dielectr. Electr. Insul., 11:797, 2004.

T. Tanaka. Dielectric nanocomposites with insulating properties. IEEE Trans. Di-

electr. Electr. Insul., 12:914-928, 2005.

J. K. Nelson. Overview of nanodielectrics: Insulating materials of the future. In

Electrical Insulation Conference, IEEFE, page 87, Nashville, TN, 2007.
T. J. Lewis. Nanometric dielectrics. IEEFE Trans on Diel. and FElect. Ins., 1:812, 1994.

P. O. Henk, T. W. Kortsen, and T. Kvarts. Increasing the electrical discharge en-
durance of acid anhydride cured dgeba epoxy resin by dispersion of nanoparticle silica.

High Perf. Polym., 11:281, 1999.

J. K. Nelson and J. C. Fothergill. Internal charge behaviour in nanocomposites.

Nanotechnology, 15:586, 2004.

J.K. Nelson and Y. Hu. Nanocomposite dielectrics - properties and implications. J.

Phys. D: Appl. Phys., 38:213-222, 2005.



[10]

[11]

[13]

[14]

[15]

76

F. Ciuprina, I. Plesa, P.V. Notingher, T. Tudorache, and D. Panaitescu. Dielectric
properties of nanodielectrics with inorganic fillers. Electrical Insulation and Dielectric

Phenomena, 2008. CEIDP 2008. Annual Report Conference on, pages 682—685.

Philseok Kim, Simon C. Jones, Peter J. Hotchkiss, Joshua N. Haddock, Bernard
Kippelen, Seth R. Marder, and Joseph W. Perry. Phosphonic acid-modified barium
titanate polymer nanocomposites with high permittivity and dielectric strength. Adv.

Mater., 19:1001, 2007.

R. Schroeder, L. A. Majewski, and M. Grell. High-performance organic transistors us-
ing solution-processed nanoparticle-filled high-k polymer gate insulators. Adv. Mater.,

17:1535, 2005.

Sivarajan Ramesh, Brad A. Shutzberg, Chester Huang, Jie Gao, and Emmanuel P.
Giannelis. Dielectric nanocomposites for integral thin film capacitors: Materials de-
sign, fabrication and integration issues. IEFE TRANSACTIONS ON ADVANCED
PACKAGING, 26:17, 2003.

Y. Bai, Z.-Y. Cheng, V. Bharti, H. S. Xu, and Q. M. Zhang. High-dielectric-constant
ceramic-powder polymer composites. Appl. Phys. Lett., 76:3804, 2000.

S. Liang, S. R. Chong, and E. P. Giannelis. Barium titanate/epoxy composite dielec-
tric materials for integrated thin film capacitors. In Proc. 48th Elec. Comp. Tech.
Conf., page 171, 1998.

M. Roy, J.K. Nelson, R.K. MacCrone, L.S. Schadler, C.W. Reed, R. Keefe, and
W. Zenger. Polymer nanocomposite dielectrics — the role of the interface. IFEE

Trans. Dielectr. Electr. Insul., 12:629, 2005.

Satoshi Ogitani, Sue Ann Bidstrup-Allen, and Paul A. Kohl. Factors influencing the
permittivity of polymer/ceramic composites for embedded capacitors. IEEE Trans.

Adv. Packag., 23:313, 2000.

Maria C. Herndndez, N. Sudrez, Luis A. Martinez, José L. Feijoo, Salvador Lo Ménaco,
and Norkys Salazar. Effects of nanoscale dispersion in the dielectric properties of

poly(vinyl alcohol)-bentonite nanocomposites. Phys. Rev. E, 77:051801, 2008.



[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

7

C. J. Dias and D. K. Das-Gupta. Inorganic ceramic/polymer ferroelectric composite

electrets. IEEE Transactions on Dielectrics and Electrical Insulation, 3:706, 1996.

P. Ghosez and J. Junquera. First-principles modeling of ferroelectric oxides nanos-
tructures. In M. Rieth and W. Schommers, editors, Handbook of Theoretical and
Computational Nanotechnology, volume 7, chapter 13, pages 623—-728. American Sci-
entific Publisher, Stevenson Ranch, CA, 2006.

D.-H. Yoon, J. Zhang, and B. I. Lee. Mater. Res. Bull., 38:765, 2003.

Y. Rao, Jianmin Qu, T. Marinis, and C. P. Wong. A precise numerical predication of
effective dielectric constant for polymer ceramic composite based on effective-medium

theory. IEEFE Trans. Comp. Pack. Tech., 23:680, 2000.

E. Tuncer, Y. V. Serdyuk, and S.M. Gubanski. Dielectric mixtures: Electrical prop-
erties and modeling. IFEFE Trans. Dielectr. Electr. Insul., 9:809, 2002.

P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Phys. Rev., 136:B864,
1964.

W. Kohn and L. J. Sham. Self-consistent equations including exchange and correlation

effects. Phys. Rev., 140:A1133, 1965.

R. G. Parr and W. Yang. Density-Functional Theory of Atoms and Molecules. Oxford
University Press, Oxford, 1989.

R. O. Jones and O. Gunnarsson. The density functional formalism, its applications

and prospects. Rev. Mod. Phys., 61:689, 1989.

R. M. Dreizler and E. K. U. Gross. Density Functional Theory. Springer, Berlin,
1990.

J. M. Seminario, editor. Recent Developments and Applications of Modern DFT.
Elsevier, Amsterdam, 1996.

R. F. Nalewajski, editor. Density Functional Theory I -1V, volume 180-183. Springer,
1996.



[31]

32]

33]

[34]

[35]

[36]
[37]
[38]
[39]
[40]
[41]

[42]

78

D. Joulbert, editor. Density Functionals: Theory and Applications, volume 500.
Springer, 1998.

J. F. Dobson, G. Vignale, and M. P. Das, editors. Density Functional Theory: Recent
Progress and New Directions. Plenum, New York, 1998.

W. Koch and M. C. Holthausen. A Chemists Guide to Density Functional Theory.
John Wiley & Sons, New York, 2001.

C. Fiolhais, F. Nogueira, and M. Marques, editors. A Primer in Density Functional

Theory, volume 620. 2003.

Klaus Capelle. A bird’s-eye view of density-functional theory, 2006. arXiv:cond-
mat/0211443v5.

J. C. Slater. A simplication of the hartree-fock method. Phys. Rev., 81:385, 1951.
V. Fock. Z. Phys., 61:126, 1930.

M. Levy. Phys. Rev. A, 26:1200, 1982.

E. H. Lieb. Density Functional Methods in Physics. Plenum, New York, 1985.

A. K. Theophilou. J. Phys. C, 12:5419, 1979.

O. Gritsenko and E. J. Baerends. J. Chem. Phys., 120:8364, 2004.

P. Strange. Relativistic Quantum Mechanics with Applications in Condensed Matter

and Atomic Physics. Cambridge University Press, Cambridge, 1998.

M. Liders, A. Ernst, W. M. Temmerman, Z. Szotek, and P. J. Durham. Ab initio
angle-resolved photoemission in multiple scattering formulation. J. Phys. Cond. Mat.,

13:8587, 2001.
E. Runge and E. K. U. Gross. Phys. Rev. Lett., 52:997, 1984.

J. Tao, J. P. Perdew, V. N. Staroverov, and G. E. Scuseria. Phys. Rev. Lett., 91:146401,
2003.



[46]

[52]

[53]

[60]

[61]

79

V. 1. Anisimov, editor. Strong Coulomb Correlations in FElectronic Structure Calcula-

tions: Beyond the Local Density Approzimation. Gordon & Breach, 1999.

O. Gunnarsson, M. Jonson, and B. I. Lundqvist. Phys. Rev. B, 20:3136, 1979.
U. von Barth and L. Hedin. J. Phys. C, 5:1629, 1972.

O. Gunnarsson and B. I. Lundqvist. Phys. Rev. B, 13:4174, 1976.

D. M. Ceperley and B. J. Alder. Ground state of the electron gas by a stochastic
method. Phys. Rev. Lett., 45:566, 1980.

J. P. Perdew and A. Zunger. Self-interaction correction to density-functional approx-

imations for many-electron systems. Phys. Rev. B, 23:5048, 1981.

L. A. Cole and J. P. Perdew. Calculated electron affinities of the elements. Phys. Reuv.
A, 25:1265, 1982.

John P. Perdew and Yue Wang. Accurate and simple analytic representation of the

electron-gas correlation energy. Phys. Rev. B, 45:1324413249, 1992.

J. Harris and R. O. Jones. The surface energy of a bounded electron gas. J. Phys. F,
4:1170, 1974.

D. C. Langreth and J. P. Perdew. Phys. Rev. B, 15:2884, 1977.

Tjalling Koopmans. Uber die zuordnung von wellenfunktionen und eigenwerten zu

den einzelnen elektronen eines atoms. Physica (Elsevier), 1:104, 1934.
A. D. Becke. Phys. Rev. A, 38:3098, 1988.
C. Lee, W. Yang, and R. G. Parr. Phys. Rev. B, 37:785, 1988.

J. P. Perdew, K. Burke, and M. Ernzerhof. Phys. Rev. Lett., 77:3865, 1996. ibid 78,
1396(E), 1997.

John P. Perdew and Y. Wang. Phys. Rev. B, 45:13244, 1992.

L. J. Sham and M. Schliiter. Phys. Rev. Lett., 51:1888, 1983.



[62]

[67]

[68]

[69]

80

Richard M. Martin. Electronic Structure, chapter 22 and App.E. Cambridge Univer-
sity Press, 2003.

V. Heine. page 1. Academic Press, New York, 1970.
W. A. Harrison. Pseudopotentials in the theory of metals. Benjamin, New York, 1966.
M. L. Cohen and V. Heine. page 37. Academic Press, New York, 1970.

W. C. Herring. A new method for calculating wave functions in crystals. Phys. Reuv.,

57:1169, 1940.

W. C. Herring and A. G. Hill. The theoretical constitution of metallic beryllium.
Phys. Rev., 58:132, 1940.

P. E. Bléchl. Projector augmented-wave method. Phys. Rev. B, 50:17953, 1994.

G. Kresse and K. Joubert. From ultrasoft pseudopotentiials to the projector

augmented-wave method. Phys. Rev. B, 59:1758, 1999.

D. R. Hamann, M. Schliiter, and C. Chiang. Norm-conserving pseudopotentials. Phys.
Rev. Lett., 43:1494, 1979.

P. E. Bléchl. Generalized separable potentials for electronic-structure calculations.

Phys. Rev. B, 41:5414, 1990.

D. Vanderbilt. Soft self-consistent pseudopotentials in a generalized eigenvalue for-

malism. Phys. Rev. B, 41:7892, 1990.

N. A. W. Holzwarth, G.E. Matthews, A.R. Tackett, and R.B. Dunning. Comparison of
the project augmented-wave, pseudopotential, and linearized augmented-plane-wave

formalisms for density-functional calculations of solids. Phys. Rev. B, 55:2005, 1997.

M. Leslie and M. J. Gillan. The energy and elastic dipole tensor of defects in ionic
crystals calculated by the supercell method. J. Phys. C; 18:973, 1985.

A. M. Rappe, J. D. Joannopoulos, and P. A. Bash. A test of the utility of plane-waves
for the study of molecules from first principles. J. Am. Chem. Soc., 114:6466, 1992.



[76]

[77]

[78]

[79]

[84]

81

H. J. Monkhorst and J. D. Pack. Special points for brillouin-zone integrations. Phys.
Rev. B, 13:5188, 1976.

P. Giannozzi et al. http://www.quantum-espresso.org.

P. Giannozzi S. Baroni and A. Testa. Greens-function approach to linear response in

solids. Phys. Rev. Lett., 58:1861, 1987.

P. Giannozzi S. Baroni and A. Testa. Elastic constants of crystals from linear-response

theory. Phys. Rev. Lett., 59:2662, 1987.

S. de Gironcoli, S. Baroni, and R. Resta. Piezoelectric properties of iii-v semiconduc-

tors from first-principles linear-response theory. Phys. Rev. Lett., 62:2853, 1989.

S. de Gironcoli, P. Gianozzi, and S. Baroni. Structure and thermodynamics of sixgel-x

alloys from ab initio monte carlo simulations. Phys. Rev. Lett., 66:2116, 1991.

X. Gonze. Adiabatic density-functional perturbation theory. Phys. Rev. A, 52:1096,
1995.

X. Gonze. First-principles responses of solids to atomic displacements and homoge-
neous electric fields: Implementation of a conjugate-gradient algorithm. Phys. Rewv.

B, 55:10337, 1997.

X. Gonze and Changyol Lee. Dynamical matrices, born effective charges, dielectric
permittivity tensors and interatomic force constants from density-functional pertur-

bation theory. Phys. Rev. B, 55:10355, 1997.

X. Gonze and J.-P. Vigneron. Density-functional approach to nonlinear-response

coefficients of solids. Phys. Rev. B, 52:1096, 1995.

S. Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi. Phonons and related crys-
tal properties from density-functional perturbation theory. Rev. Mod. Phys., 73:515,
2001.

R. M. Sternheimer54. Phys. Rev., 96:951, 1954.

S. de Gironcoli. Lattice dynamics of metals from density-functional perturbation

theory. Phys. Rev. B, 51:6773, 1995.



82

[89] R. D. King-Smith and D. Vanderbilt. Phys. Rev. B, 47:1651, 1993.

[90] R. Resta. Macroscopic polarization in crystalline dielectrics: the geometric phase

approach. Rev. Mod. Phys., 66:899, 2002.

[91] G. Ortiz and R. M. Martin. Macroscopic polarization as a geometric quantum phase:

Many-body formulation. Phys. Rev. B, 49:14202, 1994.
[92] R. Resta. Ferroelectrics, 136:51, 1992.
[93] R. Resta. FEurophys. Lett., 22:133, 1993.

[94] Quantal phase factors accompanying adiabatic changes. Proc. R. Soc. A, 392:45-57,
1984.

[95] M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos. Reuv.
Mod. Phys., 64:1045, 1992.

[96] G. Makov and M. C. Payne. Phys. Rev. B, 51:4014, 1995.

[97] Alberto Castro, Angel Rubio, and M. J. Stott. Can. J. Phys., 81, 2003.

[98] S. W. de Leeuw and John W. Perram. Molecular Physics, 37:1313, 1979.

[99] S. W. de Leeuw, J. W. Perram, and E. R. Smith. Proc. R. Soc. Lond. A, 373:27, 1980.
[100] J. Neugebauer and M. Scheffler. Phys. Rev. B, 46:16067, 1992.
[101] P. E. Blochl. J. Phys. Chem., 103:7422, 1995.

[102] M. R. Jarvis, I. D. White, R. W. Godby, and M. C. Payne. Phys. Rev. B, 56:14972,
1997.

[103] G. J. Martyna and M. E. Tuckerman. J. Chem. Phys., 110:2810, 1999.
[104] Lennart Bengtsson. Phys. Rev. B, 59:12301, 1999.
[105] L. N. Kantorovich. Phys. Rev. B, 60:15476, 1999.

[106] Peter. A. Schultz. Phys. Rev. B, 60:1551, 1999.



[107]

[108]

[109]

[110]

[111]
[112]
[113]
[114]

[115]

[116]
[117]
[118]
[119]
[120]
[121]
[122]

[123]

[124]

83

P. Minary, M. E. Tuckerman, K. A. Pihakari, and G. J. Martyna. J. Chem. Phys.,
116:5351, 2002.

Carlo A. Rozzi, Daniele Varsano, Andrea Marini, Eberhard K. U. Gross, and Angel
Rubio. Phys. Rev. B, 73:205119, 2006.

Sohrab Ismail-Beigi. Phys. Rev. B, 73:233103, 2006.

Ismaila Dabo, Boris Kozinsky, Nicholas E. Singh-Miller, and Nicola Marzari. Electro-

statics in periodic-boundary conditions and real-space corrections.
B. Meyer and David Vanderbilt. Phys. Rev. B, 63:205426, 2001.
M. Krémar and C. L. Fu. Phys. Rev. B, 68:115404, 2003.

K. Kunc and R. Resta. Phys. Rev. Lett., 51:686, 1983.

J. Neugebauer and M. Scheffler. Surf. Sci., 287/288:572, 1993.

Jaroslav Tébik, A. Dal Corso, Sandro Scandolo, and Erio Tosatti. Surf. Sci., 566-
568:644, 2004.

John P. Perdew and A. Zunger. Physical Review B, 23:5048, 1981.

L. Fu, E. Yaschenko, L. Resca, and R. Resta. Phys. Rev. B, 60:2697, 1999.
E. O. Kane. J. Phys. Chem. Solids, 12:181, 1959.

Gregory H. Wannier. Phys. Rev., 117:432, 1960.

S. Dall’Olio, R. Dovesi, and R. Resta. Phys. Rev. B, 56:10105, 1997.
Feliciano Giustino and Alfredo Pasquarello. Phys. Rev. B, 71:144104, 2005.
N. Shi and R. Ramprasad. Phys. Rev. B, 74:045318, 2006.

M. Stengel and N. A. Spaldin. Origin of the dielectric dead layer in nanoscale capac-
itors. Nature (London), 443:679, 2006.

Nicola Marzari and David Vanderbilt. Maximally localized generalized wannier func-

tions for composite energy bands. Phys. Rev. B, 56:12847, 1997.



[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]
[134]

[135]

[136]

84

Claudia Sgiarovello, Maria Peressi, and Raffaele Resta. Electron localization in the
insulating state: Application to crystalline semiconductors. Phys. Rev. B, 64:115202,
2001.

J. P. Calame. Dielectric permittivity simulation of random irregularly shaped particle
composites and approximation using modified dielectric mixing laws. J. Appl. Phys.,

104:114108, 2008.

Javier Junquera, Morrel H. Cohen, and Karin M Rabe. Nanoscale smoothing and
the analysis of interfacial charge and dipolar densities. J. Phys.: Condens. Matter,

19:213203, 2007.

The microscopic polarization is defined as the transient current induced by an electric

field [62, 146].

J. Bernholc, Nunzio O. Lipari, and Sokrates T. Pantelides. Scattering-theoretic
method for defects in semiconductors. ii. self-consistent formulation and application

to the vacancy in silicon. Phys. Rev. B, 21:3545, 1980.

Ph. Ghosez, J.-P. Michenaud, and X. Gonze. Dynamical atomic charges: The case of
abosg compounds. Phys. Rev. B, 58:6224, 1998.

L. Colombo, R. Resta, and S.Baroni. Phys. Rev. B, 44:5572, 1991.

Zhigang Wu, R. E. Cohen, and D. J. Singh. Comparing the weighted density approx-
imation with the lda and gga for ground-state properties of ferroelectric perovskites.

Phys. Rev. B, 70:104112, 2004.
G.Natta and P. Corradini. Nuovo Cimento Suppl., 15:40, 1960.
W. E. Lee and K.P.D. Lagerlof. J. Electron Microsc. Tech., 2:247, 1985.

M. D. Fontanat, H. Idrissit, G. E. Kugelt, and K. Wojcikt. Raman spectrum in pbtio,
re-examined: dynamics of the soft phonon and the central peak. J. Phys.: Condens.

Matter, 3:8695, 1991.

P. Umari and A. Pasquarello. Phys. Rev. Lett., 89:157602, 2002.



[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

85

Ivo Souza, Jorge Ifiiguez, and David Vanderbilt. First-principles approach to insula-

tors in finite electric fields. Phys. Rev. Lett., 89:117602, 2002.

Liping Yu, V. Ranjan, W. Lu, J. Bernholc, and M. Buongiorno Nardelli. Phys. Reuv.
B, 77:245102, 2008.

P. Umari and A. Pasquarello. Polarizability and dielectric constant in density-
functional supercell calculations with discrete k-point samplings. Phys. Rev. B,

68:085114, 2003.
W. A. Harrison. J. Vac. Sci. Technol. A, 16:1492, 1979.
J. Ahn and J. W. Rabalais. Surf. Sci., 388:121, 1997.

E. Wallin, J. M. Andersson, E. P. Miinger, V. Chirita, and U. Helmersson. Phys. Rewv.
B, 74:125409, 2006.

C. Delerue, M. Lannoo, and G. Allan. Concept of dielectric constant for nanosized

systems. Phys. Rev. B, 68:115411, 2003.

Xifan Wu and David Vanderbilt. Theory of hypothetical ferroelectric superlattices
incorporating head-to-head and tail-to-tail 180 degree domain walls. Phys. Rev. B,
73:020103(R), 2006.

M.A. Debolt and R.E. Robertson. Impact strength and elongation-to-break of com-
patibilized ternary blends of polypropylene, nylon 66, and polystyrene. Polym. Eng.
Sci., 44:1800, 2004.

L. L. Hirst. Rev. Mod. Phys., 69:607, 1997.



