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Preface

Materials possess various properties such as magnetism, electric conductivity, fer-
roelectricity, photonics, thermal conductivity, mechanical properties, to name a few.
In general, such properties do not alter independently of one another. Instead, strong
couplings and interplay between these properties of materials can be noted. This is
not surprising because various physical properties originate from the electronic
structure of a material, i.e., a change in the electronic structure of a material will lead
to changes in the physical properties of the material. Physical properties (usually
representing functional aspects) can also be coupled with mechanical behaviors such
as strain and deformation because a change in atomistic configuration brings about a
change in electronic structure. The phenomena where multiple physical behaviors
are intertwined is called ‘multiphysics’, which draws increasing interest due to its
link to a wide range of possible applications such as strain engineering—which
exploits the novel functions of devices by applying strain to them.

Multiphysics is significant and important in materials with nanostructures—
nanometer-sized, low-dimensional materials such as ultrathin films, nanowires,
nanoclusters, etc. Indeed, there has been a growing trend in fabricating nanodevices
which utilize the interplay between the multiple properties of materials. The advent
of first-principles calculation methods has been the driving force behind this trend
because its methods enable highly accurate predictions of the properties and
behaviors of nanostructures. The major drawback of first-principles calculations is
surmountable due to the limited dimensions of the systems in question. There have
been, therefore, a substantial number of theoretical studies, many of which have
been based on first-principles calculation methods, to acquire an in-depth under-
standing and knowledge about ‘multiphysics in nanostructures’, this trend is
expected to gain even more momentum in the following years and decades.

The purpose of this book is to systematically review recent advances in the
theoretical investigations of the multiphysics phenomena in nanostructured mate-
rials by introducing a wide variety of studies including elastic strain engineering.
This book mainly covers broad topics on the remarkable properties of multiphysics
in low-dimensional nanoscale components, investigated by means of first-principles
density functional theory. The book also includes studies based on semi-empirical



vi Preface

electronic structure calculations such as the tight-binding method. These methods
help us understand the complicated nature of non-linear multiphysics couplings due
to quantum mechanical effects. We believe that this book serves as motivation for
readers to explore the rapidly expanding world of multiphysics in nanostructures,
which itself paves the way for exploiting and designing novel functionalities at the
nanoscale. We hope readers will be interested in this exciting multidisciplinary field
and will be motivated to get involved in this promising research area.

We extend our sincere gratitude to Ms. Taeko Sato for her continuous and
considerate support that has enabled the publication of this book.

Tokyo, Japan Yoshitaka Umeno
Kyoto, Japan Takahiro Shimada
Susono, Japan Yusuke Kinoshita

Kyoto, Japan Takayuki Kitamura
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Chapter 1
Introduction

Abstract Multiphysics, which is the phenomenon where different physical prop-
erties are correlated with each other, is drawing much attention not only of scientific
researchers but also of engineers. In the discussion of the physical properties in
nanostructures, there are two targets, namely nanounderstructure and nanoshape.
Classification of nanostructures is overviewed with an example of ferroelectric
nanostructures. The scope of this book, mainly focusing on the investigation of
nanoshaped components, is clarified.

Keywords Multiphysics + Nanostructure - Shape - Understructure

Insatiable demands have been imposed for the miniaturization and high perfor-
mance for small technological devices such as electronic devices, micro-/nano-
sensors, and micro-/nanoelectromechanical systems (MEMS/NEMS). This trend
demands high-density integration and multifunctions in their components in the
nanometer scale. On the other hand, the rapid development in the manufacturing
engineering has made production of components even atomic-scale components
possible. Thus, atomic-scale design of functionality is required in near future.

As the dissimilar materials are composed in a device, the material property is
influenced by the surrounding environment. For example, the ferroelectric property
is sensitive to the mechanical strain, which is often brought in nanocomponents by
the lattice mismatch between the neighboring materials. The interaction among
physical properties, e.g., mechanical, electric, electronic, and magnetic ones, is
called “multiphysics” and attracts many researchers and engineers in the field of
materials science. Although there are many excellent textbooks available for indi-
vidual behavior, explanatory books on the multiphysics are still not enough pub-
lished yet. It is because many research works are going on and the scientific
knowledge is expanding now. Here, it should be noted that the multiphysics prop-
erties possess sensitive correlation with each other through the boundary condition.
As nanocomponents are under their characteristic boundary conditions, they might
exhibit peculiar property in the multiphysics interaction. One of the unique aims in
this book is that we spotlight the multiphysics in nanometer-scale structures.

© Springer Japan KK 2017 1
Y. Umeno et al., Multiphysics in Nanostructures, Nanostructure Science
and Technology, DOI 10.1007/978-4-431-56573-4_1



2 1 Introduction

When we discuss the property in nanometer scale, there are two targets:
(A) large material with nanounderstructure and (B) material in nanoshape. The
former means multiscale investigation for understanding the hierarchical effect,
while the latter focuses solely on the nanoscale properties. In the context of mul-
tiphysics in nanometer scale, these share common fundamentals; however, the
effects of boundary conditions are remarkably different. Second unique point in this
book is that the standpoint is mainly on the investigation and quest of (B), the
nanoshaped components.

The structure creates various boundary conditions, which might bring about
useful functions in terms of industrial application on the nanoshaped materials. In
other words, geometric factor provides key on the nanometer-scale multiphysics.
Here, material structure can be generally classified into two categories such as
(1) “shape” (external geometry of material) and (2) “understructure” (internal
geometry). The former is represented by low-dimensional components: films,
bars/wires/tubes, and dots, where the surfaces/interfaces, edges, and vertexes play
featured role in the characteristic material property. The latter in the atomic scale
points out the effect of low-dimensional defects in crystallographic materials such
as grain boundaries, dislocations, vacancies, and their networks. Both of (1) and
(2) show critical influence on the multiphysics.

The physical quantities usually originated from the lattice-level or electron-level
distortion have their directional behavior in a material under stable equilibrium
condition. For example, the ferroelectricity in perovskite materials is caused by
displacements of atoms inside a crystallographic unit cell and its spontaneous
polarization is a vector at the lattice level in principle. Then, the existence of not
only ferroelectric phase (FE), unidirectional distribution of moments, but also
complex distortion, antiferrodistortive phase (AFD), and rotation of the oxygen
octahedral is reported. Although the AFD distortion does not exist in a bulk, it
emerges coupling with FE in nanostructures. This means that there exists
lattice-level understructure, an inner geometric factor.

Moreover, the polarization usually forms polydomain structure. This points out
that the polarization possesses topological spatial pattern. In particular, in a nano-
material, it has been reported that exotic patterns come up. A vortex pattern, for
example, is formed in a nanodot due to its surface effect. This provides another
aspect of inner geometry, the understructure.

In short, the structural effects are categorized by the shape and understructure as
summarized in Fig. 1.1. The latter is classified into the defect (atomic-level
imperfection), the lattice-level distortion, and the topological pattern. The factors in
Fig. 1.1 are nonlinearly coupled with each other. It should be noted that lattice-level
distortion is switched by the external field and this brings temporal rearrangement
of polarization pattern, temporal effect. The adventurous characteristic feature of
this book is on the trial to approach the complexity of interaction.

When we consider the multiphysics, each quantity has such complexity
explained above. The mechanical strain (stress) is a second-rank tensor so that the
deformation pattern is more complex. Understanding of the multiphysics in struc-
tures means to clarify the interactions between the factors in each physical property
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Fig. 1.1 Classification of ferroelectric nanostructures: (Left side) Shape of nanostructures
including thin film (2D), nanowire and nanotube (1D), and nanodot (0OD). (Right side)
Understructure in ferroelectrics classified further into defect (grain boundary, dislocation, and
vacancy), lattice-level distortion (ferroelectric, antiferrodistortive, and paraelectric), and polariza-
tion topology (single domain, domain walls, and vortex patterns)

shown in Fig. 1.1. Thus, the interaction extends diversely and the complexity
provides us fertile field for the investigation.

Atomic simulations have made great progress in recent years. Ab initio
(first-principles) calculation, which numerically solves the feature of electrons on
the basis of quantum mechanics, has provided useful tool to analyze the material
property at the atomic/electronic scale. Not only the enhancement of computer
power but also the progress in numerical techniques has greatly contributed to the
advancement in the quest of materials behavior. Considering the diversity and
complexity of subjects, the approach inquired in this book is confined in the
ab initio simulations and related techniques while excellent experimental works and
other analytical efforts have been reported.

We try to describe the fundamentals of geometric effect in nanometer scale on
the multiphysics characteristics in this book. As the nanoworld possesses enormous
potential for more research on unexplored behavior and future industrial applica-
tions, it would be our great pleasure if some of readers get inspiration.



Chapter 2
Methodology of Quantum
Mechanics/Atomic Simulations

Abstract Methodology for electronic structure calculations is overviewed. We
place focus on first-principles calculation method based on the density-functional
theory, which is most widely used for calculations of multiphysics in nanostruc-
tures. We explain the formulation for first-principles calculation method using
pseudopotentials, which is a common practice in this field. Relatively advanced
calculation methods including Beyond LDA approaches are also covered.
Semi-empirical electronic structure calculation methods and empirical atomistic
models are briefly introduced as well.

Keywords First-principles - Density-functional theory - Electronic structure
calculation + Atomic model simulation

2.1 Method for Electronic Structure Calculation

Theoretical methods to obtain the electronic structure in solids and molecules have
relatively a long history, which started in 1920s. In various fields, different methods
suitable for each purpose have been proposed and improved. Needless to say,
behind the advance of the increasingly sophisticated methods is the remarkable
improvement of computational proficiency, which has enabled complicated and
large-scale calculations.

Theories to obtain the electronic structure are basically based on the Schrodinger
equation. When the method does not require empirical parameters and the calcu-
lation can be performed in a purely theoretical manner, it is called a first-principles
calculation. “Ab initio” (Latin word meaning “from the beginning”) is often used as
a word equivalent to “first-principles” but there is a controversy whether these two
words are exchangeable (see Appendix). It should be noted that first-principles
(ab initio) calculations do not mean that no approximation is employed. Although
first-principles calculations are basically regarded as rigorous and reliable and one
can usually obtain the fundamental properties of materials in a good accuracy, one
should well understand the introduced approximations and their limitations.

© Springer Japan KK 2017 5
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6 2 Methodology of Quantum Mechanics/Atomic Simulations

There are a number of theoretical methods for electronic structure calculation. It
is out of the scope of this book to cover all the methods proposed thus far.
Classification of the methods may also be difficult because they are intermingled in
the process of development. In this chapter, therefore, we explain about only some
methods that are important and often used for the evaluation of the property of
solids. Here we basically focus on the pseudopotential method with plane wave
basis calculation scheme based on the density-functional theory (DFT) [1] which is
mainly used for first-principles calculations for multiphysics of nanostructures
introduced in the following chapters, while some of other methods are briefly
covered.

2.1.1 Fundamental Approximations for Electronic
Structure Calculation

In the electronic structure calculation, two fundamental approximations are usually
employed: Born—-Oppenheimer (adiabatic) and independent-electron approxima-
tions [2].

The adiabatic approximation assumes that electrons always take the ground state
at any given configuration of atoms. In other words, the electron state is optimized
fast enough to immediately follow varying atom configuration. This approximation
is reasonable considering the fact that the mass of an electron is about three orders
of magnitude lighter than that of an atom unless the change in atom configuration is
extremely rapid. With this approximation, one can treat the behavior of electrons
and that of atoms separately and independently, i.e., the electron state (and any
physical quantity associated with it) can be obtained as the optimal solution to the
given atom configuration, which is treated as a fixed environment.

An electron receives not only Coulomb interaction with its nucleus but also
Coulomb and exchange—correlation interactions with other electrons. However, it is
tremendously difficult to rigorously treat and solve the many-body problem of
electrons. A way to circumvent this obstacle is to substitute the many-body inter-
action with a one-electron effective potential, i.e., it is regarded as a one-electron
problem in a potential that represents contributions from other electrons. While this
concept, which is called the independent-electron approximation, seems to be a
rather drastic and bold approximation, it is often employed in most of the electron
structure calculation methods, and it usually leads to successful results in various
problems.

2.1.2 Hartree—Fock Method

The Hartree-Fock (HF) method [3] has been developed mainly for the electronic
structure calculation of molecules or cluster systems. The molecular orbital
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(MO) method calculation, which expresses wave functions with molecular orbitals
(localized functions around atoms), is often performed based on the HF method.
Here, the concept of the HF method is briefly explained.

Electrons are fermions, which are described by Fermi—Dirac statistics and follow
the Pauli exclusion principle. Therefore, restrictions are imposed on the form of
many-electron wave functions. We denote &; = (r;, ;), where r; is the coordinate of
electron i and o;(= £1) its spin coordinate. The wave function of a N-electron
system is written as W(&, &, -+, Ey). The wave function must change its sign
when coordinates of two electrons are exchanged, i.e.,

‘P("'fi"fj"')Z—‘P("'fj"'fi"') (2.1)

Now we express the wave function with one-electron orbitals,

G, (8), gy (E),- -, as

¢a1(€1) ¢a2(€l) (i)aN(él)

1| ¢y, (&) ¢g,(E2) : (2.2)

LPN(éla"WgN):\/iN—'

By (E) by (E)

This expression, called the Slater determinant, meets the Pauli exclusion prin-
ciple. The exchange of two electrons alters the sign of wave function, meaning that
electrons repel each other even without Coulomb interaction. While the
many-electron state can in general be expressed as a linear combination of Slater
determinants, the HF approximation uses one determinant. In the HF approxima-
tion, the one-electron Schrédinger equation (called the HF equation) becomes

h i
— %viji + VH(ri)lPi = gi‘{ji (23)

- s f18()
i /
V r’ - Z|r, x‘ te ;/ ’ri_r/’ drj

J

22 /‘I’*()‘P(rl)dr; \yj(rj)(smj

J#i ri_rj

The second and third terms of the effective potential (V) are electron—electron
Coulomb interaction and exchange interaction, respectively.
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2.1.3 Density-functional Theory

Another approach to electronic structure calculation that started being used actively
in 1970s is based on the density-functional theory (DFT) [1], which originates in
the work by Hohenberg and Kohn (1964) that showed the total energy of a system
can be expressed as a functional of charge density (p)

Eot = /Vext(r)p(r)dr + T[p] + Eeelp] (2.5)

where Vg is the external potential (potential of the nucleus ion), T the kinetic
energy functional, and E,, the electron—electron interaction functional. A practical
calculation method was presented by Kohn and Sham (1965). According to the
Kohn—Sham (KS) theory [4], one is to solve one-electron eigenvalue problem
(Kohn—Sham equation)

[T + Vext + Vi + Vxc |, (r) = e (r) (2.6)

where Vg is the Hartree (Coulomb) potential and Vxc the exchange—correlation
potential (details will be described in the next section). The energy functional in the
Kohn—Sham theory is described as

Eot = T[p(r)] + [Vexi(r)p(r)dr + %// %d’/d’ (2.7)

+ Exc[p(r)]

The ground state can be therefore obtained by optimizing wave functions so that
corresponding charge density minimizes the total energy. In other words, DFT is a
charge density-based theory, while the HF method is a wave-function-based one.

Usually, the KS equation is written in the matrix form and solution (eigenvalues
and eigenvectors) is found by an iterative method. As the Hamiltonian terms
contain the contribution of charge density of electrons, solving the KS equation
cannot be done only once but a so-called self-consistent loop (SCL) calculation is
needed, i.e., the Hamiltonian is constructed with a provisional charge density dis-
tribution (p;,), and the KS equation is solved to obtain /, from which charge
density is renewed (p,,)- Then the created charge density constructs the new
Hamiltonian, and this process is repeated until the equation becomes self-consistent
(Pin = Pou)-

Electronic structure calculation for crystals (periodic structures) is sometimes
called “electronic band structure calculation.” Various theoretical methods for band
calculation have been proposed and developed. All-electron calculation methods,
which obtain the states of both valence and core electrons, will be only briefly
introduced in Sect. 2.2.8. Electronic band structure calculation based on DFT is
also conducted with a plane wave basis set, where the pseudopotential method is
usually employed to (explicitly) treat valence electrons only. One of the advantages
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of such approach is its suitability for the calculation of forces exerted on atoms due
to the Hellmann—-Feynman theorem [5], which enables efficient structural opti-
mization and obtains mechanical properties such as stress tensor and elastic con-
stants. This approach is widely used owing to sophisticated simulation packages
including VASP [6], CASTEP [7], ABINIT [8], and PWSCEF [9]. The detail of the
calculation method of DFT with pseudopotentials will be described in the next
section.

2.2 First-Principles Calculation with Plane Wave Basis Set

In this section, we describe the DFT calculation method using a plane wave basis
set. Hartree atomic units (Table 2.1) are used in the following description of the
formalism. For the sake of brevity, we assume the nonmagnetic case without spin
polarization unless otherwise stated.

The plane wave basis is not suitable for expressing wave functions with many
nodes. The plane wave basis DFT calculations are therefore usually performed with
employing the pseudopotential method, which makes the effective potential
remarkably softer to reduce the basis set required to represent wave functions. For
pseudopotential methods, see later section.

2.2.1 Kohn-Sham Equation

In DFT, the Kohn—Sham equation
[T+ Vext + Vi + Vel (r) = e (r) (2.8)

is to be solved to find the wave vector (eigenvector), ¥,(r), and the corresponding
energy level (eigenvalue), ¢;, of one-electron state (7). T is the operator of the kinetic
energy of the electron

oce
1 2
rlptr)] = 3| 57w 29)
i
Table 2.1 Hartree and Hartree Rydberg SI
Rydberg atomic units and SI (a.u) (a.u)
unit 31
Mass 1 Y 9.10965 x 107! kg
Time 1 Vs 241889 x 1077 s
Energy |1 2 435982 x 107187
Length |1 529177 x 107" m
Force 1 2 8.23892 x 10°% N
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and the charge density p is obtained as

occ

p(r) = 2ZW,-(')I2 (2.10)

Here “occ” means that the summation ranges over the occupied electron states.
The other three terms (Vegr = Vexe + Vi + Vic) are the effective one-electron
potential. Ve represents the interaction between the electron and the “core ion,”
which consists of the nucleus and the surrounding core electrons in the framework
of the pseudopotential method (see Sect. 2.2.4). Vi represents the electron—electron
(Coulomb) interaction

_ [P
VH—/ /|d (2.11)

lr—r
which is also called Hartree term. Vxc is the exchange—correlation potential

OExc[p(r)]

5 (2.12)

Vxc =

where all quantum effect is included. The exact exchange—correlation functional
(Exc = Ec +Ex; Ec and Ex are the correlation and the exchange energies,
respectively) is not known, and an approximation must be introduced to write this
term (see, e.g., Sect. 2.2.2).

2.2.2 Local Density Approximation

To solve the Kohn—Sham equation, it is required to determine the exchange—cor-
relation functional form. This is, however, a many-electron term and it is hardly
possible to come up with the exact solution for general cases. The local density
approximation (LDA) [4] was introduced to give a major breakthrough to this
problem. LDA assumes that the gradient of the charge density with respect to space
is modest and writes

Exclp(r)] = [exc(r)p(r)dr (2.13)

where exc(r) is the exchange—correlation energy density, which is the sum of the
exchange (ex) and correlation (¢c) energy densities, i.e.,

exc(r) = ex(r) + ec(r) (2.14)
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The exchange—correlation potential is then

PPN — axetr) + i) 22

Yxe = 5p(7)

(2.15)

Although LDA is a rather bold approximation, it has been empirically known
that the approximation works well for various cases. The reason for this was
intensively discussed by Gunnarsson [10]. To perform analysis of magnetic
materials, LDA was extended to the spin-polarized case, where majority and
minority spins do not take an identical state. This is called the local spin density
approximation (LSDA). Denoting the opposite spins by + and —, the Kohn—Sham
equation becomes as follows:

BRI GG Al 2.16)
Vi (r) = Vex(r) + Vaa(r) + Ve (r) (2.17)
Vie(r) = ;ix(‘;) (2.18)
Here,
p(r)=p*(r)+p (r) (2.19)

occ

=> il (2.20)

The exchange—correlation energy reads

Exclp™.p7] = [p@excip™ (1), () }dr (2.21)

Various expressions for the exchange and correlation energies have been sug-
gested thus far [11]. Here we introduce an example, which is one of the most
commonly used functions. In the following expressions, superscripts P and F
denote paramagnetic and ferroelectric states, respectively. Kohn, Sham, and Gaspar
gave an approximation for the exchange energy density as [4, 12]

3 /fon\'?1
P
-2 (=) = 2.22
o 47'5(4) (2.22)

rS
and

b = 21368 (2.23)
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where

ry = (%) " (2.24)

A functional form for the correlation energy density was proposed by Perdew
and Zunger [13] based on the results of Monte Carlo calculations of electron gas by
Ceperley and Alder [14] as

| i .
ccr) =4 AR : (re> 1) (2.25)
A'lnrg+B + C'rylnrg+D'ry  (ry<1)
where i = P or F. The parameters are given as follows: y* = —0.07115, [311) =

1.0529, 5 = 0.3334, A® = 0.01555, B® = —0.024, C* = 0.001, D" = —0.0116,
yF = —0.04215, % =1.3981, p5=02611, AF =0.007775, BF = —0.01345,
CY = 0.00035, and DF = —0.0024. For the spin polarization {(= (p™ — p~)/p)
between 0 and 1, the energy densities can be obtained using the spin interpolation
formula by von Barth and Hedin [15], i.e.,

exc(0) = exc +£(0) (ekc — £xc) (2.26)

14+ +(1 -2
24/3 _ 2

fQ) = (2.27)

LDA (LSDA) has been and still is widely used due to its good performance in
spite of the simplicity. Nevertheless, it is known that the approximation does not
work well for some cases. Some of the nontrivial, well-known problems are listed
below [16].

(1) LDA tends to underestimate the lattice constant. (In general, however, this trait
is not considered to be fatal because the deviation from the experimental value
can be restricted within 1% in most cases.)

(2) Structure and magnetism of 3D transition metals cannot be reproduced well.
For instance, the hcp (paramagnetic) structure of Fe is evaluated as the most
stable state, as opposed to the bcc structure with the ferromagnetic state in
reality.

(3) The band gap energy of semiconductors and insulators tends to be underes-
timated.
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2.2.3 Generalized Gradient Approximation

Generalized gradient approximation (GGA) [17, 18], which is to take into account
the spatial gradient of charge density, is a natural and reasonable extension of LDA.
The exchange—correlation energy in GGA is expressed as

Exclp®,p7 )= [f{p*,p",Vp ", Vp~}dr (2.28)

GGA tends to improve various energy evaluations including total energies and
structural energy differences. Evaluation of magnetism can be improved in some
cases. In GGA, interatomic bonds are evaluated to be softer than in LDA, which
leads to (over)correction to the underestimation of lattice constants by LDA.

Among GGA, functionals being used most frequently are PW91 proposed by
Perdew and Wang [19], and PBE by Perdew et al. [18]. Omitting the details of its
derivation, explicit forms of the PBE functional are given below. The correlation
energy is given by

EPBEpT p7] = /P [sliDA(rx, O)+H(ry, (,1)]dr (2.29)

where r, = (3/4mp)"/? is the Wigner—Seitz radius, { = (p = — p~)/p is the relative
spin polarization, and ¢ = |Vp|/2¢k;p is a dimensionless density gradient

(0 = [(1 —i—{)z/3 +(1-— C)Z/S]/Z, ks = \/4kr/mag). The gradient contribution

is given by
32 3 ﬁ 1+At2
H= (S )y’ md1+ 22— 12 2.30
<ao)’¢ “{ o [1+At2+A2t4]} (230)
__ LDA -1
ab [exp{M} - 1] (2.31)
i 1¢7e

(e =,a9 =, = 0.066725,7 = (1 — In2)/n*)

The exchange energy is written as

EPF = [p[ex™(p) + Fx(s)]dr (2.32)
Fx(s) = L +x —«/(1+ us*/x) (2.33)

(1 = 0.804)
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2.2.4 Pseudopotential Method and Norm-Conserving
Pseudopotential

Potentials that electrons feel basically have a deep valley around the nucleus. Wave
functions have therefore many nodes, which makes it impractical to represent such
wave functions with plane wave basis sets. The pseudopotential method is to cir-
cumvent this problem by dealing with only valence electrons and constructing
“effective” (pseudo-)potentials created by the nucleus and the core electrons (see
Fig. 2.1). Core electrons, chemically inert, are considered to be fixed (frozen-core
approximation), and only the Schrodinger equation for valence electrons is solved.

Pseudopotentials are constructed from the solution of the all-electron
Schrdédinger equation for an isolated atom and are put in use for condensed mat-
ters. Thus, it is essential for the pseudopotentials to possess good transferability
(i.e., reliability of the potential when being put in different environment). In
addition, the pseudopotentials are desired to be sufficiently “soft” so that only small
basis sets are required.

The norm-conserving pseudopotential (NCPP) method was proposed by
Hamann et al. [20], and various potentials were constructed with modifications later
on [21-25]. NCPPs are constructed to meet the following conditions ((//fE and &'
are the wave function and the energy (eigenvalue) of the all-electron calculation,
respectively. xpf 5 and el are the pseudo wave function and the corresponding
(pseudo) energy, respectively):

(1) Pseudo wave functions (zpf S, where [ is the angular momentum) are nodeless.

(2) Pseudo wave functions are identical with all-electron wave functions (lﬂfw)
outside the core radius, r.

(3) Energies (eigenvalues) of the pseudo wave functions, af S are identical with
all-electron energies (¢/F).

(4) The integral of pseudo charge density (norm of pseudo wave functions) inside
the cutoff sphere is identical with that of true charge density, namely

Pseudopotential

Pseudo wave function A

Fr
#

L k'/[\ — >
\/\I :

Real wave function Real potential

Wave function

Potential

Fig. 2.1 Schematics explaining pseudopotential method
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Tl far=Trut o) ar 239
0 0

The following identity is obtained.

ra

1 d d
- 5;021//(r)2%51m//(r) m: (/) ry(r)dr (2.35)

The left-hand side is unchanged between %15 and wf 5 if the above condition
(4) is satisfied, i.e., the logarithmic derivative of the radial wave function, which

describes the scattering property of electrons by the ion, is correct. This ensures the
transferability of NCPPs.

2.2.5 Hamiltonian in NCPP

Here we show the Hamiltonian operator in the matrix form within the framework of
the NCPP method [26]. Consider an object (crystal) cell, whose primitive transla-
tion vectors are a;,a,,andas. The reciprocal lattice is given as

G = mb; +myby + m3bs (236)
with
a; X as
b =2n———— 2.37
! nal . (az X a3) ( )
as X a,
b =2n———— 2.38
2 nag . (a3 X al) ( )
a Xap
by =2n———— 2.39
: a; - (a; X ay) (239)
and m;, m;, and ms are integers. We use the notation of a plane wave
1
|k +G) = —=expli(k +G) - r] (2.40)

VQ

where k is a sampling point in the Brillouin zone. Plane waves are orthonormal as

(k+Glk+G) = \/Lﬁ / expli(G — G') - Fldr = 6o (2.41)
Q
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(Q is the volume of the entire crystal.) The wave function that has the nth
eigenvalue for k, ,,(r), is expanded into the plane wave basis as

Vi (1) Z Cliglk+G) (2.42)

Practically, the summation ranges over all G’s with %|k—|—G|2 smaller than a
certain value (the cutoff value for plane waves). The charge density is given by

occ

ZZZZM o Cly g expli(G — G') - 1] (2.43)

where f, and f; indicate the weight of each k-point and the occupation number of
the energy level n, respectively.

In the plane wave basis formalism, the Kohn—Sham equation becomes the
eigenvalue problem whose eigenvectors are the expansion coefficients written as

ZHk+G,k+G’CZ+Gf =emCy g (2.44)
G/

where g, is the eigenvalue for the nth state of the sampling point k.
Here we show the elements of the Hamiltonian matrix

1
Hiicr+o = (k+G‘—§V2+veff(r) k+Gl> (245)

The kinetic energy term is

1 1
<k+G'—§V2 k+G) :5|k+G|2(sGG, (2.46)

The term for the Coulomb interaction with the ion core is split into the local term
(Vioc), which is independent of the angular momentum, and the angular-dependent
nonlocal term (Vjoc). The local term

<k+G]VPp

loc

)|k+G")
/Vzll'i exp[—i(k +G) - r)]expli(k +G') - r)]dr (2.47)

v (G -G

loc
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is given by the coefficients of the Fourier transformation of VP (r), i.e.

VPP

loc

(6)= g S oG r)VI(G) (2:4)
Vgp,loc(G) — / VEP,IUC(r) exp(—G . r)dr (249)
Q

Here, Q, is the volume of the simulation cell, and V}l’p’l"c(r) and r, are the local
pseudopotential and the position of atom a, respectively. The nonlocal part is

(k+ GV k+G') = Zexp i(G = @) 1]V (ke + Gk + G)
= V}jlﬂc(k+G,k+G’)
(2.50)
Here,
Vi (k+G.k+G)
=4n Z(Zl+ 1)P;(cos w) (2.51)

/VP"“‘“ ik +Glr)ji(|k + G |r)rdr

v o1 s the nonlocal pseudopotential of atom a for angular momentum [, P;

the Legendre polynomial, and j; the spherical Bessel function. w is the angle
between k+ G and k+ G'.
The Fourier transformation of the charge density reads

Zp exp(iG - r) (2.52)

= —/p exp(—iG - r)dr (2.53)
The Coulomb term meets the Poisson equation,
V2 Veoul(r) = —4mp(r) (2.54)

therefore

V2 Veoul(r) = —4an exp(iG - r) (2.55)
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Thus, we get

Veoul(r) = 4712'0 exp(iG - r) (2.56)

and its Fourier transformation becomes

coul /

exp(zG/ r) exp(—iG - r)dr

(2.57)
p(G)
GI*
The corresponding element of the Hamiltonian matrix therefore becomes
(k + G|Veou(r) |k + G')
1 . .
= 5/ Veoul (r) exp(—iG - r) exp(iG’ - r)dr (2.58)
Q
= coul(G - G/)
In the same manner, the exchange—correlation term can be obtained as
(k+Gluxc(r)lk +G') = ixc(G — G) (2.59)
Summarizing the above equations, we get
1
Hyigi+o =3 |k +G[*d6e + V(G = G')
pp / / (2.60)
anoc(k+G k+G) coul(G_G)
+ txc(G - G

2.2.6 Ultrasoft Pseudopotential Method

Softer pseudopotentials require smaller basis sets, leading to the improvement in
calculation efficiency. The ultrasoft pseudopotential (USPP) scheme proposed by
Vanderbilt [27] succeeded in making substantially soft potentials without sacri-
ficing calculation accuracy by removing the norm-conserving condition and
introducing augmentation charges. A scheme to include more than one reference
energies in the construction of pseudopotential for better transferability was also
suggested. This “multireference energy” scheme can be applied to the NCPP
method in principle, but such an approach was employed in few studies.
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Based on all-electron calculations, pseudo wave functions (&i) are constructed so
that the scattering properties are correct for reference energy levels. For a given
angular momentum [/, more than one energy levels, ¢;, are chosen. Pseudo wave
functions are constructed under the generalized norm-conserving condition as
follows.

Q= <lﬁi|lﬂj>R_<{ﬁi‘l~ﬁj>R: 0 (2.61)

Here <np,.|lpj> » denotes the integral of y; (r)y;(r) inside the sphere with a radius

of R. Now, projector functions |f;) = Zj(B’l)ﬁ< Xj‘ are defined, which are dual to

the pseudofunctions ‘l},> Gi.e., < ﬁi\fpj> = ;7). Then, the nonlocal pseudopotential

operator can be chosen as

Ve = ZBu|ﬁz><ﬂ]} (2.62)

The generalized norm-conserving condition Q;; = 0 is not necessary if we accept
the generalized eigenvalue problem where the overlapping operator

S=1+ Y 0,188 (263)

Then the nonlocal pseudopotential operator is redefined with Dy = Bj; + ¢;0j; as

Ve = ZDU|181><ﬁ]| (2.64)

Here we get the following relation
(WSl ) = (i) (2.65)

Thus, the pseudofunctions are the solution of the generalized eigenvalue prob-
lem (H =T+ Vloc + VNL)

(H — &) |&i> =0 (2.66)

Though B is no longer Hermitian due to the removal of the generalized
norm-conserving condition, the hermiticity of the pseudo-Hamiltonian is restored
because D and Q are Hermitian operators. Valence charge density is written as

0occ

pr) = D T+ 3 py0i(r) 2.67)
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where

occe

pi = > (Bilv) (Wil B) (2.68)

k
Qy(r) = i (NWi(r) =} () (r) (2.69)

The advantage of the removal of the generalized norm-conserving condition is
that the pseudofunction construction should only meet the requirement that the
pseudofunctions should only be smoothly connected to all-electron functions at a
radius of R; therefore, the core radius can be much larger than that of NCPPs
without sacrificing accuracy (accuracy can be retained by introducing the auxiliary
function Q and the overlapping operator S) [28]. In fact, the logarithmic derivative
of the wave function is conserved as

(B )] = () =il (270
1 ,d d
—5(”%(”)) dis,-aln Wi(r) R: Wilvi)r (2.71)

2.2.7 Projector-augmented Wave Method

The projector-augmented wave (PAW) method proposed by Blochl [29] is another
solution to the problem that wave functions are sharp in the core region requiring a

substantial number of plane waves. In PAW, a linear transformation operator, TA", is
introduced to efficiently describe wave function features that are largely different
between core and interstitial regions.

The operator 7 transforms an smooth auxiliary function, [;), to the true
all-electron Kohn—Sham single-particle wave function, |y;)

i) = ?\W (2.72)

Then we get a transformed Kohn—Sham equation,
TtHT = s,»?T?’J/,.> (2.73)
which is to be solved instead of the ordinary Kohn—Sham equation. The transfor-

mation operator is determined so that the auxiliary function as the solution of the
above equation becomes smooth. T has only to affect the core region, so we define
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T=1+>T° (2.74)
a

where a is an atom index. T7¢ is an atom-centered transformation, which has no
effect outside augmentation spheres with a radius of 74, ie., |r — RY| > re.
Augmentation spheres do not overlap with each other. In the augmentation sphere,
the true wave function is expanded to partial waves, qﬁja For each partial wave, a

smooth auxiliary wave, q?)‘-‘, is defined, and the following condition is required.

)= (17

4’? and (2)5‘ coincide with each other outside the augmentation sphere. Now, the

<2>;‘> (2.75)

smooth wave function |x/~/l> is expanded with the smooth partial waves as

“Lt>zng‘
J

&) Ir— RY| <7t (2.76)

Recalling ‘qﬁ,“> =T d)j"> we can make the following expansion with the same

coefficients,

W) =TI ) = D Pl )s Ir — RY| < (2.77)
J

The linearity of the transformation operator gives

Py = (B (2.78)

f’]‘? is called a smooth projector function.
The projector function must satisfy the following completeness relation,

21

which implies that the projector function must be orthonormal to the smooth partial

=1; |r— R < (2.79)

waves within the augmentation sphere (<pf|<}5Z> = 0j; |r — R*| <r%). Using the

completeness relation, we get
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o= STt = 52 - 197)) Gt

J

(2.80)

o) -
and therefore

(2.81)

Pt 30 (e) - (o)
The all-electron Kohn—Sham wave function can be obtained as
Uilr) = o)+ D2 S (50— 90) ) (Bl (2.82)
a

By this decomposition, the original wave function is divided to the auxiliary
wave function (smooth everywhere) and the contribution including fast oscillation
(affecting limited region in space). It is the advantage of the introduction of the
transformation operator to be able to treat the two functions independently.

2.2.8 All-Electron Method

Besides the pseudopotential approach, there exist calculation methods to obtain the
states of all electrons (core and valence electrons). One of the methods that have
been widely used for all-electron (including both valence and core electrons) cal-
culation has its origin in the APW (augmented plane wave) method proposed by
Slater (1937) [30]. In APW, wave functions are represented by plane waves for
interstitial region that are connected to wave functions of (atomic) core region. The
potential of the core region is approximated with muffin-tin-type functions. LAPW
(linearized APW) developed by Anderson (1975) [31] enabled efficient calculation
by linearizing radial wave functions with respect to energy, with which the cal-
culation can be solved as a generalized eigenvalue problem. To lift the restriction of
spherical wave functions due to the muffin-tin approximation, it was further
developed to FLAPW (full-potential LAPW) [32]. WIEN2k [33] is a well-known
simulation package for calculations based on FLAPW.

There is also a lineage of the KKR method [34], which was originally proposed
by Koringa (1947), Kohn, and Rostoker (1954). This is also called the Green
function method, as the method defines the one-particle Green function of the
Kohn—Sham equation. Calculation of wave functions and eigenvalues is circum-
vented, and charge density or local density of states can be obtained directly
through the Green function. It has been confirmed by many studies that results
obtained by KKR and APW exhibit good agreement with each other.
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2.2.9 Beyond LDA and GGA

While DFT calculations with LDA and GGA have enjoyed much success, it is also
known that there are a number of problems that cannot be addressed with these
approximations. Attempts to eliminate these problems, which are often called
“Beyond LDA and GGA,” include the +U method (often called DFT + U,
LDA + U or GGA + U as well) [35], the GW approximation [36], and DFT-HF
hybrid functionals [16]. In general, these advanced methods require much increased
computational resources or introduction of additional, adjustable parameters.

It has been known that the “standard” DFT calculation with LDA or GGA can
fail dramatically in materials containing electrons with strong correlation, whose
ground state is characterized by pronounced localization of electrons. A typical and
serious problem is the substantial underestimation of the band gap energy. This is
because the approximate exchange—correlation functionals do not cancel out the
electronic self-interaction, which makes charge density portions associated with one
atom repel each other, in the Hartree (Coulomb) term, resulting in over-delocalized
valence electrons. The +U approach is based on the Hubbard model, which con-
siders the interaction between electrons within the same atom (on-site Coulomb
interaction), and corrects the self-interaction error in the standard DFT that tends to
overly delocalize the metal d and f states. In the +U approach, the strength of the
on-site interactions is described by parameters U and J, which represent on-site
Coulomb and on-site exchange contributions, respectively. These parameters can be
evaluated by ab initio calculations, but usually determined empirically (i.e., treated
as adjustable parameters) to reproduce experimental results. One of the main
advantages of this method is that computational cost is not much different from the
standard DFT calculation.

If we denote the mth energy level in the Kohn—Sham equation of a N-electron

system as el(\y), the actual (experimental) energy gap is E = el(VNfll) - e](VN). In a
standard DFT calculation, however, the gap is obtained as Eppr = e%vll — e%v),

resulting in the underestimation by A = 61(VN++11) — e,(\,NJ)r - The GW approximation is

a way to correct this discrepancy based on the quantum theory of many-body
system. In the approximation, A is written as the product between the one-particle
Green’s function (G) and the screened Coulomb interaction (W), A = iGW, where
G and W are obtained using the HF approximation. It has been shown that GW can
remarkably improve the evaluation of the band gap energy for the cases where LDA
works to some extent (e.g., the band gap is underestimated but not completely
closed). A major disadvantage of GW is the requirement of tremendous increase in
computational cost.
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As explained in Sect. 2.1.2, the exchange interaction is correctly implemented in
the HF method. One way to circumvent the problem of inaccurate representation of
the exchange energy in the standard DFT is therefore to incorporate a portion of
exact exchange from the HF method. The exact exchange functional in HF is
written as

B = =2 0 ) b rdndrs (28

where ¥/(r) is one-electron Bloch states of the system. The most popular B3LYP
functional (standing for “Becke, three-parameter, Lee-Yang-Parr”) writes the
hybrid exchange—correlation functional as ERg-YP = EYPA +aq(EXF — EXPA) +
ax (E{SA — EXPA) + EEPA 4 ac (EGSA — EEPM), where ag, ay and ac are parame-
ters. The DFT-HF hybrid functional method also requires substantial increase in
computational effort.

2.2.10 Evaluation of Physical Quantities

The total energy of the system, Eyy, is expressed as

occ

Etot - Z Z Ekn — ) /Vcoul

+ [[exe(r) = i (r)]p(r)dr + Egwaa

(2.84)

where Egwaq is the Ewald summation representing interaction between nuclei
(ions). In the NCPP formalism, we get

Eo = kaZﬁzZ|k+G| |CZ+G’ T8 ZV&

0occC

+ ka Zf” Z Z G 6Chv o Ve (k+ Gk +G)
+ EQa Z Vcoul(G)p(_G)

+Q, Z &xc(G)p(—G) + Epwaid

(2.85)
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Considering the fact that the diverging terms VI’ (G

loc )|G:0 and Vcoul(G)|G:0 offset
with the diverging term in Egyag, We obtain

occ

Em_zszzfngmm Cliol +Q4 Y VI(G)p(—G)

G#0

occ

™ ka Zf" Z Z G 6Chv o Vo (k+ Gk + G')

(2.86)
+ = Q Z Vcoul )
G#0
+Q, Z exc(G)p(—
G

Here, Z, is the number of valence electrons of each atom and oy is given by

oy = Q/ (V};P""’C(r) - (— %))dr = 4an2<V}fP"°°(}’) + %)dr (2.87)

a

Efuq 1s the Ewald sum subtracted by the diverging term, given as

G|

2 .
Epyaq = ZZZ Zy ZG%OQ |G|2exp[ iG - (r, —ry)] exp <_ 4_))2>
(2.88)
erfe(fr+ry —rly)
- 27
+22a:%: 2 r+re —rd Z\f 2Qy

where 7 is a parameter such that the series expansion converges fastand Z = 3" Z,.
The force exerted on atom a, F,, is given as the derivative of the total energy
with respect to r,,

F = _OEo _ _ ka an ZZCZ+GC1€+G'1 (G' — G)exp[—i(G — G)

Or,

aE Ewald

ra x [VPPY(G — G') + VPP (k + G,k + G')] — o

(2.89)
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The last term can be written as

Ewald G ‘G|2
ZZ Zy 640]GP ——sin{G - (r, —ry)}exp| — 12
R+r,—r,
+ ZoZy _
; ZR IR+ry — ra|3 (2.90)

X {erfc(R +ry —rqy)

Oerfc(|R+ry — ra|y)}
(IR +ry —raly)

—|R+ry —rly

The local term can be rewritten as below for faster calculation,

oce

Z fi Z 5D G oG (G — G)exp[—i(G — G') - r,]VI™(G - G)
G /

ka Zfﬂzzcﬁac;wcfl G') exp[—iG’'

.ra]Vgp,loc(G') = Z p(—G)iG exp(—iG - r,)VPP'*°(G)
G

(2.91)

The global stress exerted on the simulation box (supercell), a,5(c, f = x,,2), is
calculated as the derivative of the total energy with respect to strain. Using
S.(G) = exp(—iG - r,), the global stress is expressed as

1 C’)EO occ .

o = Q, Ost/; kazf”Z|Ck+6’2(k+G)x(k+G)/;
pploc
“G%O a )

+ VEP’IOC(G)%/f]P(*G)

A B D DD S
k n G G 1 a

. o [1 1
-GC}, ;Cl o [— v °°(k+G,k+G’)]
k+G“k+G Oe ” Q, |l
2G,Gg
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The Ewald term becomes

aEEwald o 2n 1 G2
ey Q G2 %P 472

2

ZZ“ exp(iG - ry)

2G Gg [ G?
PG
D D,, Z*n
3 yzzzz ZuH'(D + S
D=R+ry—r, a

where H'(x) = deI‘fC(x erf)(c:(x).

A practical scheme to evaluate local energy and local stress was established by
Shiihara et al. [37] within the framework of the stress density developed by
Filippetti and Fiorentini [38]. With the method, one can evaluate the distribution of
energy and stress in a system containing nonuniform structure, such as surfaces and
grain boundaries. Energy density (ew(r)) and stress density (t,s(r)) are defined as
integrands of macroscopic total energy and stress tensor, respectively, as

Eio = /elot(r)dr (2.94)

\%4
10Ey 1
o =7 ag“/’; > / T,p5(r)dr (2.95)
\’4

where Vis the total volume of the supercell and &, is strain tensor. Therefore, local
energy and local stress for partial region indicated by i can be defined, respectively, as

Eu(i) = / en(P)dr (2.96)

Vi

aup(i) = %/ Tup(r)dr (2.97)

Vi

where V; indicates partial volume. The local values are not well defined because the
expressions can contain functions that are gauge-dependent, which integrates to
zero over V but does not over V;. The gauge dependency stems from the fact that
local energy density can be defined in symmetric and asymmetric expressions. The
former is

exins(r) = %Z LV (r) - Vi(r) (2.98)
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and the latter is
1 .
ekinas(r) = — EZfi% (r)V2;(r) (2.99)

where ; is a valence wave function and f; is an occupation number. If we take
partial region 7 such that the symmetric and asymmetric expressions coincide, local
energy can be described in a well-defined form. It was shown that the differences
between the symmetric and asymmetric expressions for local energy and local stress
are proportional to V?p and V,Vpp, respectively. Thus, the conditions of gauge
dependence for e, and 7,5 are

/ Vp(r)dr =0 (2.100)
v;
and
/ VaV,;p(r)dr =0 (2.101)
Vi

respectively. As practical ways to divide a supercell to meet the above conditions,
Shiihara et al. established a layer-by-layer and Bader integral methods [37].

2.3 Semi-empirical and Empirical Theories
for Nanostructure Properties

2.3.1 Semi-empirical Calculation of Electronic State

One of the major disadvantages in the first-principles electronic state calculation is
that the calculation requires tremendous computer resources, which severely limits
the size of simulation objects. It is already challenging to handle a system consisting
of thousands of atoms with a laboratory-class cluster server. When a relatively large
simulation cell is required to investigate, e.g., properties of materials with defects, it
can be a reasonable way to choose a method of semi-empirical electronic structure
calculation, where the Schrodinger equation is solved but with empirically con-
structed functions and parameters.

The tight-binding (TB) method is a most widely used MO method for
semi-empirical electronic structure calculation [39, 40]. The method is based on the
assumption that electrons are strongly bound to atoms which they belong to so that
they cannot move to other orbitals. In that sense, the method is opposite to
free-electron models. Hopping of electron states between different orbitals is,
however, allowed to some extent because orbitals are slightly overlapped. It should
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be noted here that different definitions of the TB method seem to exist.
Nevertheless, the TB method is in most cases considered to be equivalent to the
extended Hiickel method, where electron—electron interaction is neglected but
overlapping (hopping) integral between different orbitals is considered. In usual TB
calculations, the self-consistent loop calculation is not performed.

We write the atomic orbital « of the ath atom positioned at r,, as ¢, (r —r,). The
wave function P’ of electron state i is written as

W= Clytbn(r —ra) (2.102)

The Hamiltonian is written with the potential from atom a, V,, as

1 2
H=—>V+ zﬂ:Va(r—ra) (2.103)

The Hamiltonian matrix element therefore becomes

Haszﬁ :/(zbaot(r_ra)Hqsb/)’(r_rb)dr

= /d)ax(r_ra){_%vz—" ZVk(r—rk)}¢bﬂ(r—rb)d"
k

= /q’){m(r - ra){—%v2 +Vu(r —ry) 4+ Vp(r — rb)}¢>,,[;(r —rp)dr

+ /qﬁm(r—ra){z Vk(r—rk)}%/x(r—’b)dr

k#a,b
(2.104)

The last term (the three-center integral) is neglected in conventional TB calcu-
lations, which is called the two-center approximation. The Hamiltonian matrix
elements (also called the resonance integral) under the two-center approximation
are calculated by the direction cosine of atom pairs and parameters, which is shown
by Slater and Koster (Slater—Koster table, see Table 2.2) [40]. The overlap integral
is defined as

Sasvp = [Pax(r — Ta)Ppp(r —1)dr (2.105)

and then the generalized eigenvalue problem

Table 2.2 Slater—Koster _ _
Has,bs vs s Vssa

table (only part). [,m,n are — —

direction cosine from atom Hasbp, = Vix = Wypo

a to atom b I—Iap,(,bpY == Vx,x = 12 Vppa + (1 - lZ)Vppn
Hap, bp, = Viy = Im(Vppo — Vipr)
Hap, bp. =V = In(Vppe — Vppr)
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HC = ESC (2.106)

is solved to obtain eigenvalues (energy levels) and eigenfunctions (wave functions).
In a system with periodic boundaries, basis functions are constructed by taking
the Bloch sum for a k-point as follows.

Vi (r) = %Xl: explik - (ra +R))|Y,,(r —ro — R)) (2.107)

Here, r, is the position vector of atom «a in the fundamental cell, / the index for
cells, and R; is the translation vector for cell /. N is the number of periodically
arranged cells (N is infinity but will be canceled out later). An individual
Hamiltonian for each k-point is constructed, and its eigenvalue problem is to be
solved. Diagonal and nondiagonal terms are written as

H = [ Vs s 1)

(2.108)
- Z CXp lk Rl / lpayk lebaot k( - Rl)dr
and
Hhpp = [ Voaslr Hiyg )
= Zexp lk (r]+R] —ri)] (2109)
/lpaxk Hl//bﬂk( _Rl)dr
respectively.

The total energy of a system, Ey, is given as the sum of the band energy, Erg,
and the repulsive energy, E,,

Ew = E7p +Erep (2110)

Here, the band energy is the sum of the energy eigenvalues of occupied states,
ETB_2ZE’ (2.111)

The repulsive energy is often given as the form of simple pairwise functions.
As an example, a set of TB parameters (function forms for H and S) for silicon
atoms by Kohyama [41] is presented below.
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Erp = %ZZQD(nj) (2.112)

7 T
o (ry) = AyS(ry)ry" (2.113)
Viem = S (rig) 1" (2.114)
S(ry) = {1+ exp[u(ry — R)]} (2.115)

where r;; is the separation between atoms i and j, and #, v, and u and parameters. A;;
is defined as

Ay =by—b1(Z;+Z) (2.116)

Z; is the effective coordination number of atom i

Zi = Zexp {—/11 (r,-j — Ri)z} (2.117)

J#i

R = ryexp(—iary) [Z eXp(—izr,-j)] (2.118)

J# J#

R., by, by, 21,and A, are parameters. In addition, the diagonal elements of the
Hamiltonian (on-site terms) are constants given as parameters.

2.3.2 Atomistic Modeling Using Empirical Interatomic
Potential

To obtain electronic structure and evaluate related physical properties, it is basically
needed to solve the Schrodinger equation. However, some relatively sophisticated
interatomic models include terms that represent the structure of electrons, e.g.,
charge density, so that the models can evaluate physical properties determined by
the electron structure, such as magnetism and ferroelectricity. These approaches
may be a solution of problems that require a very large number of atoms and
therefore cannot be addressed by electron structure calculations.

The shell model [42] is a crude model to mimic charge polarization around
atoms by pairs of cation and anion particles (a cation—anion pair corresponds to an
atom and surrounding charge). In this way, one can simulate changes in atom
positions and charge polarization by optimizing the structure of the particles
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according to the environment. It has been demonstrated that the model works for
perovskites to reproduce ferroelectricity.

The dipole potential model by Tangney and Scandolo [43] is originated in the
same idea to represent charge polarization around atoms but in a slightly different
way. The TS model incorporates electrostatic dipole vectors assigned to atoms.
Because of the similarity in the fundamental concepts, there seems to be no sig-
nificant difference in the two models except technical matters in computation.

An interatomic model was developed by Dudarev and Derlet [44] to represent
the effect of magnetism in Fe. The model, which describes potential energy of
atoms within the framework of the embedded atom method (EAM) [45], was
constructed so that the effect of paramagnetic—ferromagnetic transition on potential
energy difference is represented by employing an additional term in the embedding
energy function.

Though abovementioned empirical atomistic models have enjoyed successful
representation of the objective properties they are designed for, such approaches are
available only for a limited variety of properties. For example, electrostatic cal-
culations are necessary for the evaluation of the band gap energy, even for quali-
tative analysis.

2.4 Conclusion

This chapter gave an overview of methods for computational analysis of solid
materials. To evaluate physical properties originated in electron states, it is nec-
essary to perform electron structure calculations, which usually require solving the
Schrédinger equation. Currently, ab initio DFT seems to be the method of choice
for solid materials, especially for problems of multiphysics because with the
approach one can evaluate various properties, both mechanical and physical, with
an excellent accuracy. In fact, a growing number of researches are being conducted
using the approach not only due to the reliability of the theory par se but also due to
software packages available on the market or for free, which still keep being
developed with incorporating new methods that improve the prediction accuracy
and the computational efficiency. Owing to seemingly everlasting advance of
computational power, it will presumably keep getting easier to deal with larger
models (simulation cell containing a large number of atoms) that are necessary to
address problems of complex structures.

It is also indispensable, however, to employ other methods that are not ab
initio-based but computationally efficient when necessary. In a theoretical approach
with numerical simulations, a typical pitfall is producing artifacts due to the limi-
tation of cell size, i.e., if the property in question has a strong size effect, setting up
a sufficiently large simulation cell should be prioritized than conducting rigorous
electronic structure calculations. One should always be aware of the theoretical
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background of the computational method and its drawbacks as there is no versatile
method. It should also be noted that computational methods for electronic structure
calculations are making a rapid progress. Present challenges referred to in this
chapter may be addressed in the near future.

Appendix: First-Principles and Ab Initio

The term “ab initio” is often used as a synonym of “first-principles,” as is found in
many scientific papers. Rigorously speaking, however, they have different mean-
ings. Ab initio, meaning “from the beginning” in Latin, is calculation of electron
states using no empirical parameters where the usage of only fundamental physical
constants, such as Planck constant, electron mass, elementary charge, are allowed.
The term “ab initio” should be used when the calculation is wave-function-based
theories as opposed to DFT, which is density-based. Thus, it is strange to say
“ab initio DFT” although it is not rare to find such combination of the terms in
scientific reports. To be exact, when a DFT calculation is done without empirical
parameters, it should be called “first-principles DFT.” However, in this book,
we do not stick to the slight difference of the meaning between “ab initio” and
“first-principles,” and we accept the use of “ab initio” for DFT calculations.
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Chapter 3
Ideal Strength in Low-Dimensional
Nanostructures

Abstract The ideal strength is the theoretical strength of materials setting the limit
of stress attained and is therefore an important fundamental quantity describing
mechanical behavior of materials. While a substantial number of studies have been
dedicated to the ideal strength of various types of crystals, the ideal strength of
nanostructures can be peculiar due to strong influence of low-dimensional structures
on the mechanical properties. We introduce recent studies of the ideal strength of
nanostructures, mainly discussing that of two-dimensional (e.g., films) and
one-dimensional (e.g., nanowires and nanotubes) structures.

Keywords Ideal strength - Low-dimensional nanostructure + Mechanical property

3.1 Mechanical Properties of Nanostructures

Mechanical properties of materials are represented by various quantities, among
which ideal strength (also referred to as theoretical strength) and elastic constants
(describing elastic response at equilibrium) are most fundamental indicators of
mechanical traits. As both the properties are influenced by structures, it is important
to understand the ideal strength and elastic constants of nanostructures. In this
chapter, we mainly focus on the former, while the latter is partially covered with
some examples.

3.1.1 Ideal Strength

Ideal strength is defined as the fracture strength of a perfect (pristine) crystal under
homogeneous stress or strain. Ideal strength is equivalent to the stress at which
unstable deformation (structural instability) is initiated in the crystal, i.e., defor-
mation is sustained under a constant or decreasing load. Analysis of ideal strength is,
therefore, usually to evaluate the mechanical stability of a perfect crystal at 0 K. This
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is achieved by observing the sign of the eigenvalues of the Hessian matrix (H),
whose elements are the second derivatives of the potential energy of the system with
respect to strain. In the case where the crystal has a large degrees of freedom in terms
of deformation, namely internal strains, the Hessian matrix is written in such a way
that the degrees of freedom are included (i.e., the dimension of the Hessian matrix
becomes large because of the large number of degrees of freedom, with respect to
which the potential energy is differentiated). The evaluation of crystal stability at
finite temperatures can be done by replacing potential energy with free energy.

The well-known Born criterion [1], which is often referred to as elastic stability
condition, corresponds to the case where six lattice parameters of a unit crystal cell,
three side lengths, and three angles between them, are considered. In this case, the
Hessian matrix becomes the elastic coefficient matrix C with the dimension of
6 x 6. From the condition for the matrix C to be positive definite (i.e., all eigen-
values are positive), the condition for crystal stability is derived. For example, the
condition for the stability of a cubic crystal is Cj;+2Cjp; >0, Caq >0, and
Cj1 — C13 > 0, meaning that the system becomes unstable unless bulk modulus
(B = (Cy1 +2C12)/3), shear modulus (G = Cy4), and tetragonal shear modulus
(G' = (C1; — C12)/2) are all positive. These three conditions are called spinodal
instability, shear instability, and Born instability, respectively, which correspond to
different modes of unstable deformation.

Another well-known condition for crystal stability w?(g, s) > 0, which is often
referred to as dynamical stability condition, is derived by considering 3N atom
displacements as mechanical degrees of freedom. In this case, the Hessian matrix
becomes the dynamical matrix D(g) with the dimension of 3N x 3N. Here,  is
phonon frequency, g is wave vector, s labels whether the wave is longitudinal or
transverse, and N is the number of atoms. The eigenvalues of the dynamical matrix
are »*(q, s), and the eigenvectors represent vibration modes. The condition for the
dynamical matrix to be positive definite is therefore written as w?(gq, s) > 0.

As seen above, both elastic and dynamical stability conditions are derived from
the positive definiteness of the Hessian matrix. The former is the expression of the
stability criterion in terms of Cj; given that the elastic coefficients are the second
derivatives of free (or potential) energy with respect to strain tensor. This approach
can be expanded to the case of bulk containing defects or complex structures if the
elastic coefficients of the system are properly defined. On the other hand, the latter
requires that the system has complete periodicity. The two stability conditions,
which are explained in more detail in a review paper [2], therefore correspond to
macroscopic and microscopic stabilities, respectively.

In the last couple of decades, ideal strength analyses by means of first-principles
calculations have been intensively performed [2, 3]. In general, a unit cell is used as
simulation cells in first-principles calculations, where the periodic boundary con-
ditions are applied in the x, y and z directions to realize a perfect crystal. The initial
configuration (equilibrium state under vanishing mechanical load) is obtained by
structural relaxation while adjusting cell dimensions so that all stress components,
o;j, become zero. Then, increasing stress or strain is applied while structural
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relaxation is performed. Ideal strength is obtained by evaluating the mechanical
stability of the system during the process of increasing stress or strain. To analyze
elastic and dynamical stabilities, elastic coefficients Cjj; and force constants K;p
are calculated at each stress or strain and the elastic coefficient matrix C and
dynamical matrix D(q) are evaluated, where i, j, k and[ are labels of the Cartesian
axes, and o.and f§ are those of atoms. The evaluation of the elastic coefficients with
first-principles calculations is in general done by the finite difference method (i.e.,
Ciju = Aojj/Aey where Agj; is change of stress as a response to infinitesimal strain
Agy), or by the density functional perturbation theory (DFPT) for analytical eval-
uation of the derivatives. Similarly, the force constants are evaluated by K, ~
Af,i/Arg; where Af,; is change of force as a response to infinitesimal atom dis-
placement Arg;, or by DFPT. A detailed explanation about DFPT can be found in,
for example, Ref. [4].

In the case of cleavage fracture, rupture of interatomic bonds by tension occurs
at the fracture, which is a typical form of fracture in brittle materials. In metals, on
the other hand, bifurcation of deformation paths may arise during tension. In such a
case, the stress at the bifurcation is the ideal strength. As an example, we introduce
here a study of the Cu perfect crystal undergoing uniaxial tension along the [100]
direction [5]. Note that the x, y and z directions are set along [100], [010], and [001],
respectively. Figure 3.1a shows the relationship between tensile stress (o,,) and
tensile strain (g,,). The tensile stress increases with increasing strain until the strain
shows its maximum value of 9.0 GPa at ¢,, = 0.098, followed by decrease. The
decrease in the stress occurs due to a deformation bifurcation corresponding to the
Born instability (Cy; — Cy3 <0). As the tensile strain grows, the value of Cyy — Co;
decreases and becomes negative when ¢, exceeds 0.098 (Fig. 3.1b), which is
associated with the structure change from fcc to bee (Fig. 3.2). That is, &, = 0.098
is the point when the structural instability occurs and the corresponding stress,
g = 9.0 GPa, is the ideal strength of Cu under the uniaxial tension along [100].
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Fig. 3.1 Cu single crystal in [100] uniaxial tension [5]. a Tensile stress g, and b Born instability
C5,—C,3, as a function of tensile strain &,
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Fig. 3.2 Change in crystal structure of Cu single crystal in [100] uniaxial tension [5]

Ideal strength and structural instability modes of a material alter depending on
loading conditions—crystal orientations and the combination of six stress compo-
nents. For example, the ideal strengths of Al under uniaxial tension along (100),
(110), and (111) evaluated by first-principles calculations are 9.20, 4.89, and
8.95 GPa, respectively [6]. In the analysis, the dynamical instability occurs prior to
the elastic instability during tension in any direction. A first-principles calculation
study of Ni under uniaxial (100) and hydrostatic tension/compression [7] demon-
strates the case where the combination of stress components alters instability
modes. While Ni under uniaxial tension along (100) exhibits a deformation
bifurcation by the Born instability from isotropic to anisotropic Poisson’s con-
tractions, the crystal causes a phase transition by the spinodal instability under
uniaxial (100) compression and hydrostatic tension. As relatively simple combi-
nations of stress components, first-principles calculations have been done for nor-
mal stress along i (o;) combined with isotropic transverse stress (o), e.g.,
{c} = {op, 0p, 6;, 0,0, 0}. These calculations have reported that the ideal
strength obtained as the maximum value of o; depends on the transverse stress.
Besides, for the case of shear stress on plane i along j (t;;) combined with normal
stress along i and isotropic transverse stress, e.g., {a} = {0, 03, 0;, 0, T, 0}, the
ideal shear strength obtained as the maximum value of 7; depends on o; and 7. The
ideal strength of various crystals for different crystal orientations and combinations
of stress components is reviewed, for example, in Ref. [3].

In the case of fcc and bec perfect crystals, the unit cell contains only one atom
and the crystals therefore exhibit uniform deformation having no internal strain.
Thus, it is valid to evaluate the mechanical stability of the system in terms of the
elastic or dynamical stability conditions. On the other hand, the mechanical stability
under inhomogeneous deformation must be evaluated in the case of crystals with
complex structures. This is also the case of materials with structures that will be
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discussed from the next section. An extended method to analyze the mechanical
stability that works for inhomogeneous deformation was proposed by Kitamura
et al. [8, 9]. The method considers the Hessian matrix (H) constructed taking into
account all mechanical degrees of freedom (i.e., atom displacements) that influences
the potential energy of the system in question and evaluates the mechanical stability
by the positive definiteness of the Hessian matrix. Although this method has been
applied thus far only to calculations using empirical interatomic potentials, it can be
expanded in principle to first-principles calculations. Such an extended method is
needed for a rigorous analysis of ideal strength beyond the restriction of homo-
geneous deformation.

In Sects. 3.2 and 3.3, we will discuss the strength of materials having charac-
teristic (ideal) understructures (Sect. 3.2) and shapes (Sect. 3.3). The strength of
understructures may be referred to as “fundamental structural strength” and that of
ideal shapes as “ideal structural strength.” The ideal strength introduced in this
section represents the essential strength of materials and serves as the bedrock for
the discussion of the fundamental and ideal structural strengths.

3.1.2 Elastic Constants

Elastic constants (or elastic moduli) are factors that represent the slope of linear
stress—strain relationship in the region of small strain. It is known that the elastic
response can be altered by structures; e.g., the elastic property is influenced by
surfaces. Thus, the elastic response of nanostructures differs from that of bulk.

While the stress—strain relationship (or its slope) of a nanostructured material
depends on the size (e.g., surface—volume ratio in a thin film or nanowire), the effect
of structures on elasticity can be evaluated by defining elastic constants of structures
such as surfaces. As elastic constants are derivative of stress components with
respect to strain, our problem here is to consider the definition of stress of struc-
tures. For example, the definition of surface and interface stress is explained in Ref.
[10]. In the Lagrangian coordinate system denoted by subscript L, surface area and
surface free energy are represented as follows:

AL :A/(1+6ZZ), (31)
=71+ ei), (3.2)

respectively, where A and 7y are physical values. ¢; is the trace of the elastic strain,
&;. Surface stress is then given as

_on

fi= Dey” (3.3)
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Note that the dimension of the surface stress is the same as that of surface
energy, i.e., different from that of bulk stress. Similar to the definition of bulk elastic
constants, surface elastic constants can be defined as the derivative of the surface
stress with respect to strain. Therefore, elastic constants of structures such as sur-
faces and interfaces are well-defined values. Elastic constants of lower dimensional
structures can be defined exactly in the same manner.

The material strength can be remarkably influenced by the strength of under-
structures or shapes because the strength of a material is governed by the weakest
part of the material. In contrast, elastic constants of understructures or shapes do not
significantly matter because elastic constants are the averaged quantity of the entire
structure. The issue of elastic constants of nanostructures will be briefly discussed
later in this chapter (Sect. 3.3.1).

3.2 1Ideal Understructure

We define the ideal understructure as the structure where one characteristic inho-
mogeneity is included in a perfect crystal and discuss the strength of materials
having ideal understructures, i.e., the fundamental structural strength. In such cases,
the fundamental structural strength is the stress at which a material with an ideal
understructure becomes mechanically unstable under stress or strain that is
homogeneous sufficiently away from the location of its inhomogeneous structure.
By comparing the fundamental structural strength with the ideal strength, the effect
of the internal inhomogeneity of the structure on strength and instability modes can
be clarified. In this section, examples of characteristic internal inhomogeneity of
zero-, one-, and two-dimensional structures are presented to discuss their funda-
mental structural strengths.

3.2.1 Zero-Dimensional Understructure

The vacancy is a typical internal inhomogeneous structure of zero-dimension.
A structure containing a vacancy in a perfect crystal is therefore regarded as a
zero-dimensional ideal understructure. Although a simulation cell with an infinite
size is necessary to rigorously realize such a structure in first-principles calcula-
tions, a sufficiently large simulation cell is used in practice. The cell dimension must
be over a critical value (L.) where the energy per atom is sufficiently converged;
that is, the energy change should be negligibly small with respect to change in the
cell size. Here, a physical quantity in question must be used for judging the con-
vergence. For the analysis of the mechanical instability, the convergence should be
examined in terms of the Hessian matrix (or the second derivatives of potential
energy in practice). It may be worth noting here that, in general, the first derivatives
of energy (e.g., force and stress) and the second derivatives (e.g., elastic coefficients
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and phonon dispersion) are more sensitive than the energy to the change in the cell
size, cutoff energy, k-point mesh, etc. It should also be noted that, in first-principles
calculations for materials with a vacancy, what part of the material should be
focused for local stress or strain is unclear. Because there arises inhomogeneous
distribution of stress and strain around a vacancy, it is desirable to evaluate local
stress and strain for the determination of critical stress and strain for the onset of
unstable deformation, i.e., fundamental structural strength. A method for
first-principles calculations of local energy and stress can be found in Ref. [11].

As a first-principles analysis of the fundamental structural strength of a material
with vacancies, W crystal containing a vacancy undergoing uniaxial tension along
(100) was studied [12]. The ideal strength of W was evaluated to be 27.3 GPa and
the fundamental structural strength of W with a vacancy to be 26.8 GPa, where the
tensile strength was evaluated by the inflexion point of the energy—strain curve.
Here, a caveat should be noted for the quantitative comparison between the values.
The calculations used a simulation model of a 3 x 3 x 3 stuck of bcc cubic unit
cells, where it was not examined whether the model is sufficiently large. Besides,
the tensile stress was evaluated in terms of the global stress of the model, not local
stress around the vacancy, and therefore, the fundamental structural strength was
defined as the maximum stress of the stress—strain curve. Nevertheless, a rigorous
evaluation of the onset of unstable deformation should be made by analyzing the
mechanical stability of the system under inhomogeneous deformation, which may
find an instability before the peak of the stress—strain curve. To sum up, one should
beware that the fundamental structural strength obtained in the study has room of
discussion in terms of the simulation cell size, the definition of stress, and the
mechanical stability. Lack of mechanical instability analysis left instability modes
unclarified. Having said that observation of the change in atom arrangements during
tension reveals that interatomic bond lengths are shorter in the vicinity of the
vacancy than those at a distance and that the bonds away from the vacancy break
simultaneously at the peak of the stress—strain curve. This result indicates that a
cleavage fracture in the region away from the vacancy, where stress distribution is
homogeneous, occurs as the unstable deformation mode. Although this is the only
study of the fundamental structural strength of a material with a vacancy reported
thus far, the ideal strength and instability modes of a material with a vacancy are
naturally expected to depend on the atom species (electronic structure), crystal
structure, crystal orientation, and combination of stress components, as is the case
for perfect crystals.

3.2.2 One-Dimensional Understructure

The dislocation, which is a line defect defined as the boundary between a region
where a crystal slip has occurred and that where no slip exists, is a one-dimensional
internal inhomogeneous structure. Dislocations are categorized into two types: edge
and screw. The edge (screw) dislocation is the configuration where the dislocation
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line and the Burgers vector, or the displacement of the slip deformation, are normal
(parallel) to each other. Dislocations found in real materials are often mixed and
consist of edge and screw components. Thus, a configuration of an edge or screw
dislocation embedded in a perfect crystal can be regarded as one of the most
fundamental forms of one-dimensional ideal understructures. To evaluate its fun-
damental structural strength with first-principles calculations, it is needed to
properly set the simulation cell size and clarify the definition of stress (or strain),
similarly to the case of vacancy models. According to the linear elasticity theory,
the stress field around a dislocation decays with r—! regardless of the type of
dislocation. Such a long-range stress field requires a substantially large simulation
cell compared to the case dealing with force fields that decay with r~2 or faster.
More details about the dislocation theory can be found, for example, in Ref. [13].

There has been no study of the fundamental structural strength of materials with
a dislocation by first-principles calculations. A conceivable unstable deformation
mode is the motion of a dislocation. The motion of a dislocation occurs when the
resolved shear stress along the Burgers vector, 7, reaches the critical stress for
dislocation motion, 7, (Peierls stress). Peierls stress has never been directly
obtained by first-principles calculations. Instead, Peierls stress can be estimated
based on the Peierls—Nabbaro model, which is a continuum theory for dislocation
motion, in the combination with general stacking-fault energy of perfect crystals
obtained by first-principles calculations [14]. In the case of uniaxial tension with a
stress of g, the resolved shear stress becomes 7,3 = g cos ¢ cos 4, and the tensile
stress that meets T, = 1, is the fundamental structural strength. Here, ¢ is the angle
between the tensile axis and the normal direction of the slip plane, and 4 is the angle
between the tensile axis and the slip direction. As the resolved shear stress varies
with the crystal orientation and the combination of stress components, the funda-
mental structural strength of a system with a dislocation depends on them. A system
becomes unstable with instability modes that is not for dislocation motion when the
resolved shear stress is vanishing (e.g., ¢ = 90° or A = 90° in uniaxial tension) or
the dislocation is sessile (e.g., the Lomer-Cottrell lock). One of such modes is for
fracture from the dislocation and another is for fracture in the homogeneous region
far away from the dislocation. Fracture should occur from the dislocation if inter-
atomic bonds around the dislocation are weaker than those in the homogeneous
region, and vice versa.

The grain boundary, which is a boundary between crystals with different ori-
entations, is a two-dimensional internal inhomogeneous structure. A configuration
of a grain boundary embedded in a perfect crystal can be regarded as one of
two-dimensional ideal understructures. There exist numerous grain boundary
structures depending on the combination of crystal orientations. Here, we overview
the classification and geometric models for grain boundaries, as more details can be
found, for example, in Ref. [4]. Consider that the crystal orientation on one side of
the grain boundary is expressed by rotation of that on the other side. The grain
boundary is called a tilt grain boundary when the rotation axis lies on the grain
boundary; a twist grain boundary, when the rotation axis is perpendicular to the



3.2 Ideal Understructure 43

grain boundary. Grain boundaries are divided into small- and large-angle grain
boundaries according to the rotation angle; symmetric and asymmetric grain
boundaries, according to the symmetry between the adjoining crystal configura-
tions. If the crystal lattice points of one side expanded to the other side find
coinciding lattice points arranged periodically, it is called a coincidence grain
boundary and denoted by the X value and the misorientation angle ®. In general,
grain boundaries possess asymmetric and complex structures with tilt and twist
boundaries mixed. Attention must be paid again for setting a proper simulation
model size and clarifying the definition of stress or strain when analyzing the
fundamental structural strength of a grain boundary using first-principles
calculations.

3.2.3 Two-Dimensional Understructure

First-principles calculations of the fundamental structural strength of materials
containing grain boundaries have been performed only for coincidence grain
boundaries. Since coincidence grain boundaries possess periodic and ordered
structures, calculations can be done with relatively small simulation cells with the
periodic boundary conditions. In the following, we introduce a study of coincidence
tilt and twist grain boundaries in Al [15]. The study calculated the fundamental
structural strength of the X3(111)[111)60° twist, X3(112)[110]109° tilt,
S11(113)[110]129° tilt, and £9(114)[110]141° tilt grain boundaries under tension
normal to the brain boundary, where (hkl) and [uvw] indicate the grain boundary
plane and rotation axis, respectively. While the ideal strengths of Al under uniaxial
tensions along (111), (112), (113), and (114) are 12.6, 12.8, 12.7, and 13.2 GPa,
respectively, the fundamental structural strengths of the above-mentioned grain
boundaries are 11.5, 6.8, 12.0, and 12.1 GPa, respectively. The results, obtained as
the global stress of the entire simulation cell, indicate the reduction in strength by
the presence of a grain boundary. The tensile simulation was done by rigidly
separating the crystals on the opposite sides of the grain boundary, considering the
occurrence of brittle fracture at the grain boundary. On the other hand, another
analysis was done considering grain boundary sliding as the instability mode [16].
The study evaluated the fundamental structural strength of the above four and
39(221)[110]39° brain boundaries under shear along the grain boundary plane.
Depending on the grain boundary structure and the combination of stress compo-
nents, other instability modes such as grain boundary migration and dislocation
emission from the grain boundary may occur.

When more than one inhomogeneous structures exist in a material, character-
istic organized microstructures such as dislocation assemblies may emerge.
A microstructure can also be regarded as an ideal understructure because the
microstructure is one type of internal inhomogeneous structure. It is well known
that two- or three-dimensional dislocation assemblies, such as dislocation veins,
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walls, and cells, are formed due to interactions between dislocations, dislocation
dipoles, and quadrupoles. As the size of each structure of dislocation assembly is of
the order of um, it is currently extremely difficult to simulate such structures by
atomistic modeling simulations using empirical potentials, let alone first-principles
calculations. On the other hand, a simulation scheme based on the discrete dislo-
cation dynamics method, which is a well-known numerical simulation method for
dislocations, has been proposed to analyze the mechanical stability of dislocation
assemblies [17]. The basic concept of this scheme, which evaluates the mechanical
stability by the positive definiteness of a Hessian matrix that is constructed with
respect to the degrees of freedom of all dislocations, is the same as the approach by
Kitamura et al. [8, 9]. The critical shear stress and corresponding instability modes
of ideal vein and wall structures with periodic arrangement of dislocation quad-
rupoles were evaluated, demonstrating the capability of the scheme for examining
the condition and deformation modes of instabilities of dislocation microstructures.

The instability modes of dislocation microstructures depend on the type of
dislocation assembly and the combination of stress components. While all dislo-
cations in the microstructure may start moving simultaneously, only part of dis-
locations may move. Instead of dislocation motion, instability modes of fracture
from dislocations or in homogeneous region away from dislocations may emerge.
The evaluation of such instability modes cannot be done by schemes based on
discrete dislocation dynamics but requires atomistic modeling. Besides the dislo-
cation microstructure, the grain boundary network is a characteristic microstructure.
While no first-principles calculation is found for the study of a grain boundary
network structure, analyses using empirical interatomic potentials have been per-
formed [18], revealing that triple junctions of grain boundaries contribute in a
complicated fashion to dislocation nucleation, dislocation emission, grain boundary
sliding, grain boundary migration, crack initiation, and crack propagation. If a
periodic grain boundary network with high symmetry is formed (e.g.,
two-dimensional squares or three-dimensional cubes arranged periodically), an
instability mode that corresponds to macroscopic deformation transforming the
shape of the grain boundary network may emerge.

3.2.4 Understructure of Two or More Elements

While the previous subsections were confined to unary materials, we here discuss
characteristic inhomogeneity of understructures in systems consisting of more than
one atom species. For example, the substitutional or interstitial impurity and the
interface between dissimilar materials are zero- and two-dimensional internal
inhomogeneous structures, respectively. As was discussed already, attention should
be paid to proper setting of simulation cell sizes and appropriate definition of stress
or strain when evaluating the fundamental structural strength of materials con-
taining such structures by first-principles calculations. Note that, in the following
examples of first-principles calculations for systems containing impurities or
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interfaces, global stress and strain for the entire simulation cell are used, meaning
that the fundamental structural strength is evaluated as the maximum value of the
global stress.

The hydrogen atom is a prototypical interstitial impurity that causes hydrogen
embrittlement. A first-principles study was done for W with interstitial hydrogens
undergoing (100) uniaxial tension, finding that the fundamental structural strength
of the system is 7% lower than that of the perfect W crystal [19]. The reduction in
the strength is due to the weakening of W—W bonds caused by charge transfer from
W to H, suggesting the occurrence of fracture from the weak W-W bonds.
First-principles calculations for (100) uniaxial tension of W containing substitu-
tional impurities of Re, Ta, and V were also performed [20], showing that their
fundamental structural strengths are only 1-2% smaller than the strength of the
perfect crystal. These results indicate that, similarly to the case of the perfect
crystal, fracture occurs from W—W bonds, not from W-Re, W-Ta, or W-V bonds.

As for systems with an interface between dissimilar materials, first-principles
calculations were performed for a Ag—Al multilayer system containing a coherent
Ag(111)/Al(111) interface under [111] tension and [112] shear [21]. Here, atomic
layers near the interface are denoted as Ag3;Ag,Ag /Al;Al,Al; ---, where the
subscript i indicates the ith layer from the interface. While Al;—Al, bonds break in
the [111] tension, Ag.,—Ag_ bonds break in the [1 12] shear, demonstrating that an
interface can exhibit fractures from different parts according to the loading condi-
tion. Note that the fracture does not occur from the Ag/Al interface layer but from
the adjoining layers, which is due to the formation of strong Ag ;—Al; bonds by
charge transfer resulting in a strong interface strength. A study of the coherent Al
(111)/TiN(111) interface under [111] tension [22] serves as an example of the cases
where interface strength is highly influenced by the combination of atom species
that form the interface. The study showed that the strength of the interface differs
much depending on the termination of the TiN layer at the interface; that is, the
strength of the AI/N interface is three times as large as that of the AT interface.

It is naturally conjectured that, besides the loading condition and the atom
species, the form of the interface, such as coherent, semi-coherent, and noncoher-
ent, should influence the fundamental structural strength and instability modes of
the interface. Thus, further extensive studies are required to fully understand the
fundamental structural strength and instability modes of systems containing char-
acteristic internal inhomogeneity of structure.

3.3 Nanostructures with Ideal Shape

We define the ideal shape as the structure having no defects but surfaces. The ideal
shape is thus constructed by removing periodicity in certain direction(s) from a
perfect crystal. For example, a thin film is an ideal shape with a two-dimensional
periodicity, while a wire or a tube is one with a one-dimensional periodicity.
Similar to the case of ideal understructures discussed in Sect. 3.3, the strength of a
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material with a shape can be regarded as the ideal structural strength. The ideal
structural strength in this case is the stress at which the structure with a
low-dimensional periodicity exhibits unstable deformation under uniform stress or
strain. The smaller the size of the low-dimensional periodic structure is, the larger
the ratio of its surface area to the volume is. The effect of surfaces on ideal
structural strength, therefore, becomes significant when the size of the structure
goes down to the nanometer scale. In this section, we discuss the ideal structural
strength of low-dimensional periodic nanostructures presenting examples of
nanofilms, nanowires, and nanotubes.

3.3.1 Two-Dimensional Nanostructures

Characteristic features of the two-dimensional periodic nanostructure are the
presence of periodic surface(s) and a large surface-to-volume ratio. It is therefore
primarily important to understand the surface structure so as to discuss the ideal
structural strength of two-dimensional periodic nanostructures. It is well known
that, depending on the surface orientation and atom species, a surface is recon-
structed to exhibit an atomic arrangement different from that in bulk. For example,
Si surfaces are reconstructed by dangling bonds forming new bonds to reduce the
system energy [23, 24]. Figure 3.3 shows examples of Si(001) surface recon-
struction (Fig. 3.3a for the unreconstructed surface and Fig. 3.3b—e for four patterns
of reconstruction). White and black circles in the figures denote atoms on the first
(surface) layer and the second layer, respectively, and the larger circles represent the
atoms displaced further in the normal direction to the surface than the smaller
circles. The unit cell of the surface structure is marked in blue. The surface structure
in Fig. 3.3a is called p(1 x 1), where each atom in the first surface layer has two
bonds with other atoms and two dangling bonds. The surface structures in
Fig. 3.3b—e emerge by the formation of dimers from two adjoining dangling bonds.
Figure 3.3b shows the surface structure called p(2 x 1) symmetric, where two
atoms forming a dimer have the same height. When the heights of the two dimer
atoms are different, various surface structures emerge depending on the dimer
arrangement as depicted Fig. 3.3c—e, which illustrate the p(2 x 1) asymmetric,
p(2 x 2), and c(4 x 2) structures, respectively. Energy analysis by first-principles
calculations has shown that the ¢(4 x 2) structure is most favored, followed by
p(2 x2), p(2 x 1) asymmetric, p(2 x 1) symmetric, and p(1 x 1) in this order
[23]. According to the analysis, the energy differences between p(1 x 1) and
p(2 x 1) symmetric, p(2 x 1) symmetric and p(2 x 1) asymmetric, and p(2 x 1)
asymmetric and c¢(4 x2) are 1.84+0.1, 0.124+0.01, 0.048 +£0.018, and
0.003 £ 0.013 eV/dimer, respectively, showing that the p(2 x 1) asymmetric,
p(2 x 2) and ¢(4 x 2) structures are much more stable than p(2 x 1) symmetric
and p(1 x 1). Since the energy difference is small, surface structures in reality shift
among p(2 x 1) asymmetric, p(2 x 2), and ¢(4 x 2) at finite temperatures due to
temporal and spatial fluctuations of dimers.
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Fig. 3.3 Si(001) surface structures: a unreconstructed, b—e reconstructed. White and black circles
are the first and second layer atoms, respectively. The blue-shaded areas indicate the surface unit
cells [5]

As an example of first-principles calculations for the ideal structural strength of
two-dimensional periodic nanostructures, we here introduce a tensile deformation
simulation of Si(001) thin films [5, 25]. In what follows, the “(hkl) film” denotes a
thin film with surface orientations of (hkl). Figure 3.4 schematically shows the Si
(001) thin film. The dashed lines indicate the simulation cell used in the calcula-
tions, which is a slab model with a thin film sandwiched by vacuum layers. The
periodic boundary conditions are applied to the three directions to realize a thin

Fig. 3.4 a Schematic and b unit cell of Si(001) nanofilm with 14 layers and p(2 x 1) asymmetric
surfaces [5]
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film. The thin-film model in Fig. 3.4 contains 14 atomic layers and possesses the
p(2 x 1) asymmetric surface structures. The x-, y-, and z-axes are along [110],
[110], and [001] orientations, respectively, and the dimers are arranged parallel to
[110]. To discuss the ideal structural strength of thin films, it is important to clarify
the definition of stress, as was in Sect. 3.3. Because of the lack of internal inho-
mogeneous structure, it is valid to adopt the usage of global stress for the entire thin
film. However, caveats should be noted for the calculation of the stress. In the
conventional first-principles calculations, stress is obtained as the global one for the
entire simulation cells. Thus, the stress actually attained by the film must be cal-
culated by subtracting the vacuum layers in the simulation cell. For example, the
normal stress along the x direction attained by a thin film is calculated by o, =
ol x L&/t where o¢!! is the global normal stress along the x direction for the
entire simulation cell, L§°“ is the cell dimension perpendicular to the film surfaces
(cell size in the z direction), and ¢ is the thickness of the film. The following
example of a Si(001) thin film under [110] uniaxial tension demonstrates that
special care is needed for the definition of the film thickness. Figure 3.5 shows the
stress—strain relationships of 6-, 10-, and 14-layer films and bulk: (a) using the
thickness t,, excluding the dimer layers and (b) using the thickness #, including the
dimer layers. While the Young’s modulus of the film (the slope of the g, — ¢, curve
at ¢, = 0) is close to that of the bulk in Fig. 3.5a, the modulus becomes smaller as
the film thickness decreases in Fig. 3.5b. In addition, the amount of reduction in the
maximum stress by decreasing in the thickness is different between Fig. 3.5a, b. As
is presented above, for the discussion of the mechanical property of such
low-dimensional structures one should realize that the definition of the dimension
of the structure makes a significant effect on the stress—strain relationship.
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Fig. 3.5 Tensile stress—strain curves of Si bulk and (001) nanofilms in [110] uniaxial tension. As
the film thickness, ,, and 7, shown in Fig. 3.4 are used in (a) and (b), respectively. Reprinted with
permission from Ref. [25]. Copyright 2005 by American Physical Society
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Fig. 3.6 Change in atomic configuration and charge density distribution of Si bulk and
(001) nanofilms under [110] uniaxial tension [5, 25]. Reprinted with permission from Ref. [25].
Copyright 2005 by American Physical Society

Figure 3.6 shows the changes in the atom arrangement and charge distribution of
the Si(001) thin film and bulk during [110] uniaxial tension. Blue spheres represent
Si atoms and interatomic bonds are depicted by the charge density isosurface of
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0.425 x 10> nm™—3. At &,<0.10, the atom arrangement and charge distribution in
the thin film except for the dimer layers are close to those in the bulk. Here, the
stress attained by the thin film calculated using the thickness #, (excluding the
dimer layers), based on the assumption that the dimer layers do not account for the
tensile stress, should be almost the same as that by the bulk. Indeed, the stress—
strain curves of the film and the bulk in Fig. 3.5a are close to each other at ¢, <0.10,
indicating that the assumption is valid. In other words, the initial resistance against
deformation of the Si(001) thin film is little affected by the surface.

On the other hand, the ideal structural strength and the instability modes of the Si
(001) thin film are affected by the surface. In the case of tensile deformation in a
ductile material such as Si, its instability mode is likely to become that of cleavage
due to bond rupture, and the ideal structural strength is given by the maximum
value of the stress—strain curve. To be rigorous, of course, the onset of instability
and its deformation mode must be evaluated by the mechanical stability analysis.
Since Si thin films exhibit inhomogeneous deformation as will be presented later, a
scheme that can treat inhomogeneous deformation (e.g., the method by Kitamura
et al. [8, 9]) must be used. As shown in Fig. 3.6, cleavage fracture in thin films
occurs from bond « located beneath a dimer, which is presumably because bond o
becomes weaker than the other bonds due to charge transfer to form the dimer.
Indeed, it is found that bond « is slightly thinner than other bonds at ¢, = 0.00. In
the 14-layer model, bond f§ breaks subsequently after the break of bond o, before
bonds inside the film break (see Fig. 3.6b, ¢, = 0.15). Then, the bonds inside the
film undergo stretch uniformly until they break nearly simultaneously to cause
cleavage fracture (Fig. 3.6b, ¢, = 0.25). The fracture behavior of the 10-layer
model is similar to that of the 14-layer model only before the break of bond f. The
inside bonds stretch inhomogeneously and part of them break to bring about
cleavage fracture along the dashed line in Fig. 3.6¢ (¢, = 0.22). The 6-layer model
exhibits a cleavage fracture process different from those of the above two models.
After the break of bond «, the dimers instead of bond f break before cleavage
fracture (Fig. 3.6d, ¢, = 0.25). Assuming that the tensile load is carried just before
the cleavage fracture by the atomic layers that are parallel to the tensile direction
and are not broken yet, the tensile stress should be distributed to six layers (four
subsurface and two surface layers) in the 14-layer model, four in the 10-layer
model, and two in the 6-layer model. This explains the fact that the ideal structural
strength decreases with decreasing thickness as shown in Fig. 3.5; that is, the
fraction of the number of layers where the stress is attained is reduced as the film
becomes thinner.

Investigation has also been done for the ideal structural strength and the insta-
bility modes and their dependence on the crystal orientation, the combination of
stress components, and temperature in Si(001) thin films. According to stress—strain
curves of Si(001) thin films with 14 atomic layers under [110] and [110] uniaxial
tensions obtained by first-principles calculations, where thickness #;, (excluding the
dimer layers) is used for the calculation of the tensile stress, the film exhibits nearly
the same ideal structural strength under the two tensile directions, 15.2 and
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15.4 GPa for [110] and [110] directions, respectively. In contrast, there is larger
difference in the critical stress, which is 0.21 for the [110] tension and 0.18 for
[110]. In addition, a sharp drop in the stress is seen after the critical strain in the
latter case.

Change in the atom arrangement and charge distribution of the 14-layer model
under the [110] uniaxial tension was also investigated. From &y = 0.18-0.20, the
dimer structure changes from p(2 x 1) asymmetric to p(2 x 1) symmetric, before
reaching cleavage fracture by bond breaking. The sharp drop in stress after the
critical strain is caused by stress relaxation due to the change in the surface
structure. The instability mode under the [110] uniaxial tension is therefore different
from that under the [110] tension in Fig. 3.6. Change in the structure of the Si(001)
surface due to tension was also discussed in Ref. [26], which reported that the
c(4 x 2) structure alters to p(2 x 1) symmetric or a structure with symmetric and
asymmetric dimers arranged alternately when the surface undergoes the [110]
uniaxial tension or the [110]/[110] biaxial tension. An analysis by first-principles
calculations of biaxial tension of Si(001) thin films reported reduction of the biaxial
elastic coefficient and the maximum biaxial stress with increasing film thickness
[27], where the surface reconstruction was ignored and the surface structure was
assumed to stay p(1 x 1). The details of instability modes and the critical point for
unstable deformation were not examined. A molecular dynamics study using the
Stillinger—Weber potential reported that the (001) thin film exhibits not cleavage but
slip deformation along {111} planes in the [100] uniaxial tension at 300 K [28].
However, as was discussed in Ref. [28], plastic deformation due to slip in Si at
room temperature has barely been experimentally observed. In addition, simulation
results also differ between brittle and ductile behaviors depending on the empirical
potential function used. The above simulation result therefore has room for further
discussion.

It is also well known that the Si(111) surface is reconstructed. The most
well-known reconstruction of the Si(111) surface structure is the 7 x 7
dimer-adatom-stacking-fault (DAS), the detail of which can be found in Ref. [24]
for example. Besides, the 2 x 1, 3 x 3 DAS, and 5 x 5 DAS structures are known
to exist. A first-principles calculation study showed that the Si(111) surface
structure can change under in-plane biaxial stretch and compression [29]. Although
there has been no study of the ideal structural strength and instability modes of Si
(111) thin films, unstable deformation is expected to occur at or near nonuniform
region at the surface (e.g., the dimer and adatom in the DAS structure). The ideal
structural strength and instability modes of Si(111) thin films are expected to
depend on the crystal orientation, the combination of stress components and tem-
perature, similarly to the Si(001) thin films.

A first-principles calculation study of tension of Cu(l11) thin films [5] is
introduced here as an example of investigation of the ideal structural strength of
nanofilms without surface reconstruction. In this analysis, a thin film is represented
by a slab model having vacuum layers with the periodic boundary condition, as is in
the case of Si thin films in Fig. 3.4. The thickness of the films was defined as the
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number of atomic planes times the separation between (111) planes in bulk. This
definition should be valid because the Cu(111) surface is not reconstructed and the
interlayer spacing in the films is nearly equal to that in bulk. Figure 3.7 shows the
stress—strain curves of the Cu(111) thin films under [112] uniaxial tension, where
the results of the one-, three- and six-layer models and bulk are presented. It is
interesting to find that the maximum stress increases with decreasing thickness in
contrast to the case of Si. The dependence of the maximum stress on the film
thickness should stem from the nature of electronic structure since there is no
surface reconstruction and no difference in the atom arrangement. Figure 3.8 pre-
sents change in the atom arrangement and charge distribution during the [112]
uniaxial tension in the one-layer film model and bulk. Comparison of the charge
distribution at &, = 0.00 finds higher charge density in the (111) plane of the thin
film than that of bulk, which is due to charge transfer from between the (111) planes
to the surface, leading to stronger interatomic bonding in the surface layer. This
explains the increasing strength with decreasing thickness in terms of the fraction of
surface layers in the thin films.

Whether or not the maximum stress in Fig. 3.7 represents the ideal structural
strength is not clear because mechanical instability analysis was not performed. It
should therefore be pointed out the possibility that the system may become
mechanically unstable before the maximum point of the stress—strain curve.
However, the possibility of slip deformation due to {111} (112) shear instability is
excluded in the [112] tension of the Cu(111) thin film due to the following reason:
The shear stress on a slip system 7 is related to the uniaxial tension ¢ as

T =0 cos¢ cos/

where ¢ is the angle between the tensile direction and the normal of the slip plane,
and 4 is the angle between the tensile direction and the slip direction. Assuming that
shear instability occurs at T = 1., the required uniaxial tension g, becomes
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Fig. 3.8 Change in atomic configuration and charge density distribution of Cu bulk and 1-layer
(111) nanofilm under [112] uniaxial tension [5]
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In the Cu(111) thin film under the [112] tension, therefore, the infinitely large
tensile stress is required to cause {111} (112) shear instability because
cos ¢ cos 1 = 0. By the way, this approach was also applied to the ideal strength of
the fcc perfect crystal under (100), (110), and (111) uniaxial tensions [30].

In the [100] uniaxial tension of Cu(001) thin films, {111} (112) shear instability
can occur since g, takes a finite value. Indeed, classical molecular dynamics study
revealed that the instability is caused by the nucleation of partial dislocations from a
surface at finite temperatures [31, 32]. Although instability modes at 0 K have yet
to be analyzed, a Cu(001) thin film with a sufficient thickness may exhibit a
deformation bifurcation from fcc to bece structures with the Born instability under
the [100] uniaxial tension at O K, which can be conjectured by the fact that the Born
instability occurs in the perfect crystal under the [100] uniaxial tension and the Cu
(001) surface is not reconstructed. This also indicates the possibility of emergence
of other instability modes than slip or bifurcation since the structure of the one-layer
Cu(001) film is no longer fcc. That is, the one-layer thin film is unique and deserves
to be in a special category among the two-dimensional periodic nanostructures.

It is graphene that has been most well known and most actively studied as the
one-layer film. Here, we introduce a first-principles analysis of the ideal structural
strength and instability modes of graphene under uniaxial tension [33]. Graphene
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structure is schematically shown in Fig. 3.9a, where the arrows and the dashed lines
indicate the translation vectors and the primitive unit cell, respectively. Figure 3.9b
shows the primitive unit cell and the first Brillouin zone in the reciprocal space.
Since the primitive unit cell contains two atoms, the phonon dispersion diagram has
six curves. As was explained in Sect. 3.2, the system is unstable when the square of
the phonon frequency w(q, s) is negative (phonon soft mode).

Figure 3.10 shows change in tensile stress and Poisson’s ratio of graphene under
uniaxial tension along the x and y directions. Here, the graphene structure was
realized by a slab model with vacuum layers in the periodic boundary condition.
The simulation cell dimension normal to the graphene L, = 0.8 nm, which is more
than twice as thick as the interlayer distance of graphite, d = 0.334 nm, should be
large enough to represent the one-layer graphene structure. The equivalent stress
shown in Fig. 3.10 was obtained by the stress on the entire simulation cell multi-
plied with L,/d, meaning that the stress was calculated regarding the graphene as a
thin plate with a thickness of 0.334 nm. The graphene exhibits isotropic elasticity in
the small strain region (¢ = 0 — 0.05) where the Young’s modulus and Poisson’s
ratio are nearly the same between the two uniaxial tensile directions (the x- and y-
axes). On the other hand, the stress—strain curves obviously differ in the large strain
region (¢ > 0.15), exhibiting dependence on the tensile orientation. While the
maximum stress and the corresponding strain in tension along the x-axis are
110 GPa and 0.194, respectively (red circles in Fig. 3.10), those for the y-axis
tension are 121 GPa and 0.266 (red triangles in Fig. 3.10), showing the larger
strength along the x direction than along the y direction.

The phonon dispersion curves at &, = 0.194 are shown in Fig. 3.11a, where the
imaginary phonon frequency (w?(q,s)<0) is plotted as the negative value for
convenience. It is seen that a phonon soft mode appears near the I'" point. Besides
the two points near the I point, the phonon frequency is real in the Brillouin zone.
Therefore, the phonon soft mode that appears near the I" point at &, = 0.194 is the
first instability mode. Figure 3.11c shows the eigenvector corresponding to the
phonon soft mode. The eigenvector is parallel to the tensile direction (the x-axis),
implying that the graphene exhibits cleavage fracture associated with bond breaking
under the uniaxial tension along the x-axis. As shown in Fig. 3.11d-{, the phonon
property of the graphene under uniaxial tension along the y-axis is similar to that in
the case of the x-axis tension. A phonon soft mode appears near the I" point at
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& = 0.266 and its eigenvector is parallel to the tensile direction. However, in
contrast to the x-axis tension where the interatomic bonds attaining the load are
parallel to the tensile direction, not only stretch but also rotation is applied to the
bonds in the y-axis tension where the bonds are oblique with respect to the tensile
direction by 30°. As the instability mode in the graphene subject to the y-axis
tension, brittle bond breaking occurs at 0 K while ductile Stone—Wales
(SW) transformation associated with bond rotation may arise depending on tem-
perature, which will be discussed in more detail in Sect. 3.3.2.

As seen above, the ideal structural strength and instability modes of graphene
depend not only on the crystal orientation but also on temperature and the stress
condition. A first-principles approach with DFT calculations combined with the
quasi-harmonic approximation (QHA) [34] and classical molecular dynamics
simulations [35-37] revealed with slight quantitative difference that the ideal
structural strength of graphene decreases nearly linearly with increasing tempera-
ture. In graphene under biaxial tension, a phonon soft mode appears at the K point
instead of the I' point and unstable deformation called K; mode emerges according
to a first-principles study [38]. The study also investigated various conditions of
biaxial tension to clarify that the cleavage fracture (K;) mode is likely to occur
under stress conditions close to the uniaxial (biaxial) tension.

In this subsection, we explained the ideal structural strength and instability
modes of two-dimensional periodic nanostructures through the examples of the Si
thin film, Cu thin film, and graphene. Of course, there are a substantial number of
two-dimensional periodic nanostructures. Among them, especially thin films con-
sisting of one atomic layer (monolayer) like graphene are attracting much attention,
such as silicone, phosphorene, graphene, silicane, BN monolayer (boron nitrene),
and MoS, monolayer. Unlike graphene, silicone and phosphorene show a corru-
gated structure due to in-plane buckling at equilibrium. Graphane and silicane are
graphene and silicone with the adsorption of hydrogen atoms, respectively. BN
(MoS,) monolayer is the graphene structure substituting C atoms with B and N (Mo
and S). The ideal structural strength and instability modes of these monolayers are
being intensively studied [39-43].

3.3.2 One-Dimensional Nanostructures

A nature that is unique to one-dimensional periodic structures is the presence of the
junction between surfaces (edge). In one-dimensional periodic structures that have
relatively large fraction of edge region in the entire volume, the effect of edges
cannot be ignored. A typical example of the one-dimensional periodic structure
having edges is the nanowire. Figure 3.12 shows first-principles calculation results
of Si(100), (110), and (111) nanowires with diameters of 2 — 5 nm [44]. The top
figures are for the cross section and the bottom for the side. Here, uvw denotes the
direction of the nanowire axis. The {100} surfaces in the Si{100) nanowires
have the dimer structure eliminating dangling bonds (red atoms in Fig. 3.12a).
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Fig. 3.12 Si nanowires with a (100), b (110), and ¢ (111) orientations. Top and bottom panels
show the cross-sectional and lateral views, respectively. Reprinted with permission from Ref. [44].
Copyright 2009, American Institute of Physics

The surface structure is ¢(2 x 2), instead of p(2 x 2) or ¢(4 x 2) that have lower
energies, because the p(2 X 2) or ¢(4 x 2) structure adjoining an edge would
require atoms having two dangling bonds to appear on the edge, resulting in a
high-energy configuration. First-principles calculations showed that Si(100)
nanowires with diameters of several nanometers should possess the ¢(2 x 2) sur-
face structure because the energy gain by ¢(2 x 2) surfaces eliminating dangling
bonds on edges exceeds that by surface reconstruction to p(2 x 2) or ¢(4 x 2) [45].
In the Si{(110) nanowires, step structures appear on the {100} surfaces due to the
effect of edges between {100} and {111} surfaces (red atoms in Fig. 3.12b). In the
Si(111) nanowires, five-membered ring structures appear on the edges as the edges
with two {110} surfaces are reconstructed to small {112} facets (red atoms in
Fig. 3.12c). These results demonstrate that the edge can not only affect the surface
reconstruction but also reconstruct itself into a structure different from the surface
and subsurface structures.

The ideal structural strength and instability modes of nanowires are intermingled
with the edge. Molecular dynamics simulations using the Stillinger—Weber poten-
tial for uniaxial tension of Si(100) nanowires at 300 K investigated the effect of the
edge by comparing nanowires with square and round cross sections [46]. In both
nanowires, {111} slip deformation associated with the nucleation and propagation
of dislocations occurs as the instability mode. The dislocation is nucleated at the
edge in the nanowire with the square cross section, which is because the energy
required for the dislocation nucleation is lower at the edge than at the surface. As a
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result, the nanowire with the square cross section shows the earlier onset of slip
deformation and the lower ideal structural strength than the round-shaped nanowire.
Through molecular dynamics calculations of Si nanowires with different inter-
atomic potentials (Stillinger—Weber and MEAM); different crystal orientations
((100) and (123)); stress conditions (tension and compression); and different
temperatures (300 and 1200 K), it was shown that a crack or an amorphousized
shear band instead of {111} slip can occur as the instability mode depending on the
condition [47]. However, it remains the same that the instability mode occurs at the
edge in any case.

Even in nanowires that show no reconstruction at the surface or the edge, the
ideal structural strength and instability modes are influenced by the edge. For
example, molecular dynamics simulations of Cu nanowires with fcc structures
using the EAM potential revealed that unstable deformation occurs from the edge in
both Cu(100) and (110) nanowires under tension at finite temperatures [48-51].
The instability mode differs between the crystal orientations. More specifically,
{111} slip associated with dislocation nucleation and propagation from the edge
occurs in the Cu(100) nanowire [48, 49] while lattice reorientation from (110) to
(100) occurs in the Cu(110) nanowire [50, 51]. In the latter, after a twin boundary
is formed by the nucleation of 1/6 (112) partial dislocations at the edge and their
propagation on {111} planes, the twin boundary moves along the wire axis,
resulting in the reorientation from (110) to (100). The stress causing the lattice
reorientation (i.e., the ideal structural strength) and the wire shape after the reori-
entation depend on the initial surface and edge of the nanowire. The thombus cross
section of the Cu(110) nanowire consisting of four {111} surfaces becomes a
rectangle with four {100} surfaces due to lattice reorientation triggered by partial
dislocation emission from the acute edges [50]. On the other hand, the rectangular
cross section of the Cu(110) nanowire consisting of two {111} and two {112}
surfaces transforms to a rhombus with two {100} and two {112} surfaces [51]. The
difference in the edge angle leads to different ideal structural strengths because the
energy required for partial dislocation nucleation changes.

Unlike the Cu nanowires with the fcc structure, nanowires with the side
dimension less than 1 nm can transform to another structure by reconstruction in
the entire volume. For example, a first-principles study clarified that Cu(100) fcc
nanowires having four {110} surfaces with the side dimension of 0.260, 0.520, and
0.779 nm are reconstructed to the bct (body-centered tetragonal) structure at
equilibrium [52]. When tension is applied to the bct nanowire, elastic deformation
as the bct structure appears first, followed by unstable deformation to the fct
(face-centered tetragonal) structure. Then, the nanowire exhibits elastic deformation
as the fct structure until fracture [52].

There are nanowires having peculiar structures rather than the original crystal
structures as a result of the reconstruction of the entire structure. An example is core—
shell nanowires consisting of a core in the center and a surrounding shell. Cu core—
shell nanowires consisting of a fcc (110) chain (core) and a fcc {111} sheet (shell)
were examined in Refs. [5, 53]. The 5-1 nanowire consists of a shell with five atoms
along its circumference and a chain. The 10-5-1 nanowire consists of a 5-1 nanowire
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wrapped with a shell with 10 atoms with its circumference. The solid lines in the left
figure indicate simulation cells in the following first-principles calculations. Vacuum
regions are set in the x and y directions normal to the wire axis, and the boundaries
are periodic to mimic isolated nanowires. The tensile stress o, was calculated as
o, = o2 x L& x L;e” /mr? where 62! is the stress along the z direction for the
entire cell; L and L;e“ are the cell size in the x and y directions, respectively; and r
is the wire radius. It should be noted here that the definition of the wire radius has
arbitrariness similarly to the thickness of nanofilms (see Sect. 3.3.1).

Figure 3.13 shows stress—strain curves of the 5-1 and 10-5-1 Cu nanowires
under tension obtained by first-principles calculations [5, 53]. Using the separation
between {111} layers in the Cu perfect crystal (ag), the radius of the 5-1 nanowire
was defined as the distance between the chain and the 5-shell + ay/2, that of the
10-5-1 nanowire as the distance between the chain and the 5-shell + the distance
between the 5-shell and the 10-shell + ap/2. The results of the isolated chain,
5-shell, sheet, and bulk are also shown for comparison. The 5-1 and 10-5-1
nanowires show the Young’s modulus and the maximum stress lower than those of
the isolated chain and shell. The calculated Young’s moduli of the 5-1 and 10-5-1
nanowires, 178 and 140 GPa, respectively, are significantly different from an
estimation by the simple combination law (344 and 322 GPa, respectively). The
discrepancy implies the mechanical properties of the core—shell nanowires differs
from those of the isolated components owing to the difference in their electronic
structure. Figure 3.14 shows the charge density distribution of the 5-1 nanowire
subtracted by that of the chain and the 5-shell. The charge density decreases in the
core and shell while it increases between the core and shell, indicating charge
transfer from the core and shell to the region in between. The weakening of the
bonds in the core and shell due to the charge transfer explains the lower Young’s
modulus and maximum stress of the core—shell nanowires.

Since the core—shell nanowires possess no fcc structure, the instability mode is
expected to be cleavage fracture due to bond breaking rather than {111} slip
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Fig. 3.14 Difference in charge density distribution between the Cu 5-1 nanowire and freestanding
core and shell. Reprinted with permission from Ref. [53]. Copyright 2006 by Institute of Physics

deformation or lattice reorientation. Indeed, this is supported by the change in
charge distribution during tension (Fig. 3.15). In the 5-1 nanowire, bonds in the
5-shell break first followed by the break of the core before cleavage fracture
(Fig. 3.15a). In the 10-5-1 nanowire, similarly, the bond breaking occurs from the
10-shell leading to cleavage fracture (Fig. 3.15b). The critical strain of the 10-5-1
nanowire is lower than that of the 5-1 nanowire, which is because inhomogeneous
charge distribution in the 10-5-1 creates weak bonds already at vanishing strain.
Deformation concentration on the weak bonds causes the smaller critical strain.
Bond breaking occurs from the shell because the chain is stronger than the shell as
shown in Fig. 3.13.

The chain is an ultimate form of one-dimensional periodic nanostructures
because it has the smallest possible diameter. The chain form is the strongest among
structures consisting of the same atom species (Fig. 3.13) owing to its electronic
structure. Since charge density between Cu atoms is higher in the chain than in the
bulk, the chain possesses stronger interatomic bonds. The high charge density in the
chain is due to the smaller coordinate number; that is, the reduction in the coor-
dinate number leads to a larger number of electrons per bond, causing stronger
interatomic bonds. As the bond breaking is the only possible instability mode in the
chain, the maximum point in the stress—strain curve gives the ideal structural
strength of the chain.

The nanotube is a one-dimensional periodic nanostructure that is distinct from
the nanowire and chain explained above. Carbon nanotubes (CNTs), the most
well-known one-dimensional nanomaterials, consist of rolled-up graphene sheets,
whose structure is denoted by the chiral vector (n, m) that represents the circum-
ference of the tube. Using two translation vectors a; and a, shown in Fig. 3.9a, the
chiral vector (C) of a (n, m) CNT is denoted as na; + ma,. The (n,0) and (n,n)
CNTs are called zigzag and armchair types, respectively, while the other CNTs are
called chiral types. The angle between a; and C, or chiral angle y, is y = 0° in
zigzag, y = 30° in armchair and 0 <y <30° in chiral CNTs. Stress attained by a
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Fig. 3.15 Change in atomic configuration and charge density distribution of Cu a 5-1 and
b 10-5-1 nanowires under uniaxial tension. Reprinted with permission from Ref. [53]. Copyright
2006 by Institute of Physics

CNT is often calculated assuming the CNT as a hollow cylinder with a wall
thickness of 0.34 nm, which is the interlayer spacing in graphite.

Unstable deformation in a CNT occurs due to brittle cleavage fracture associated
with bond breaking or the ductile Stone—Wales (SW) transformation with bond
rotation [54], as schematically shown in Fig. 3.16. Configurations with breaking of
some bonds shown in blue in Fig. 3.16a are depicted in Fig. 3.16b—d. Figure 3.16e
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Fig. 3.16 Two instability modes in CNTs. a A CNT under uniaxial deformation, resulting in
b—d brittle cleavage associated with bond breaking or e, f ductile SW transformation associated
with bond rotation. g SW activation barrier at the temperature of 0 K and uniaxial strain of 0%
(black) or 6% (red). Reprinted with permission from Ref. [54]. Copyright 2006 by National
Academy of Sciences

and f shows configurations where rotation of a bond marked with red led to the
combination of 5-membered ring and 7-membered rings. The 5/7/7/5 structure
created by the bond rotation is called the Stone—Wales defect. Figure 3.16g presents
the activation energy barrier for the SW transformation in a chiral CNT shown in
Fig. 3.16a at 0 K, where the black and red curves are for strains of 0 and 6% in
uniaxial tension, respectively. According to first-principles calculations of uniaxial
tension of (8,0), (9,0), (10,0) zigzag, and (8,8) armchair CNTSs, the critical stress gy,
and strain &, for bond breaking in armchair CNTs are larger than those in zigzag
[55], being consistent with the orientation dependence found in the uniaxial tension
of graphene (Fig. 3.10). More generally, ey, becomes larger as the chiral angle y
is larger (closer to that of armchair). In contrast, the critical strain egw for the
SW transformation becomes smaller as y is larger according to first-principles
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Fig. 3.17 Critical uniaxial strain of CNTs as a function of chiral angle () at various load
durations (¢) and temperatures (7). As y increases, the critical strain for bond breaking (blue marks)
increases, while the critical strain for bond rotation (red marks and lines) decreases. The crossover
between bond breaking and rotation shifts left or right depending on 7 and 7. Reprinted with
permission from Ref. [54]. Copyright 2006 by National Academy of Sciences

calculations combined with the reaction rate theory [54, 56]. While e, is barely
influenced by the tube radius, temperature, and strain rate, egw is reduced with
smaller radius, higher temperature, and slower strain rate, as schematically sum-
marized in Fig. 3.17. The critical point of whether bond fracture or bond rotation
occurs is determined by the intersection between the ey, — y curve (interpolation of
blue bars) and the esw — x curve (interpolation of red triangles for 300 K or red
curves for 1 and 600 K).

In this subsection, the ideal structural strength and instability modes of
one-dimensional periodic nanostructures were explained with the examples of Si
nanowires, Cu nanowires, and CNTs. There have been a lot of types of nanotubes
and nanowires fabricated thus far besides these examples and more will undoubt-
edly be realized. The existence of the peculiar nanostructures such as core—shell
nanowires and atomic chains suggests the production feasibility of a lot more types
of one-dimensional periodic nanostructures than bulk materials that exist in reality.
Considering various factors to explore including the material species, crystal ori-
entation, loading condition, and temperature, the ideal structural strength of
one-dimensional periodic structures has been only little understood thus far.

3.3.3 Zero-Dimensional Nanostructures

Zero-dimensional nanostructures such as nanoparticles and nanoclusters lie out of
the definition of the ideal shape of low-dimensional periodic structures. In addition,
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it is extremely difficult to evaluate the critical stress for instability under homo-
geneous stress or strain because loading on a zero-dimensional nanostructure can
only be achieved by a point load, which does not realize a homogenous loading
state. Since zero-dimensional nanostructures are therefore out of the scope of this
section, we only briefly refer to some of experiments and simulations that evaluated
the mechanical properties of such nanostructures.

The nanoparticle is a particle with a diameter in the order of nanometer with the
crystal structure identical with bulk material. In situ compression test with HRTEM
and classical molecular dynamics calculations have revealed that Ag nanoparticles
at room temperature can be largely deformed like a liquid drop by compression and
return to their initial shape by unloading [57]. The study confirmed that this
quasi-elastic deformation process is not associated with dislocation activities or
melting inside the particles where the crystal structure is maintained. The liquid-like
deformation behavior of Ag nanoparticles is essentially different from that of bulk
and is brought not by dislocations or melting but by diffusion of surface atoms.

The nanocluster should be categorized separately from the nanoparticle because
it possesses atom arrangements distinct from that in bulk. The Cg, fullerene is a
soccer-ball-shaped nanocluster consisting of 5-membered and 6-membered rings of
carbon atoms and can be regarded as an ideal zero-dimensional nanostructure due to
its high symmetry. First-principles calculations were performed to obtain strain
energy of Cqy and X@Cg, encapsulating atom X (= He, Ne, Ar or Kr), which
revealed that while the tensile strain energies of Cgy and X@Cg are nearly identical
with each other, the compressive strain energy of X@Cgy is larger than that of Cgy
[58-61]. The result indicates the possibility of enhancing the strength against
compression of Cgy by doping inert gas atoms. Deformation behavior of Si nan-
oclusters was investigated by first-principles calculations, which clarified their
spring-like behavior when displacements in the opposite directions are applied to
the top and bottom atoms [62].

Little investigation of the mechanical properties of zero-dimensional nanos-
tructures has been done by far compared to those of one- and two-dimensional
nanostructures because of the practical difficulty of the investigation. Efforts of such
investigation are emerging and further development is expected.

3.4 Conclusion

The definitions of the ideal strength, ideal understructure, and ideal shape were
explained. Theoretical approaches for the ideal strength and structural instability
were explained, and then theoretical investigations of ideal strength of various
nanostructures with first-principles calculations were introduced. As theoretical
methods to investigate the ideal strength and instability modes of materials have
been established, they can be in principle applied to low-dimensional nanostructures.
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Some caveats in such analyses (e.g., the definition of film thickness) were explained.
Further development in the investigation of low-dimensional nanostructures, espe-
cially for one- and zero-dimensional structures, is awaited to achieve comprehensive
understanding of the mechanical properties of nanomaterials.
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Chapter 4
Strain Engineering
on Nanosemiconductors

Abstract A lot of scientific investigations have been dedicated to strain engi-
neering on semiconductors to alter and tune band gap energies and electronic
structures by the application of strain. It also attracts much attention with broad
interests in industrial applications. After starting with a brief coverage over strain
engineering on bulk semiconductors, we review studies of strain effect on electronic
structures around the Fermi energy in two-, one-, and zero-dimensional nanos-
tructures, including metallic-semiconducting transition in carbon nanotubes.

Keywords Strain engineering - Semiconductor - Band gap energy

4.1 Strain Engineering on Semiconductors

It is well known that various properties of materials can be tuned when they
undergo deformation or strain due to change in their electronic structures. In other
words, a number of materials exhibit strong coupling between the physicochemical
and mechanical properties. While the coupling may arise as a negative factor
deteriorating the functional aspects of materials, there have been extensive trials to
utilize the effect and realize devices with improved properties, as is often referred to
as “strain engineering.”

The coupling with deformation or strain is known to exist with a wide range of
properties, e.g., electronic, magnetic, and optical properties. The recent trend of
scientific investigation is reviewed, for example, in Ref. [1]. Among such fields,
strain engineering on semiconductor devices has enjoyed abundant scientific
investigation and is seen to be most promising for industrial applications. In the
following sections, we review strain engineering on nanosemiconductors, while
effect of strain on other material properties is covered in other chapters.

© Springer Japan KK 2017 67
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4.2 Bulk Semiconductors

4.2.1 Bulk Semiconductors Subjected to External Strain

Figure 4.1 presents the energy (electronic) band structure of Si, which is most
widely used for semiconductor devices [2]. The dashed and solid lines in Fig. 4.1a
represent the calculation results by LDA and GWA, respectively. Comparing the
GWA results to the LDA, the valence band energies are shifted to lower energies by
a small amount. In contrast, the conduction band states rise in energy nearly rigidly,
resulting in the band gap energy of 1.31 eV by GWA, while the prediction with
LDA is 0.56 eV. The GWA result shows a good agreement with the experimental
value of 1.17 eV, while LDA tends to underestimate the band gap energy as
explained in Chap. 2. A more detailed comparison between the GWA result and
experiment is shown in Fig. 4.1b. The experimental data have been obtained by
photoemission and inverse photoemission. As shown in Fig. 4.1b, the GWA band
structure results are in a good agreement with experimental data.

As for the so-called beyond-DFT methods, calculations with the DFT-HF hybrid
functional have also been performed. Figure 4.2 compares band gap energies of
various materials calculated with the Perdew-Burke-Ernzerhof (PBE) functional
within the GWA approach and two DFT-HF hybrid functionals: the Heyd-Scuseria-
Ernzerhof (HSE) and long-range corrected (LC) functionals [3]. w is a factor
representing the magnitude of HF hybridization. For HSE and LC, we show the
calculated results with the optimum @ values: w = O.Ial_;l (ap denotes the Bohr
radius) for HSE and « = 0.2 a[;l for LC. It is clearly shown that the calculated band
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Fig. 4.1 Electronic band structures of Si. a LDA (dashed lines) and GWA (solid lines) results.
b GWA results (solid lines) and experimental data (symbols). Reprinted with permission from Ref.
[2]. Copyright 1993 by American Physical Society
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gaps by hybrid functionals, HSE and LC, are in a better agreement with the
experimental values than the PBE, indicating the promising possibility of the hybrid
functionals. The appropriate choice of o with each exchange—correlation functional
provides reasonable agreement with the calculated band gaps for a rather wide
range of materials: HSE with @ ~ 0.1ap' for materials with band gaps smaller than
7 eV, and LC with @ ~ 0.20.1ap" for materials with band gaps larger than 7 eV.
This information certainly provides a practical recipe to obtain reliable band gaps
for various materials [3].

As was explained in Chap. 2 and shown in Figs. 4.1 and 4.2, it is necessary to
employ beyond-DFT methods for quantitative evaluation of the energy band
structure in semiconductor materials. Nevertheless, calculations using the LDA or
GGA method can serve for qualitative discussion as exemplified below. Figure 4.3
shows the energy band structure of Si at [110] uniaxial strains of 0 and 2.5%
calculated by LDA and GWA [4]. For uniaxial tensile strain, the sixfold degenerate
conduction band minimum splits into two valleys (A,) with lower energy along the
I'-Z direction and four others (A4) with higher energy along the I'-X direction. The
degeneration is seen in both the LDA and GWA calculations, indicating that the
effect of strain on the energy band structure can be qualitatively grabbed by LDA.
This is also supported by the relationship between band gap energy and strain as
shown in Fig. 4.4, which presents the change in band gap energy of Si in [110]
uniaxial tension and [110] — [110] biaxial tension [4]. It is found that LDA can
qualitatively reproduce the reduction (and reduction rate) of band gap energy by
uniaxial and biaxial tensions. In both uniaxial and biaxial cases, the band gap
decreases with strain, but the splitting between the A, and A, valleys is more
pronounced for uniaxial strain. Furthermore, for uniaxial strain, the splitting grows
with increasing strain, which reduces the scattering rate because only the two lower
occupied A, valleys affect the electron mobility. In the case of biaxial strain, the
splitting between the A4 and A, valleys is much smaller than that for uniaxial strain,
and the energetic ordering in fact changes for strain above &y;,x = 3.25%, where the
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Fig. 4.3 Energy band structures of Si within LDA (dashed lines) and GWA (solid lines) without
strain (left) and 2.5% uniaxial strain in the [110] direction (right) [4]
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strains [4]

A, valleys are lower in energy. This regime of large tensile biaxial strain in the
(110) plane might hence be interesting for an enhancement of the electron mobility.

The energy band structure can alter not only by tensile strain but also by shear
strain. Change in density of states of Si during {111}(110) shear was calculated by
LDA [5]. The band gap energy decreases with increasing shear strain and vanishes
at a strain of 0.2. It should be noted that the band gap vanishes before reaching the
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critical strain of 0.3 for dislocation nucleation. This suggests that the electrical
deterioration may appear before the disorder of atomic configuration introduced by
the dislocation nucleation.

In this section, we exemplified that LDA or GGA calculations are sufficient for
qualitative evaluation of change in band structures with respect to strain in semi-
conductors although “beyond-DFT” schemes are required for quantitative discus-
sion. In the following sections in this chapter, we will introduce calculation results
with LDA or GGA unless otherwise stated.

4.2.2 Bulk Semiconductors with Internal Strain Fields

The change in energy band structures shown in the previous subsection was one due
to external strain, which is induced by, for example, constraint by a substrate or
application of deformation by external load. On the other hand, band structures can
change due to atomistic or electronic strain that occurs inside materials. Lattice
defects are typical structures that cause internal strain and are closely related to the
electronic properties in semiconductor materials. Thus, the behavior of lattice
defects in semiconductors has been investigated in terms of experiments, theoretical
approaches, and numerical simulations for decades. The history is compiled in
detail in textbooks such as Refs. [6—8]. This section gives a brief overview of the
effect of lattice defects, namely the vacancy (zero dimension), the dislocation (one),
and the grain boundary (two), on the energy band structure of Si.

A LCAO model explaining the change in the energy band structure of Si due to a
vacancy is schematically shown in Fig. 4.5. When a Si atom is removed from the
lattice, four dangling bonds, directed toward the center of the vacancy, are formed.
These dangling bonds hybridize so that their totally symmetric combination, an s-
type state, lies in energy within the bulk valence band. Three different combinations
with nodal planes are p type, and they form deep levels in the energy gap. In the
doubly positive charge state of the defect, the deep levels are empty and the ionic
relaxation preserves the T ,-point symmetry of the perfect lattice. In the singly
positive and neutral charge states, one of the deep levels is occupied by one and two
electrons, respectively. The Jahn-Teller effect lowers the point symmetry to D,, and
breaks the degeneracy of the deep levels. This symmetry is deduced from the EPR
(electron paramagnetic resonance) measurement. Actually, the introduction of the
second electron to the deep level results in a strong ionic relaxation and a lowering
of the total energy, overcoming the coulombic repulsion between the localized
electrons. Therefore, it is energetically favorable that the charge state changes
directly from the doubly positive to the neutral one. This is the famous negative-
effective-U effect first predicted for the Si vacancy by Baraff et al. and experi-
mentally confirmed by Watkins and Troxel. For the negative and doubly negative
charge states, the symmetry is further lowered and the point symmetry derived from
the EPR and ENDOR (electron-nuclear double resonance) measurements is C,,, [9].
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Fig. 4.5 Watkin’s LCAO model for Si vacancy. Reprinted with permission from Ref. [12].
Copyright 2011 by American Physical Society

There have been a number of first-principles calculations for Si containing
vacancies. While the formation energy of a vacancy, structural symmetry, volume,
and ionization energy have been investigated, the calculation results have large
scatter because of the difference in calculation conditions. As was explained in
Chap. 2, a calculation of a material with a defect requires a sufficiently large
simulation cell. We need to minimize the interaction between the defect and its own
periodic images. For insufficiently large supercells, there will be an appreciable
overlap between the defect and its own images, resulting in an error in the overall
charge density of the system, and hence the total energy and the forces on the
atoms. The obvious solution to this is to repeat the defect formation energy cal-
culation in different sized supercells, using an equivalent sized basis set (e.g., same
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plane wave cutoff energy) and same Brillouin-zone sampling density [10].
Calculation results may be influenced not only by the cell size but also by the cell
shape. It was clarified that vacancy formation energy of Si converges against cell
size faster in a bce supercell than in a sc or fcc supercell [10]. The best way to
improve a calculation is not just to increase the supercell size, but to do so in an
appropriate manner bearing in mind the interaction of the supercell symmetry with
the defect. Besides, the exchange—correlation functional (e.g., LDA vs. GGA) and
k-point sampling (e.g., I'-only vs. Monkhorst-Pack) should also been cautiously
determined [9-13].

The effect of dislocations on the energy band structure in Si has been examined
by first-principles and tight-binding calculations, using a dipole model (a periodic
simulation cell containing two dislocations having Burgers vectors with opposite
signs) and a cluster model (a simulation cell containing dislocations with its
boundaries terminated by hydrogen atoms) [14—16]. According to the calculations,
only shallow gap states appear and no deep midgap states emerge in 90° partial
dislocations. On the other hand, the main effect of (110) edge dislocations is to
push the top of the valence band into the gap of pure bulk Si, and this effect is
enhanced as the dipole separation increases. At the I' point, the shift in the top of
the valence band changes from 0.01 eV at the one-ring separation to 0.18 eV for
the five-ring separation. The enhancement of the band-edge shifts correlates well
with the increasing localization of the structural distortions in the dislocation cores.
In the core, the atoms retain tetrahedral coordination, so this effect is not due to the
presence of dangling bonds, but instead appears to be associated with the com-
pressed bonds in the core [16].

Calculations of the electronic structure of Si having a tilt or twist grain boundary
have been performed, mainly with the tight-binding model [17]. It has been shown
that coincidence tilt boundaries frequently observed in Si or Ge are stably con-
structed by the periodic arrangement of the structural units without any dangling
bonds or large bond distortions. Thus, such boundaries have relatively small
boundary energies and have no deep or shallow electronic states inside the mini-
mum band gap. These features should be caused by the essential nature of covalent
materials that fourfold coordinated configurations tend to be reconstructed. In Ref.
[17], Kohyama performed a detailed analysis of the electronic structure of various
twist boundaries in Si using the transferable TB method. They obtained the fol-
lowing general relation between the electronic structure and each kind of local
structural disorder at grain boundaries, which should be common to amorphous Si.
Odd-membered rings induce the changes of shapes of the local density of states.
Bond distortions generate states at the top of the valence band and at the bottom of
the conduction band, and greatly stretched bonds generate so-called weak bond
states inside the band gap. Three-coordinated defects generate deep states, of which
the wave functions are sharply localized at the defect sites. Five-coordinated defects
generate both deep and shallow states. The deep state is localized at the neighboring
atoms except the five-coordinated site, and the shallow states exist among the
five-coordinated atom and neighboring atoms.
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4.3 Nanosemiconductors

4.3.1 Two-Dimensional Nanosemiconductors

A main feature of the two-dimensional nanosemiconductor is the large fraction of
surface area with respect to the entire volume. The energy band structure of two-
dimensional nanosemiconductors is therefore closely related to their surface
structure and its electronic state. First-principles calculations of surface electronic
structure are usually performed with a slab model (e.g., Fig. 3.4b in Chap. 3) with
one surface terminated by hydrogen atoms and fixed, while the other surface and a
few subsurface layers are relaxed. In this subsection, we introduce first-principles
calculations of the electronic state of Si surfaces [18-22].

Figure 4.6 shows the energy band structure of the p(2 x 1) asym, p(2 x 2), and
c(4 x 2) reconstructions of the Si(001) surface. We illustrate that, for the p(2 x 2)
and ¢(4 x 2) reconstructions, the dispersion curves of the occupied dangling bonds
are similar to the folded branches of the p(2 x 1) surface, while significant changes

(a) Si(100)p(2x1) (b) si(100)p(2x2)

2 -

Fig. 4.6 Dispersion of dangling bond states of a p(2 x 1) (folded in accordance with p(2 x 2)
symmetry), b p(2 x 2), ¢ p(2 x 1) (folded in accordance with c¢(4 x 2) symmetry), and
d c(4 x 2) surface configurations. Reprinted from Ref. [19], Copyright 1995, with permission
from Elsevier
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occur for the unoccupied surface states. We find a much better agreement of the
calculated dispersion curves for the p(2 x 2) and ¢(4 x 2) phases with the pho-
toemission spectra than for Si(001) p(2 x 1). In particular, the experimentally
observed splitting of about 0.7 eV between the two empty surface states with an
almost flat dispersion in the I' — J direction is well reproduced by our calculations
for the p(2 x 2) and c¢(4 x 2) structures, while the p(2 x 1) geometry cannot
explain the dispersion of these states. Moreover, the bandwidths of both the filled
and empty surface states are reduced by about 0.1 eV in the p(2 x 2) structure and
by about 0.2 eV in the ¢(4 X 2) structure with respect to the p(2 x 1) arrangement.
The best agreement with the measured bandwidths of 0.70 eV for the occupied
surface states and 0.80 eV for the empty surface bands is achieved for the c¢(4 x 2)
phase, for which we obtain 0.79 and 0.93 eV, respectively. The good agreement of
the calculated band structure of the p(2 x 2) and c(4 x 2) geometries with the
experimental data indicates a short-range correlation of the dimers in Si(001) with
at least a local ¢(4 x 2) or p(2 x 2) symmetry at room temperature.

The branches of the folded dangling bond states of the p(2 x 1) surface lying
above the Fermi level are split by about 0.7 eV along the I' — J direction in the
p(2 x 2) as well as in the ¢(4 x 2) reconstruction, because of the correlation of the
dimers along a row. As the branches are almost flat along the I'-J direction, we
conclude from our results that the dimer correlation between neighboring rows is
weak compared to the coupling along the rows.

The results for the energy gain with respect to the unrelaxed (111) surface are
listed in Table 4.1 for the three basic reconstructions 2 x 1 (p-bonded chain model),
¢(2 x 8) (adatom model), and 7 x 7 (DAS model) of the C, Si, and Ge(111)
surfaces [22]. The results agree with the experimental findings. The most stable
structures among the considered ones are the 2 x 1 chain reconstruction for dia-
mond, the 7 x 7 translational symmetry of the complicated dimer-adatom-stacking
fault surface with corner holes for silicon, and the ¢(2 x 8) adatom surface for
germanium.

Figure 4.7 shows the energy band structure of the (111) surface [22]. In the
2 x 1 case, the bands are presented for the unbuckled chain reconstruction (C) and
the chain-left isomer (Si, Ge). One observes a clear chemical trend of the positions
of the m- and m*-chain bands in the fundamental gap with respect to the bulk
valence band maximum (VBM) as well as of the surface-state gap at J. Along the

Table 4.1 Calculated reconstruction-induced energy gain (in eV) per (1 x 1) surface unit cell for
three group-IV semiconductors. Gains due to relaxation are given for comparison. Reprinted with
permission from Ref. [22]. Copyright 2001 by American Physical Society

Reconstruction C Si Ge

Relaxed 0.57 0.06 0.01
2x1 1.37 0.30 0.23
c(2x8) 0.39 0.33 0.27
7x7 0.34 0.36 0.27
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Fig. 4.7 Surface band structures versus high-symmetry directions in the corresponding
two-dimensional Brillouin zone. The projected bulk band structures around the fundamental gap
are presented as shaded areas. Upper panels (2 x 1) m-bonded chain model; middle panels
c(2 x 8) adatom model; and lower panels (7 x 7) DAS model. In the latter case, the
half-occupied band is indicated by an arrow. Reprinted with permission from Ref. [22].
Copyright 2001 by American Physical Society

row C -> Si -> Ge, the gap is opened as a consequence of the chain buckling. The
occupied 7 bands are shifted below the VBM, indicating an energy gain due to the
band structure contribution. Nevertheless, this gain does not cause an energetical
favorization of Ge (111) — ¢(2 x 1) versus Ge (111) —¢(2 x 8).

The stabilization of Ge (111) — ¢(2 x 8) becomes much clearer from the band
structures in the middle panels of Fig. 4.7. Essentially, the dangling bonds
belonging to the two adatoms and the two rest atoms appear in the fundamental gap
region in the projected bulk band structure. The four bands are clearly observable
for diamond because of the weak interaction of the dangling bonds and the simi-
larities in the adatom and rest atom bonding to the underlying atomic layer. There is
only a vanishing surface-state gap. In the silicon case, the adatom dangling bonds
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become more p,-like, whereas the rest atom dangling bonds increase the s character.
As a consequence, the occupied surface bands belonging to the rest atoms are close
to the VBM. In the Ge case, the occupied rest atom bands are shifted farther into the
projected bulk valence bands. The accompanying energy gain via the band structure
energy explains why the ¢(2 x 8) reconstruction is energetically more favorable
than the m-bonded chain 2 X 1 reconstruction as well as why this happens in
particular for germanium. The surface bands are clearly related to the geometry
discussed above. Whereas the adatom structure is similar for C, Si, and Ge, there is
an increase of the vertical distance of the rest atoms to the atomic layer beneath,
0.25, 0.47, and 0.50 dypyk. It is accompanied by a dehybridization from four sp°- to
Dx» Py D and s orbitals and, hence, a downshift of the surface bands related to the
occupied rest atom dangling bonds.

The lower panels in Fig. 4.7 give an idea about the stabilization of the 7 x 7
DAS surface in the case of the larger group-IV atoms, in particular Si, with respect
to the diamond case. The dangling bonds of the rest atoms, adatoms, and
corner-hole atoms give rise to many bands in the fundamental gap of the bulk band
structure projected onto the small BZ of the 7 x 7 surface. The rest atoms dominate
the occupied bands just below the Fermi level. It is pinned by the half-filled band at
about 1.9, 0.3, and 0.02 eV, which is essentially formed by corner-hole states.
According to their geometry, the rest of the atoms behave similarly as discussed for
c(2 x 8). Adatom dangling bonds give remarkable contributions to the unoccupied
surface bands, e.g., near the conduction band minimum of diamond. However,
center adatoms also contribute to bands close to E. The stronger localization of C
dangling bonds results in less dispersive bands, whereas the stronger surface band
dispersion tends to smear out the Si and Ge gaps. One observes a clear chemical
trend along the row C -> Si -> Ge of shifting the occupied surface bands closer to
the VBM or below and, hence, stabilizing the 7 x 7 surface. This trend in particular
follows our observation of the variation in the rest atom bonding.

Strain may change the surface structure and concomitantly the energy band
structure of the surface. Figure 4.8 presents the effect of in-plane biaxial tension on
the energy band structure for Si(001) surfaces with symmetric dimers (SD),
asymmetric dimers (AD), and alternate arrangement of SD and AD (ADSD) [23].
The AD surface is semiconducting without strain (see Fig. 4.8a). The surface bands
from up and down atoms of an asymmetric dimer are marked as Dy, and Dgown,
respectively. The occupied Dy, and unoccupied Dyown bands are separated by about
0.3 eV of the surface band gap. When the strain is applied, the D, band moves up,
emerging out of the bulk valence band. The surface band gap becomes smaller and
finally reaches zero as shown in Fig. 4.8b. In the transition state of 6.2% of tensile
strain, the empty Dgow, band becomes occupied and electrons are transferred from
the up atom to the down atom. The electron transfer decreases the ionicity and
increases the covalency of the asymmetric dimer. It makes the asymmetric structure
unstable and tends to symmetrize the dimer structures. However, the SD structure in
the transition state is found to be still metastable. Calculated band structures of the
SD structure in the p(2 x 1) phase without and with tensile strain are depicted in
Fig. 4.8c, d respectively. Although the overlap of = and n* bands is reduced as the
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Fig. 4.8 Band structures for (a, b) p(2 x 2) AD, (c, d) p(2 x 1) SD, and (e) p(2 x 2) ADSD
surface structures and (f-i) charge densities for the ADSD surface states. Reprinted with
permission from Ref. [23]. Copyright 2007 by American Physical Society
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tensile strain increases, the SD surface is still metallic with partial occupancy of *
band.

Meanwhile, the ADSD structure becomes more stable than the AD or SD
structure, in the ranges of 6.2-16% of biaxial strain. Figure 4.8e shows the band
structure and the charge densities of the surface states for the p(2 x 2) ADSD
structure on a 6.2% biaxially strained surface. The surface bands are distinguished
from the bulk bands, and they are classified as 7, 7%, Dyown, and D, bands. The ©
band is fully occupied, and it corresponds to the m-bonding state of a symmetric
dimer, of which the charge density is shown in Fig. 4.8f for the I" point. The wave
function of the D, band is related to the up atom of the asymmetric dimer, as
shown in Fig. 4.8g. This band is partially occupied and overlaps with the bulk
conduction bands. The Dgow, and n* bands are fully unoccupied inside the con-
duction bands and correspond to the down atom of the asymmetric dimer and the *
antibonding state of the symmetric dimer, respectively, as shown in Fig. 4.8h, i.
It should be noted that, although the band structure of the ADSD structure shows a
surface metallic character, the Fermi level is expected to be at the bulk conduction
band minimum. There are surface holes in D, states, while the electron carriers
remain in the bulk conduction bands. The Dy,w, and n* surface bands are deep
inside the conduction bands, and thus, they are fully unoccupied. The unoccupied
Dgown and * bands may induce the stabilization of the ADSD structure.

When the thickness of a two-dimensional nanosemiconductor becomes down to
the nanometer level, interaction of two surfaces on the opposite sides of the film
may change the energy band structure. In other words, the energy band structure of
nanofilms is affected not only by the surface structure and strain but also by the film
thickness. Change in band gap energy in a Si nanofilm having (001) p(2 x 1) asym.
surfaces (Fig. 3.4 in Chap. 3) subjected to [110] uniaxial tension was examined in
Ref. [24]. At the initial states, the band gap energy, Eg,p,, of the nanofilms is lower
than that of the single crystal, and the thinner film has the lower gap. E,,, decreases
with increasing tensile strain in all the models, and the strain at which the gap
becomes null is higher in the thinner film. It is worth noting that the band gap in the
thin film sustains up to higher tensile strain in spite of the lower band gap at the
initial state than the bulk. This may be explained as follows: While the ideal
(001) surface has no band gap, dimerization by 2 x 1 relaxation causes Peierls
distortion that opens up a gap between 7 and ©*. As the film gets thinner, the two
dimerized surfaces start to interfere with each other electronically, resulting in
incomplete Peierls distortion and a smaller gap. The vanishing of the band gap
under tension stands for the conduction band descending to reach the Fermi energy
level. In consequence, the filling of the antibonding states takes place, which leads
to weakening the stability of the bonding. This phenomenon, change in band
configuration affecting the mechanical properties, has been discussed for other
materials in some reports. In the case of silicon, it is expected that a discontinuity in
the stress—strain relation would occur when the band gap vanishes because the
occupancy of the conduction band suddenly becomes 1. However, it is not obvious
in the present work and the stress—strain curves are rather smooth (see Fig. 3.5 in
Chap. 3). In the case of a Si single crystal under shear, a smooth stress—strain
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relation has been reported. In the calculation, the occupancy changes rather
smoothly due to the smearing band occupancy around the Fermi level to avoid
divergence in the self-consistent loop, which can cover up a slight cusp. In any case,
a strong cusp in stress—strain curves is not expected.

The ultimate form of ultrathin films is the monolayer, which consists of a one
atom-thick layer and comprises surfaces only. Graphene is a typical monolayer
structure consisting of carbon atoms. Graphene under no strain possesses the energy
band structure with cone-shaped valence and conduction bands adjoined with each
other at the tip of the cones (Dirac’s cone), and therefore becomes semiconducting
or half-metallic with a vanishing band gap energy. Since the peculiar energy band
structure originates in the sixfold symmetry of graphene, the band gap does not
open under isotropic biaxial strain because the symmetry does not break and the
Dirac point does not move [25, 26]. On the other hand, the sixfold symmetry breaks
under uniaxial strain, resulting in the elimination of one of the two Dirac points that
would be located at K and K’ points with no strain. Nevertheless, the other Dirac
point changes its location only, making the band gap remain closed [26-28]. As
explained above, neither biaxial nor uniaxial strain can open the band gap in
graphene. However, recent first-principles calculations revealed that the band gap
can be formed in graphene by a devised application of strain. For example [29], it
was reported that the combination of two normal strain components in biaxial strain
changes the band gap energy and that a gap up to about 1.0 eV can be achieved
when tensile and compressive strains are applied to the y and x axes, respectively.
Another calculation reported that the band gap energy can be altered by the mag-
nitude and direction of local strain [30].

4.3.2 One-Dimensional Nanosemiconductors

Nanowire—effect of shape on semiconducting property

The energy band structure of one-dimensional nanosemiconductors is influenced
not only by the surface but also by the junction of surfaces (edge). The smaller the
radius of a one-dimensional nanosemiconductor (e.g. nanowire) is, the more the
ratio of the edge length to the entire volume becomes. When the radius is down to
several nanometers, the effect of edges appears clearly. For example, as was
explained in Sect. 3.3.2, the {100} surface of a Si(100) nanowire with a radius of
several nanometers becomes ¢(2 x 2), which is energetically higher than (2 x 1)
and ¢(4 x 2), due to the presence of edges [31]. This is because the energy gain by
eliminating dangling bonds at edges of ¢(2 x 2) surfaces exceeds that by surface
reconstruction to (2 x 1) or ¢(4 x 2). Here, we introduce first-principles calcula-
tions about the effect of edges on the energy band structure in Si nanowires [31, 32].

Figure 4.9 shows eigenenergies of electronic states in Si{100) nanowire with the
{100} surfaces of (2 x 1) and ¢(2 x 2) [31]. Comparing the electronic structures of
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Fig. 4.9 Eigenenergies of the electronic states fora2 x 1 and b ¢(2 x 2) reconstructions. Filled
and empty states are denoted by filled and empty circles, respectively. The top and bottom right
schematics depict Si(100) nanowires with 2 x 1 and ¢(2 x 2) reconstructions, respectively.
Reprinted with permission from Ref. [31]. Copyright 2001 by American Physical Society

the two reconstructions, it was found that the 2 x 1 configuration has a gap of
0.35 eV across the Fermi level. Furthermore, the topmost filled states consist of four
nearly degenerate states, which are localized on the four edges of the bars, and this
cluster is separated from states below it in energy by a gap of 0.30 eV. This nearly
symmetric placement with sizeable gaps as well as the spatial localization of the
edge states leads us to conclude that the 2 x 1 bar is insulating. On the other hand,
the electronic structure of the ¢(2 x 2) configuration is more subtle. The states in
the vicinity of the Fermi level are localized on the surfaces of the bars, and the gap
across the Fermi level is only 0.09 eV. It should therefore be reasonable to believe
the ¢(2 x 2) configuration is a small-gap semiconductor or even perhaps metallic.

The energy band structure of a Si(110) nanowire in a hexagonal prism shape
with four {111} and two {110} surfaces was also calculated [32]. Unlike the
previous case of the Si(100) nanowire with {100} surfaces, the neighboring facets
can match through a smooth angle and they are not significantly distorted with
respect to their homologous infinite surfaces. Hence, the {111} facets that dominate
the reconstruction follow the n-bonded chain model of Si{111} surfaces, conferring
to the wire a semiconducting character. The band gaps are found to be smaller than
the bulk value as an effect of the formation of the n-surface states.

It is known that, even without reconstruction of surfaces or edges, the energy
band structure of a nanowire can be changed when its thickness becomes very
small. For example, it was found that the band gap energy of a Si nanowire with
H-terminated surfaces and edges having no reconstruction increases with decreas-
ing diameter due to the quantum confinement effect [33-35]. Change in the energy
band structure of nanowires subject to axial strain was confirmed by first-principles
calculations [36—41]. In what follows we introduce examples of Si(110) and (111)
nanowires.

Figure 4.10 shows results of first-principles calculations of the energy band
structure in Si{110) and (111) nanowires with a diameter of about 2 nm under axial
strain [38]. We start with a discussion of the band structure of these unstrained
nanowires. The general features of the conduction bands can be understood from
effective mass theory and the band structure of bulk Si. The conduction band
edge of bulk Si consists of six equivalent anisotropic A valleys, located at about
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Fig. 410 Change in the energy band structures of Si a (110) and b (111) nanowires under
uniaxial strain. The top and bottom right schematics depict the cross section of the nanowires.
Reprinted with permission from Ref. [38]. Copyright 2008 by American Physical Society

0.85 x 27m/a along the &+ [100], £ [010], and £ [001] directions. Further in the
text, the six valleys are referred to as [+ a, 0, 0], [0, &£ 4, 0], and [0, 0, £ «a].
For the (110) nanowire, the conduction band minimum at T is formed from the
two A valleys [0, 0, £ «a] of bulk Si and is thus labeled A,. Another minimum Ay is
formed from the bulk Si valleys at [+ a, 0, 0] and [0, &+ a, 0] and folded close
to + 0.57/a. According to this effective mass picture, (110) wires with reasonably
circular cross sections (no high aspect ratio) should be direct band gap. Indeed, the
conduction minimum A, at the I" point has lower confinement energy than the
conduction band minimum Ay. This is because the energy of A, is determined by
the large longitudinal mass and smaller transverse mass in the confinement direc-
tions, while the energy of A, is determined by the smaller transverse mass. Similar
analysis can be applied to nanowires grown in other directions. Thus, the
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conduction band minimum of (111) nanowires is formed from the A valleys [+ a,
0, 0], [0, &= a, 0], and [0, O, & a] of bulk Si and labeled As. The minimum is
located away from the I" point, and the wire is, in general, indirect band gap. The
large effective mass in the growth direction results in a conduction band which is
very flat. The conduction band is also very sensitive to the morphology of the
nanowire, and the deviation of wire cross section from circular geometry lifts the
degeneracy of the Ag minimum. At last, the valence band maxima of the (110) and
(111) nanowires, positioned near the I" point, are similar to those of bulk Si. There
is, however, a significant mixing and splitting of the valence band, which cannot be
explained by effective mass theory.

When the (110) nanowire is compressed, the energy of A, increases and
eventually exceeds the energy of the A, state. We will refer to this transition as a
direct-to-indirect band gap transition. Under tensile strain, the A, state is pulled
down together with a subset of higher subbands at the I point. Remarkably, A4 and
another energetically close state at I', which we call ¢, remain fairly constant under
tension or compression. At a tensile strain of 7%, the c; state is the 14th subband at
I', while it is the lowest and the second lowest at a strain of —7 and 0%, respec-
tively. We note that the situation is somewhat different in bulk Si under uniaxial
tensile stress in the (110) direction: While the splitting of A, and A4 has the same
sign, it is the A4 valleys that are raised, while A, valleys are less affected. The
valence band edge of (110) nanowires is determined by the states v, and v,. The v,
state is the highest at zero strain and is shifted significantly with strain, rising under
compression and falling under tension, while the v, state remains fairly constant.
Therefore, under the tensile strain, when the v, state is pulled down, the nanowire
becomes indirect band gap and the hole properties are determined by the v, state.

Applying strain to the (111) nanowire tended to lower the energy of Ag under
tension and raise it slightly under compression. As expected in the effective mass
picture, there is no splitting of the conduction band minimum because all valleys
are affected equally by strain. Consequently, the conduction band behavior under
strain in (111) Si nanowires is analogous to that of bulk Si under uniaxial strain in
the (111) direction. The valence band behavior of (111) nanowires is very similar
to that of (110) nanowires: The valence band state v; was raised under compression
and lowered under tension, while v4 remained fairly constant under strain. The
lowering of the v; state below the v, state occurs at much larger tensile strain than
the direct-to-indirect band gap transition (v; below the v2) in the (110) nanowire.

The behavior of the band gap is a direct consequence of the change in band
structure described above. At zero strain, (111) wires tend to have a larger band gap
than (110) wires of the same size due to smaller bulk Si effective masses in the
confinement directions. This trend continues to hold in strained wires. In (110)
nanowires, compressive strain tended to first increase the band gap, due to rising of
the A, state. However, the band gap increase is followed by a decrease, due to the v,
state rising, while the bottom of conduction band A4 remains fairly constant.
Tensile strain causes a monotonous closing of the band gap, due to lowering of the
A, state, while the top of the valence band v, remains constant. In strained (111)
nanowires, the bottom of the conduction band Ag remains almost nearly constant.



84 4 Strain Engineering on Nanosemiconductors

Thus, compressive strain tended to decrease the band gap, due to rising of the v3
state, while tensile strain tends to keep the band gap constant, as the energies of Ag
and v4 do not change significantly.

Nanotube and nanoribbon—more pronounced, peculiar effect of shape

The nanotube is another form of one-dimensional nanosemiconductors. Carbon
nanotubes (CNTs), rolled-up structures of a graphene sheet, can be conducting
(metallic) and semiconducting depending on the chirality vector (m, n), while
unstrained graphene is a semimetal; i.e., conducting when m — n = 3q and semi-
conducting when m —n = 3g+1 or m — n = 3q+2, where ¢ is an integer. This
rule, however, no longer holds under strain. In fact, first-principles and
tight-binding calculations have revealed that the energy band structure of CNTs can
shift from conducting to semiconducting (and vice versa) under axial [42-44],
radial [45, 46], and torsional [47, 48] deformations. In what follows we introduce a
study of systematic investigation about the relation between the energy band
structure and axial tension in CNTs with various chiral vectors [44].

Figure 4.11 shows the band gap energy E,,, and axial tensile strain ¢, calculated
by the tight-binding method, where the validity of the employed tight-binding
potential was confirmed by comparison with first-principles calculation results.
Here, armchair CNTs (m — n = 0) are excluded because they remained conducting
under any tensile strains. In CNTs with m—n = 3¢ (Fig. 4.11a), Eg4,, is 0 at the
initial state, &, = 0. When tensile strain is applied, a band gap appears in each CNT.
The magnitude of tensile strain at which the band gap appears varies from 0.03 to
0.09, and as the tensile strain increases, Eg,, temporarily increases before
decreasing. E,,, becomes 0 again at high tensile strain. From the above results, we
conclude that the CNTs change their electronic properties from metallic -> semi-
conducting -> metallic, as the strain increases. Moreover, the change appears at
lower strain for CNTs with smaller diameters. In CNTs with m—n = 3q + 1
(Fig. 4.11b), the band gap at ¢, = 0 is positive and the tube with a smaller diameter
has a larger band gap energy. E,,, increases in the region of low strain; however, as
the strain increases, the magnitude of E,,, decreases, finally resulting in the band
gap’s elimination. A CNT with a larger initial band gap possesses higher critical
strain where the gap disappears, and the CNTs become semiconducting again as the
tensile strain increases. In CNTs with m—n = 3q + 2 (Fig. 4.11c), the property in m
—n = 3q + 2 is similar to that in m—n = 3q + 1. The value of E,,, at ¢, =0 is
positive and its magnitude depends on the diameter. However, Eg,, is reduced as
the tensile strain increases and the band gap is eliminated. The transient strain is
dependent on the diameter and is relatively small compared to that of m
—n = 3q + 1. The tubes become semiconductors again under further tension.

Nanoribbons can also be characteristic one-dimensional nanosemiconductors.
The energy band structure of a graphene nanoribbon (GNR) can vary depending on
its structure, i.e., how it is cut out from a graphene sheet, just as a CNT can become
metallic or semiconducting depending on how it is rolled up from a graphene sheet.
For example, the energy band structure of a zigzag CNR (ZGNR), which is cut out
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from a graphene sheet in such a way that the y axis corresponds to the longitudinal
direction, exhibits little change against strain [49, 50]. On the other hand, an
armchair GNR (AGNR) with the x axis along the longitudinal direction shows
significant change in the band gap energy according to strain [49-51]. In addition,
the energy band structure of AGNRs can be classified into three types by the
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number of atom layers in the width of the nanoribbons, W; i.e., W =3n, 3n + 1,
3n + 2 (n is an integer) [52]. Thus far, first-principles calculations have been done
for tensile and compressive strain along the longitudinal direction [49, 50], in-plane
shear [50], antiplane bending [51], and longitudinal torsion [51] in AGNRs. In what
follows we introduce calculation results for tensile and compressive strain along the
longitudinal direction, ¢ [49].

The electronic structures for AGNR with width W = 13 under a series of uni-
axial strains were first investigated, as shown in Fig. 4.12a, where ¢ = —4.0, —0.8,
0.0, 3.0, 7.3, and 10.0% were labeled as A, B, C, D, E, and F, respectively. They all
exhibit direct band gaps at the I" point. It is clear that the subband spacings and
energy gap of the deformed AGNRs are tunable with uniaxial strain. The obvious
difference among band structures of the deformed AGNRs under six different given
¢ values is the energy positions of two upmost valence subbands (v, and v,) and two
lowest conduction subbands (c; and c¢,). Since the energy of a specific band
depends on the C—C overlap integrals and the C—C bond geometries, it is expected
that these subbands will respond to the applied uniaxial strains differently. Four
subbands (vq, v, ¢, and ¢;) separate at the I point when the applied strain (&) is
—4.0% (case A). It was observed that two valence subbands (v, and v,) and two
conduction subbands (c; and ¢,) nearly degenerate and the gap reaches the maximal
energy gap of 1.0 eV when the compressive deformation is —0.8% (case B). The
subbands separate gradually and the gap decreases almost linearly as the tensile
strain increases (case C—D). When the strain increases continuously to 7.3% (case
E), the subband separation between v, and ¢, decreases to 0.03 eV, which corre-
sponds to the minimal energy gap case. When ¢ further increases to 10.0% (case F),
four subbands will separate again.

Fig. 4.12 a Change in the (a) , €=-4% £=-08% €=0% g=3% €=7.3% &=10%
energy band structures of 2
AGNRs with width W = 13
under uniaxial strain and b the
spatial distributions and
energy variations of these
subbands (vq, v», ¢, and ¢;)
near the Fermi surface of the
deformed AGNRs with
different strains. Reprinted
with permission from Ref.
[49]. Copyright 2008,
American Institute of Physics
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Figure 4.13b presents the spatial distributions of wave functions literally cor-
responding to the four subbands (v, vy, ¢1, and c¢,) under six different uniaxial
strains at the I" point. These subbands can be classified into two kinds of states: the
vertical bonds along the periodic direction (denoted as VB) and the parallel bonds
perpendicular to the periodic direction (denoted as PB). Two subbands ¢, and v, are
VB states, two subbands ¢, and v, are PB states for the AGNRs with strain
& = —4.0% (case A), while the AGNRs is elongated (¢ = 3.0%, case D), ¢, and v;
are tuned to be VB states, and ¢; and v, have PB features. Clearly, the spatial
distributions of frontier subbands can be significantly manipulated by the external
strain.

To present clearly the energy gap modification, the variations of energy gap of
AGNRs with widths W = 12, 13, and 14 as a function of ¢ are shown in Fig. 4.13a
with filled square, circle, and triangle symbol lines, respectively. The calculated
maximal values of E, for the AGNR with widths W = 12, 13, and 14 are 1.07, 1.00,
and 0.97 eV appearing at ¢ = 5.0, —0.8, and 9.5%, respectively, while the minimal
values of E, are 0.02, 0.03, and 0.03 eV, which occur at ¢ = —4.5, 7.3, and 1.3%,
respectively. The shapes of the calculated curves display a zigzag feature for three
different ribbon widths, and the energy gaps change almost linearly between two
neighboring turning points by changing the e. It is clear that the energy gap is
sensitive to the external strain (¢). This delicate electromechanical coupling of
AGNRs suggests one interesting application of AGNRs as strain sensors.

The variations of the energy gaps of three family structures with different widths
(W=3n,3n+ 1, and 3n + 2, where n = 4, 5, and 6) as a function of ¢ are shown in
Fig. 4.13b—d, respectively. Obviously, the following are several common features
for all AGNRs. (1) The energy gap decreases when the width of AGNRs increases
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without external strain. (2) The minimal energy gaps of all deformed AGNRs are of
the order of several meV, while the maximal energy gaps are sensitive to the width
of the deformed AGNRs and the values decrease as the width of AGNRs increases.
For example, the maximal values of energy gaps are 1.07, 0.74, and 0.56 eV for the
deformed AGNRs with width W = 3n (n = 4, 6, and 8), which appear at ¢ = 9.5,
6.6, and 4.8%, respectively, as shown in Fig. 4.13b. (3) The zigzag feature here is
universal for all deformed AGNRs. (4) Clearly, the separation of strains between
two turning points becomes shorter when the width of AGNR increases, which
suggests that the possibility to tune the energy gap becomes weaker for the wider
AGNRs. (5) The previous TB studies reported that the uniaxial strain could lead to
the semiconductor-metal transition for the AGNRs. Here, it should be pointed out
that the exact semiconductor-to-metal transition is not achieved from DFT calcu-
lations by either elongating or compressing the AGNRs. To observe such a
semiconductor-to-metal transition, the crossing of subbands v; and c; is required.
However, the special geometry of AGNR and orbital interaction prevent this type of
interband crossing.

As the width of a nanoribbon is reduced, ultimately it becomes the atomic chain
structure, which has the potential to be the ultimate one-dimensional nanosemi-
conductor, as is represented by the carbyne: carbon atomic chain. Recently,
first-principles calculations were reported for change in the band gap energy of
carbynes under tension [53-56], torsion [53], and bending [57]. In what follows we
introduce results for the electronic properties of carbynes under tension [54].

Atomic chain—ultimate one-dimensional semiconductor

The electronic structure of a cumulene chain (with double bonds throughout the
chain, ... = C=C = C=C = C=...) exhibits degenerate 7 bands crossing the Fermi
energy (Fig. 4.14a), thus resulting in a quantum conductance of two quanta Gy
(Go = 2¢*/h) and a corresponding current of 15 pA at 0.1 eV bias (Fig. 4.14b).
Within this highly symmetric configuration, the m orbitals are homogeneously
distributed along the chain, forming equivalent bonds (Fig. 4.14e, top). As men-
tioned previously, such an ideal 1D system is subject to structural distortion.
Indeed, Peierls theorem predicts that a 1D system of equally spaced atomic sites
with one electron per atom is unstable. A lattice distortion will cause the electrons
to be at a lower energy than they would be in a perfect crystal, thus inducing the
well-known Peierls dimerization in the chain as can be observed from the plot of the
electronic distribution of 7 orbitals shown in Fig. 4.14e. This new structure with
bond-length alternation (Fig. 4.14e, middle), becomes energetically favorable and,
due to the loss of symmetry, exhibits an electronic band gap (Eg,p). The LDA
(GGA) ab initio electronic structure of this polyyne chain (with alternating single
and triple bonds, ...-C = C-C = C-C = ...) presents an Eg,, of 0.28 (0.34) eV
(Fig. 4.14c). However, although the DFT calculations usually give an efficient and
accurate description of ground state properties (total energy, lattice constants,
atomic structures, phonon spectra, etc.), the Kohn-Sham band structure systemati-
cally underestimates the band gap (often by more than 50%). In order to address
excited-state properties and to calculate the band structure including electron-
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electron interactions (many body effects)), MBPT calculations within the GW
approximation for the self-energy are frequently used to provide corrected values
for Eg,p in better agreement with experiments. The value of Eg,, for the polyyne
chain estimated after the GW corrections to DFT/LDA is 0.407 eV (Fig. 4.14c,
dotted red line). Such an absence of electronic states is also clearly visible in the
quantum conductance of the polyyne chain (Fig. 4.14d).

Figure 4.15a illustrates the strain dependence of the electronic band gap (in both
DFT and MBPT approaches) for an infinite polyyne chain. Note that 5% strain is
enough to induce a 1 eV GW gap. In addition, as the strain increases, the dimer-
ization (AL: difference of lengths between the triple and the single bonds in the
polyyne chain) is more pronounced (Fig. 4.15b), thus stabilizing this specific
configuration under strain. Indeed, the electronic distribution perpendicular to the
strained polyyne chain depicts that n-orbitals are even more localized on the shorter
bond length than for the pristine polyyne case (Fig. 4.14e, bottom).

A 1D system constituted by a polyyne segment embedded into two perfectly
conducting semi-infinite cumulene chains (e.g., 10 carbon atoms as depicted in
Fig. 4.15) is used as a realistic atomic model of a polyyne chain with seamless
contacts. Such a model is used to highlight the effect of strain that could appear
locally in the carbon chain. Indeed, a local constraint should stabilize a
polyyne-type configuration locally (finite-size segment), thus perturbing transport
along the chain. Recall that the DFT conductance does not reflect the predicted GW
gap for an infinite polyyne chain under strain. To go beyond this DFT problem, a
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n—n* distance dependent tight-binding approach that reproduces the GW band gaps
for different strains was used. The quantum conductance for the polyyne segment
embedded on semi-infinite cumulene leads was calculated for different chain
lengths and strain. An estimation of the current flowing through these systems was
obtained by the integration of the quantum conductance from the charge neutrality
point to 1 eV considering the charge density at zero bias (Fig. 4.15¢). The fluc-
tuations of the current are due to the difference in conductance between an even and
odd number of atoms in the atomic chain. The current is found to drop by several
orders of magnitude for long chains when the strain increases from 0 to 15%.

4.3.3 Zero-Dimensional Nanosemiconductors

Nanoparticles and nanoclusters have the potential to be a zero-dimensional
nanosemiconductor having a diameter of the nanometer order. Here, we differen-
tiate the nanoparticle and the nanocluster depending on whether it has the bulk
crystal structure. For example, the fullerene consisting of carbon atoms with the
soccer-ball structure is defined as a nanocluster since the structure is different from
bulk structures such as diamond and graphite. First-principles calculation studies
for the strain effect on the electronic properties of zero-dimensional
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nanosemiconductors are by far limited compared to those for two- or
one-dimensional nanosemiconductors. In this subsection, we introduce recent
studies for Si nanoparticles.

The band gap energy of Si nanoparticles is reduced as the diameter becomes
smaller due to the quantum confinement effect [58]. In addition, first-principles
calculations revealed that the band gap energy changes with hydrostatic [58, 59],
biaxial [59], and shear [59] strains. While uniaxial, biaxial, and shear strains reduce
the band gap energy [59, 60], the effect of hydrostatic strain differs depending on
the particle diameter [58, 59]. The change of band gap as a function of strain in
silicon is shown in Fig. 4.16a—d. One notices that the bulk indirect band gap
increases almost linearly with increasing strain—this result is in good agreement
with earlier studies and corresponds to a constant deformation potential parameter.
In contrast, the strain dependence of the smallest cluster (SisH;;) shows the
opposite dependence. Clusters which are 1-2 nm in size show intermediate
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Fig. 416 HOMO-LUMO gap as a function of hydrostatic strain for Si nanoparticles. Reprinted
with permission from Ref. [58]. Copyright 2006 by American Physical Society



92 4 Strain Engineering on Nanosemiconductors

behavior. Note that the overall change in the Eg with strain is rather small in this
intermediate regime. Additionally, the Eg decreases both with compressive and
expansive strains, exhibiting an approximately parabolic behavior.

Replotting the data in Fig. 4.16 yields three different regimes of strain-Eg
dependence (Fig. 4.17). In regime I (clusters smaller than 1 nm), tensile strain
results in a significant reduction of the Eg. Compression yields an opposite trend. In
regime II (cluster size ~ 1-2 nm), the Eg is effectively insensitive to strain. Finally,
in regime III (>2 nm), bulk-like behavior results—tension increases the Eg. These
results are understood as follows. From a continuum perspective, the predominant
effect of hydrostatic strain is to shift energy levels and these changes are related to
the deformation potentials. The band gap of a strained semiconductor can be
expressed as Eg ~ Aa*e, where Aa = ac—av. ¢ is the trace of the strain tensor and a,.
and a, correspond to the deformation potentials for the conduction and the valence
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Fig. 4.17 Change in the HOMO and LUMO energies of Si nanoparticles under hydrostatic strain
(top) and the relationship among the energy gap, hydrostatic strain, and nanoparticle size (bottom).
In the bottom figure, filled and open symbols represent 4% tensile and compressive strains,
respectively. Reprinted with permission from Ref. [58]. Copyright 2006 by American Physical
Society
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band, respectively. Although the concept of a deformation potential is ill defined for
such small sizes, it is nevertheless a useful concept to interpret our results. As
shown in Fig. 4.17, the a, (the deformation potential for HOMO) is large compared
to a. (the deformation potential for LUMO) for small clusters. The electron density
contour plots of HOMO and LUMO for SisH;, at a fixed value (Fig. 4.18) illustrate
that the HOMO has a bonding character; that is, the electron cloud is mainly located
in the intermediate regions shared by silicon atoms. In contrast, the LUMO has an
antibonding character, i.e., the charge density primarily distributes in the vicinity of
atoms. The reduction of Si—Si bond lengths on compression makes the electron
cloud of HOMO more efficiently shared by Si atoms. This results in an appreciable

Si.H,, LUMO Si,gH,, LUMO

Si;H,, HOMO Si,;H,, HOMO

Fig. 4.18 HOMO and LUMO electron density of Si nanoparticles under no hydrostatic strain.
Reprinted with permission from Ref. [58]. Copyright 2006 by American Physical Society
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decrease of the HOMO energy due to the increased electron-nucleus attraction (the
change in the electron-electron repulsion energy is relatively small). In the case of
LUMO, the strain effect is small as electrons are already localized in the neigh-
borhood of the atoms. (Note that the effect of nuclei—nuclei interaction is taken as a
constant shift in the total energy—this is not included in the calculation of elec-
tronic orbital energies.) In intermediate size clusters, LUMO also acquires a level of
bonding character in addition to its inherent antibonding nature (see Fig. 4.18).
Consequently, both LUMO and HOMO are similarly affected by strain (Fig. 4.17),
thus resulting in a negligible change in the Eg. The bulk-like behavior is fully
expected. As empirical models (such as the standard 8 x 8 kp approach) indicate,
the strain band gap coupling is linear (i.e., the deformation potential parameter is a
constant). The valence band, due to its p-type symmetry, does not exhibit a major
shift, thus contributing little to strain-induced band gap changes. On the other hand,
the conduction band shows a large shift. This is fully reflected in the larger (em-
pirical) conduction band deformation potential constants as compared to the valence
band deformation constants.

4.4 Conclusion

Theoretical investigations about the effect of strain on the electronic properties in
nanosemiconductors were reviewed to give insights to strain engineering to control
band gap energies. After briefly covering bulk materials, investigations using first-
principles and other methods for the effect of strain on the band gap properties were
introduced. While a number of theoretical approaches have been devoted to the
strain engineering of two- and one-dimensional nanosemiconductors thus far, such
efforts for zero-dimensional nanostructures found in the literature are limited and
further studies are expected. Such theoretical investigations will certainly contribute
to driving practical applications for novel nanostructured devices.
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Chapter 5
Ferroelectric Nanostructures

Abstract Ferroelectricity is known to be sensitive to strain, and therefore, salient
effects of nanostructures on ferroelectric properties can be expected. We introduce
recent first-principles calculations of ferroelectricity in two- and one-dimensional
nanostructures; peculiar polarization and domain structures found in surfaces, fer-
roelectric instability in ultrathin capacitors, polarization transition in nanowires
under strain, etc. Effective Hamiltonian approaches for ferroelectric nanodots to
investigate peculiar domain structures are also covered.

Keywords Ferroelectricity - Ferroelectric instability + Domain structure

5.1 Ferroelectricity in Bulk

5.1.1 Ferroelectric Instability and Its Response to Strain

Ferroelectricity is a property of solid materials that the material exhibits sponta-
neous electric polarization (polarization remains in the absence of an electric field),
whose direction can be switched by the application of a substantially large electric
field. Not all polar crystals are ferroelectric because of the latter requirement. There
are many types of perovskites (crystals that possess ABOj structure) that exhibit
ferroelectricity, e.g., BaTiOs, PbTiO3, and KNbOs;.

PbTiO; is a prototypical ferroelectric perovskite. Figure 5.1 shows a paraelectric
(PE; having no polarization) cubic structure at high temperature and tetragonal
(ferroelectric; FE) structures of PbTiOs. In a tetragonal structure, the Ti atoms and
oxygen sublattice are shifted in the same direction to the Pb atoms but with different
distances. The energy profile along the shift (¢) shows a typical double-well shape
(Fig. 5.1). One of early studies about the mechanism of ferroelectricity can be found
in a work by Cochran [1], which pointed out that lattice dynamics plays an essential
role in ferroelectric phase transition. That is, the softening of TO (transverse optical)
phonons at the I'-point causes lattice instability, leading to phase transition of a
displacive type. According to the model proposed by Cochran, the ferroelectric
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Fig. 5.1 Crystal structures of PbTiO; at paraelectric (cubic, a), ferroelectric (tetragonal,
b) phases. Double-well shape of internal energy (c)

instability stems from a delicate balance and competition between sort-range forces
and long-range dipolar forces.

The balance between the short-range and dipolar interactions can be modified by
applied stress, resulting in stress (and strain) effect on the ferroelectricity. For
example, Gosez et al. [2] revealed that in BaTiOjz, the destabilizing role of the
dipolar interaction and the stabilizing short-range forces increase under hydrostatic
pressure, causing the reduction in the ferroelectric instability. Tinte et al. [3] pointed
out that a hydrostatic tension can induce a large tetragonal strain and an increase of
the spontaneous polarization in PbTiO5. Then, naturally, response of ferroelectricity
to anisotropic stress or strain came to much attention. In particular, the effect of
biaxial strain drew much interest as the deposition of coherent epitaxial films can
impose relatively large epitaxial strains to thin-film perovskites [4—12]. Besides
ab initio analysis of ground-state properties, prediction of ferroelectric phase tran-
sition at finite temperature has been carried out with the aid of a simple Landau—
Ginzburg-Devonshire (LGD) theory [13, 14]. Such studies for prototypical ferro-
electric crystals can be found, for example, in Refs. [15, 16]. These studies provide
not only scientific significance but also practical impact because of growing interest
in “strain engineering” for better performance of devices utilizing ferroelectricity of
materials.

5.1.2 Domain Structure and Domain Switching

Ferroelectric materials have at least two stable states of spontaneous polarization,
which can be switched from one state to another by the application of external
electric or strain (stress) field. Thus, ferroelectric crystals usually contain regions
that have different orientations of polarization. Such regions are called “ferroelectric
domains,” and boundaries between two adjacent domains are called “domain walls”
(DWs). DWs are characterized by the angle between polarization orientations in the
adjoining domains. Most typical in ferroelectric crystals are 90° and 180° DWs, as
schematically shown in Fig. 5.2.
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Fig. 5.2 Schematic illustrations of 90° and 180° DWs

Several ab initio analyses of DW structures have been carried out thus far. The
first ab initio-based approach to the problem of DW structure in perovskites was
made by Padilla et al. [17] for the 180° DW of BaTiO;. Their approach was based
on an effective Hamiltonian that had been determined from first-principles DFT
calculations, which enables one to perform simulations at nonzero temperatures and
is essential to deal with BaTiO5; because its room temperature tetragonal phase is
different from the ground-state (zero temperature) rhombohedral phase. The
Ba-centered DW structure was found to be much energetically favorable than the
Ti-centered one. The DW width was estimated to be 5.6 A, and the free energy of
the 180° DW of BaTiO; was calculated to be 4-5 mJ/m? at 250-260 K. It was also
pointed out that the domain boundary entails a simple reversal of the ferroelectric
order parameter rather than a rotation, as opposed to the case of ferromagnetic DWs,
because of the much stronger strain coupling in the ferroelectric case.

A “direct” first-principles DFT calculation (i.e., without using an effective
Hamiltonian approach) is possible for PbTiO; because of its phase diagram: The
zero temperature and room temperature phases are the same tetragonal ferroelectric
phase. The 180° DW structure of PbTiO3 was investigated by Poykko and Chadi
[18]. They performed plane wave pseudopotential calculations based on DFT
within the local density approximation using norm-conserving pseudopotentials for
supercells containing 30-60 atoms. The Pb-centered DW structure was found to be
most stable, with an extremely narrow width of only about two lattice constants and
the energy density of 0.1-0.2 J/m? which is significantly larger than that of
BaTiO3.
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An ab initio study of 90° DW was first done by Meyer and Vanderbilt [19] for
PbTiO;, while they also investigated 180° DW in the same study. The energy of the
90° DW was estimated to be 35 mJ/m?, which is in reasonable agreement with a
rough estimate of 50 mJ/m? from a HRTEM experiment and is about four times
lower than that of its 180° DW counterpart (132 mJ/m?). The significant energy
difference can be explained as follows: A principle difference between the 180° and
90° DWs is that the polarization reverses completely in the latter, passing through a
high-energy cubic state of zero polarization in the center of the DW, whereas it
merely rotates in the 90° case, passing through a more favorable orthorhombic state.
The study also includes calculations of the barrier energies for the motion of 90°
and 180° DWs. For the 180° DW, atomic configurations &p, and &ty of Pb- and
Ti-centered walls on neighboring lattice planes were taken and the linear interpo-
lation Epy, + A(éry — Epp) was formed, where / indicates a reaction coordinate along
the path. For the 90° DW, the linear interpolation &, + (&, — &,) between the
atomic configurations &, and &, ¢ of two fully relaxed supercells with DW posi-
tions on nearest-neighbor (101) lattice planes was formed. The energy profile for
the path of the interpolation was calculated as shown in Fig. 5.3. The estimated
energy barrier of the motion of 180° DW was 37 mJ/m?, while that of 90° DW was

Fig. 5.3 Energy profile along : ’ b
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1.6 mJ/m?, which is only about 4% of the DW formation energy, indicating that the
90° DW can be mobile at a very low temperature. Meyer and Vanderbilt also
clarified that the 90° DW has the character of a dipole layer (see Fig. 5.4). Due to
the fact that the polarization perpendicular to the DW is slightly reduced in the
interior of the wall, a decreasing (increasing) polarization on the left (right) side of
the DW leads to an accumulation of positive (negative) charge. As a consequence,
the electrostatic potential should jump from one side of the domain wall to the
other, leading to band offsets for both the valence and conduction bands. In the
setup of a simulation cell with the periodic boundary condition, an artificial electric
field should arise to compensate the band offset (see Fig. 5.4c), which must be
taken into account for the evaluation of DW-related properties.

When an external electric field with a certain strength is applied, polarizations in
domains alter (rotate) so that the polarization vectors become aligned to follow the
electric field. This process is called “domain switching” and is often accompanied
with motion of DWs. The ability of domain switching and associated DW motion is
therefore one of important properties that are critical for functionality of ferro-
electric crystals such as piezoelectricity. DW switching can occur also by the
application of an external stress or strain. Shimada et al. [20] performed ab initio
calculations to demonstrate the motion of the 90° DW by shear stress in PbTiOs.
The calculation was carried out using a simulation cell containing 90° DWs on the
(101) plane where shear stress on the DW with increasing magnitude was applied
until the DW motion occurred. It was found that during the stress-induced DW
motion, a Pb—O covalent bond at the center of the DW broke and that another bond
on the neighboring Pb—O site were concurrently formed with a large movement of

Fig. 5.4 Schematic
illustration of a periodic array
of 90° DWs. a The
component of P, of the
polarization normal to DW
and the induced charge and
electron potential v(x),
assuming zero macroscopic

electric field. DW DW
b Corresponding band offsets. (b) E
¢ Potential in the case of A corg]c;uncéttong - PP PP g
supercell calculation using : 1
periodic boundary conditions. m*“"*u.ls Y
Reprinted with permission :
from Ref. [19]. Copyright WV =< < vmwe
2002 by American Physical
Society ) )
DW DW
©) w(x) :
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the Pb atom, representing the reconstruction of the Pb—O bond associated with the
DW motion. The critical shear stress to cause the stress-induced DW motion was
evaluated to be 152 MPa using a simulation model containing the DWs separated
by 25 A.

Besides approaches with first-principles methods, atomistic simulation methods
using empirical interatomic models may have to be employed to perform more
“direct” demonstrations of the effect of defects because substantially large simula-
tion models must be used for such a purpose. For problems where remarkable size
effects are expected, empirical modeling approaches can be a realistic choice if a
reliable interatomic model is available. Kubo et al. investigated the 90° DW of
PbTiOj; using an empirical shell-model interatomic potential function, focusing on
the behavior of stress-induced DW motion [21, 22]. A good agreement between the
empirical model and first-principles calculations was confirmed in terms of the
critical shear stress for DW motion at O K. Then, the effect of simulation cell size
was examined to find a significant influence on shear modulus and the critical shear
stress of DW motion due to a long-range interaction produced by artificial electric
field caused by the periodic boundary condition. They found that the critical stress is
proportional to the inverse of DW separation in the simulation model and pointed out
the DFT estimation in Ref. [20] should have substantially underestimated the critical
shear stress of DW motion. Molecular dynamics simulations using the shell-model
interatomic potential were further carried out to investigate the effect of temperature
and kink structure on the DW motion. MD simulations at finite temperatures showed
that critical shear stress is reduced and that the DW structure is characterized by
perovskite unit cells with a preferential polarization along the (011) direction.
Simulations of kink structures revealed a long-range strain field caused by local
disorder of the crystal lattice in the area surrounding kinks. It was demonstrated that
kink structures significantly facilitate the motion of 90° DWs in PbTiO3.

5.1.3 Effect of Defects

The effect of defects on various properties is always one of the most interesting and
important issues in materials science. Attention has been drawn to how defects
affect the DW properties. Since defects are expected to make remarkable influence
on the mobility of the DW, it has long been a central issue to clarify the mechanism
of the DW motion hindered or enhanced by the presence of defects. For example,
application of ferroelectric materials is hindered by the problem of fatigue, where
the magnitude of switchable polarization is reduced remarkably after repeated
polarization reversals. Nevertheless, there have been a limited number of studies on
this problem by means of ab initio calculations thus far because of the difficulty of
employing a simulation box containing a large number of atoms; i.e., effect of
internal inhomogeneous geometries (understructures) on ferroelectricity has not
systematically been studied. As seen below, studies regarding the issue of under-
structures in ferroelectric materials have been mostly dedicated to point defects.



5.1 Ferroelectricity in Bulk 103

Poykko and Chadi made a first-principles study investigating the electronic and
ionic structures for the oxygen-vacancy metal-impurity defect, which is a dipolar
complex, in PbTiO; [23]. Their calculation estimated the binding energy of an
oxygen vacancy to a Pt impurity to be about 3.0 eV. The complex is stabilized by
electron capture and pins the polarization of the surrounding lattice because the
binding energy is extremely large when the defect polarization is in the opposite
direction of the bulk polarization. The fact that the stability of a Pt-vacancy pair is
due to electron strapped on the center explains why electron injection is more
crucial to fatigue than hole injection [24].

Formation energies of Pb, Ti, and O vacancies in PbTiO; were estimated using
DFT calculations by Zhang et al. [25] taking into account chemical potentials
altered by surrounding environment. Considering several thermo-chemistry con-
ditions, the chemical potentials of Pb, Ti, and O atoms were calculated according to
the conditions, based on which the formation energies of vacancies were estimated.
The results suggest that the Ti vacancy is difficult to form due to its high formation
energy under both oxidizing and reducing conditions, whereas the Pb vacancy can
be formed when the oxygen partial pressure is elevated above a certain value.
Under reducing atmosphere, oxygen vacancies are more stable than any other
vacancies. The vacancies of the oxygen bonded with Ti in the c-axis are always
easier to form than those bonded with Ti in the perpendicular directions, affecting
the ferroelectricity of the crystal.

5.2 Thin Film and Surface Property: Two-Dimensional
Structure

5.2.1 Ferroelectric Surface Structure

As a prototypical structure of two-dimensional geometry, the surface presents
interesting properties due to coordinate numbers of surface atoms being different
from those of bulk atoms. It is therefore worthwhile to extensively investigate
surface properties of ferroelectric materials. In fact, there have been ab initio studies
of surface structures and properties, ranging from clean surfaces to surfaces with
defects. Among various ferroelectric surfaces, PbTiO3 surfaces have been investi-
gated most because of the easiness of applying the DFT calculation method as was
mentioned in the previous section.

Meyer and Vanderbilt [26] investigated the (001) surfaces of perovskite com-
pounds BaTiO3; and PbTiO; using a first-principles USPP approach to clarify the
structural properties and their response to external electric fields. In their calcula-
tions, the surfaces were represented by periodically repeated slabs (with vacuum
layers in between), where the external electric field normal to the surfaces was
realized by inserting a dipole layer in the vacuum region of the supercells. They
pointed out the problem in simulations using a slab model that arises due to the
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Fig. 5.5 Schematics of the planar-averaged potential ¥(z) for periodically repeated slabs; a with
periodic boundary conditions, b potential of the dipole layer, ¢ dipole-corrected slabs with
vanishing external electric field, and d dipole-corrected slabs with vanishing internal electric field.
Reprinted with permission from Ref. [26]. Copyright 2001 by American Physical Society

periodic boundary condition, especially when the slab exhibits a polarization per-
pendicular to the surface. The appropriate electrical boundary condition in this case
is a vanishing electric field inside the slab, which is not in the ordinary periodic
boundary condition because it requires continuity of the electrostatic potential in the
vacuum layer. Note that a vanishing internal electric field is equivalent to the
short-circuit boundary conditions. The insertion of a dipole layer in the vacuum
layer addresses this problem because it can adjust external electric field (Eex) as is
schematically illustrated in Fig. 5.5. Calculations using this scheme enable inves-
tigation of the response of surface structures to external electric fields. The rumpling
parameter was defined as the amplitude of the relative displacements between the
metal and the oxygen ions normal to the surface. In the BaTiO5 (001) surface, the
rumpling parameter of the outermost BaO layer shows nonlinear development with
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varying Ee in both BaO- and TiO,-terminated surfaces, while the other layers
exhibit nearly linear response in the rumpling parameter. The PbTiO5 (001) surface
behaves similarly, and the rumpling parameter of the outermost PbO layer changes
nonlinearly.

To distinguish whether the slab exhibits ferroelectric instability or paraelectric
nature, Meyer and Vanderbilt employed a simple phenomenological picture: As
illustrated in the schematics in Fig. 5.6, the Gibbs free energy (G) as a function of
the dielectric displacement field D presents a roughly quadratic curve for a para-
electric slab, whereas for a ferroelectric material the G(D) curve shows a
double-well structure. Differentiating the Gibbs free energy immediately gives the
internal electric field: E = dG/0D. Thus, calculating E(D) directly reveals whether
a slab is FE or not (see Fig. 5.6b). Figure 5.7 shows the internal electric field as a
function of the applied external electric field in the seven-layer slabs of BaTiO3 and
PbTiO3 with (001) surfaces. The BaO-terminated BaTiOj3 slab obviously exhibits a
FE behavior because the curve shape is similar to that of the solid line in Fig. 5.6b.
For the other three cases in Fig. 5.7, it is more difficult to deduce whether the slabs
show FE instability or not. However, negative slopes for the PbTiO5 slab models
indicate that the PbO- and TiO,-terminated PbTiO; slabs with this thickness may
exhibit FE instability.

The (001) surface structure of PbTiO; with ferroelectric polarization parallel to
the surface was investigated by Umeno et al. [27] by means of first-principles DFT
calculations with the local density approximation. The study also investigated the
effect of lateral strain (strain parallel to the surface) on the ferroelectric structure.
Unlike the case of ferroelectric polarization perpendicular to the surface that
requires a special treatment under the periodic boundary condition as in Ref. [26],
in-plane polarization can be treated in DFT calculations relatively easily. It is
known that the perovskite structure exhibits various lattice instabilities causing
antiferrodistortive (AFD), antiferroelectric (AFE), and ferroelectric (FE) distortions.
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Fig. 5.6 Schematics of the Gibbs free energy G (a) and the internal electric field E (b) as a
function of the dielectric displacement D, respectively, for a paraelectric (dashed lines) or
ferroelectric (solid) slab. Reprinted with permission from Ref. [26]. Copyright 2001 by American
Physical Society
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Fig. 5.7 Internal electric field E in the fully relaxed seven-layer BaTiO5 and PbTiO; slabs as a
function of the applied external electric field Eey. Circles and Squares are for AO (BaO- or PbO-)-
terminated and TiO,-terminated slabs, respectively. Reprinted with permission from Ref. [26].
Copyright 2001 by American Physical Society

Therefore, in the study, which covered both TiO,- and PbO-terminations, focus was
placed on the latter to investigate the competition among AFD, AFE, and FE
distortions at the surface using models possessing (001) surfaces with ¢ (2 x 2)
periodicity.

When only the FE distortion is permitted (using models with (1 x 1) period-
icity), surface structures with FE polarizations along [100] (denoted as P[100]) and
[110] (P[110]) are energetically nearly comparable, but P[110] is only slightly
favored for both PbO and TiO,-terminations. While the TiO,-termination sup-
presses polarization resulting in the magnitude of polarization (J) gradually
decreasing toward the surface layer, the opposite trend is found in the PbO-
termination. As for the PbO-terminated ¢ (2 x 2) model, several (meta)stable
structures with the coexistence of FE, AFE, and AFD are found as depicted in
Fig. 5.8. In this phase, the polarization directions of unit cells are not identical; the
polarizations are deviated from their average directions ([100] or [110]) clockwise
or counterclockwise, which is clearly due to the contribution of AFE distortion.

Change in the structure of ¢ (2 x 2) PbO-terminated surface under isotropic
strain is shown in Fig. 5.9. The response of the polarization distortion to the
variation of isotropic strain is similar to that in the (1 x 1) model; the polarization is
enhanced by tension and suppressed by compression. The AFD rotation has a
nature of the opposite trend. In the FE + AFD coexisted phase, FE and AFD
compete with each other, resulting in the AFD rotation being more suppressed by
the FE distortion under tension and the FE being more weakened by the AFD under
compression.
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Tensile and compressive uniaxial strain in [100] changes the aspect ratio of the
PbTiO; lattices, which causes variation in the in-plane polarization direction as well
as the magnitude. The polarization direction and distortion in the FE + AFD
coexisted phase of the ¢ (2 x 2) PbO-terminated surface under uniaxial tension in
[100] (here, the transverse strain was kept zero) are shown in Fig. 5.10. Although
the polarization distortion as a function of [100] strain (&) is quite similar to that of
the (1 x 1) model, the FE direction behaves differently: The polarization direction
(¢) differs among the layers. The surface layer prefers to have polarization in the
[110] direction, and the adjacent layer is slightly affected. This result suggests that
different polarization directions depending on the distance from the surface can be
observed at the PbTiO; surface subjected to a high uniaxial strain.

Figure 5.11 shows the change in the atomistic and electronic configurations at
the surface layer of the PbO-terminated models. In the (1 x 1) model, the center
oxygen atom is shifted toward a corner Pb with a strong covalent bond (o) and two
equivalent weak bonds (ff and y) at &,, = 0. When a strain is applied in the x di-
rection, the oxygen atom immediately moves toward either of the equivalent bonds
to form two strong bonds: o and f under tension or o and y under compression. This
mechanism, which is also found in the TiO,-terminated surface, explains the
polarization rotation very sensitive to the uniaxial strain in the (1 x 1) periodicity.
On the other hand, the ¢ (2 x 2) PbO-terminated surface has the different bond
structure; oxygen atoms are shifted in different directions in the lattices A and B,
each forming two strong covalent bonds with the nearest Pb atoms. The bond
structure in the lattice A does not immediately change when a small uniaxial tension
is applied. At relatively high strain, the shift of the oxygen atom occurs with the
break of y bond followed by the construction of f§ bond, consequently forming
[100] polarization in both lattices.
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5.2.2 Correlation Between Surface Structure and Internal
Geometry

As discussed above, for a ferroelectric thin film with a polar axis perpendicular to
its surface, the termination of polarization at the surface or interface creates surface
charges, which causes depolarizing field that destabilizes the ferroelectric distortion.
One way to compensate for surface charges is screening by electrodes that accu-
mulate surface charge at their interface (see next section). Another way is parti-
tioning the system into domains as was experimentally observed by Fong et al. [28],
where it was found that ferroelectricity is sustained in a PbTiO3 film of three
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unit-cell thick by forming 180° stripe domains. The mechanism of forming this
polydomain structure was investigated by Shimada et al. [29] using first-principles
DFT calculations based on LDA. Figure 5.12 shows the local polarization distri-
bution in a three unit-cell thick film (m = 3) of a stable Ti-centered domain having
a period of N, = 6. A nontrivial in-plane polarization was found near the junction
between the surface and domain wall. As a consequence, a closure domain struc-
ture, where polarization direction was aligned to form a closed flux, was formed in
the film. Their calculations confirmed that such closure domains were also formed
in thinner films of m = 2 and 1. In their model, the closure domain structure seems
to consist of not only the 180° DW but also the 90° DW as Kittel proposed [30],
which can clearly be seen in the vector field of the polarization distribution (see the
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Fig. 5.11 Change in atomistic and electronic configurations at the surface PbO layer under
uniaxial strain. a (1 x 1) and b ¢ (2 x 2) models. Reprinted with permission from Ref. [27].
Copyright 2006 by American Physical Society

schematic in Fig. 5.12). The formation of the closure domain structure can con-
siderably reduce the depolarizing field as the in-plane polarization at the surface
does not produce any surface charges. Thus, more effective screening of the
depolarizing field was realized by the formation of closure domains, which stabi-
lized ferroelectric distortions in the ultrathin films.

Figure 5.13 shows the atomic displacement from the paraelectric state in a three
unit-cell thick film (m = 3) of a stable Ti-centered domain having a period of
N, = 6. The displacement of atoms forms a closure-type flux across the domain
wall. This displacement pattern corresponds well to the polarization orientation of
closure domains described above. A similar closed-flux displacement pattern was
observed in thinner films with m =2 and 1. In-plane atomic displacement was
found in the first and second surface layers of the film, which aligned the polar-
ization parallel to the surface. In other words, the in-plane displacement played a
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Ti-centered domain having a period of N, = 6. Reprinted with permission from Ref. [29].
Copyright 2010 by American Physical Society

significant role in the formation of closure domains, which stabilized the ferro-
electric state in the film.

Shimada et al. expanded the scope of their DFT calculations to the case of a
vicinal surface consisting of flat (001) terraces and surface steps [31, 32]. Surface
steps have an atomically sharp edge structure consisting of (100) and (001) sur-
faces, which is commonly observed in perovskite oxides, such as the edge of
perovskite nanowires [33], the zigzag (110) surface structure [34], and the edge of
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Fig. 5.13 Atomic displacement from the paraelectric state in a three unit-cell thick film (m = 3)
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nanoislands [35, 36]. This edge surface step is a characteristic of perovskite oxide
nanostructures. Ferroelectricity at surface steps and its response to strain are
therefore fundamental issues that need understanding. First-principles DFT calcu-
lations were performed to investigate ferroelectricity at PbTiOs surface steps
with atomically sharp edges consisting of (100) and (001) surfaces with the polar
axis in the [010] direction. The crucial role of in-plane strain along the step line
([010] direction) was also examined. In the unstrained PbO-terminated surface
step, the step site exhibits polarization in the [010] direction (the y-axis) of
P, =108.2uC cm™2, which is approximately 20% greater than that of the bulk
(85.8 nC cm~2). The local polarizations in the upper and lower terraces are nearly
equal to that of the (001) surface [27]. The inner cells of the slab have a polarization
comparable to that of the bulk, implying that the effect of the surface step extends to
the depth of nearly one unit cell below the surface layer. In contrast, the local
polarization Py is lower than the bulk value at TiO,-terminations, especially at the
step site, where it is 19% lower than the bulk value. In addition, a nontrivial
z-component (along the [001] direction) is found in step sites (P, = —21.9 and
—37.1uCcm~?) for the PbO- and TiO,-terminations, respectively, whereas the
other sites exhibit very low values. This indicates that spontaneous polarization is
locally rotated toward the inside of the film at step edges.

Figure 5.14 shows the x, y and z components of the site-by-site local polarization
as a function of strain ¢,, for the PbO-terminated surface step. The local polarization
P, increases nearly linearly with respect to the applied tensile strain at all sites. This
indicates that the tensile strain along the step line tends to enhance the ferroelec-
tricity, because it increases the tetragonality of the PbTiOj lattice, which is strongly
coupled to the ferroelectric distortions. On the other hand, P, decreases with
increasing compressive strain. The same trend is also observed for TiO,-termina-
tions. At a strain of ¢, = —0.05, the magnitudes of P, and P, begin to increase at
all sites, whereas they remain nearly unchanged under tension. This suggests that
the polarization direction rotates from the y direction to the x — z plane at the critical
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Fig. 5.14 Site-by-site local polarization as a function of strain &, for the PbO-terminated surface
step: a upper terrace, b step site, ¢ inside, and d lower terrace. Reprinted with permission from Ref.
[31]. Copyright 2010 by Institute of Physics

strain. The change in P, and P, differs by site, indicating that the spontaneous
polarization is not uniform in the x — z plane near-surface steps.

Figure 5.15 depicts the vector field of the local polarization distribution of the
PbO-terminated surface step at a strain of &,, = —0.05. The polarization is aligned
in the —z direction on the left side of the surface step, whereas the opposite rotation
occurs (in the + z direction) on the right side. This indicates that the surface step
divides into domains on the formation of a 180° domain wall along the surface step
edge, as indicated by the dotted-dashed line in the schematic. This result is con-
sistent with the experimental observation that 180° stripe domains form along the
surface step edges in PbTiOj thin films epitaxially grown on SrTiO3(001) substrates
[37]. This comparison is reasonable because PbTiO; thin films should have the
same geometry as the substrate and the lateral lattice parameters of the simulation
model under the strain, 3.86 and 3.84 A in the x and y directions, respectively, are
nearly the same as the lattice parameter of the substrate SrTiO; of a = 3.85 A. The
local polarization tends to lie along the surface (the x direction) in both the upper
and lower terraces, whereas the polarization is aligned in the z direction within the
film. As a result, the polarization forms a flux along the surface step and the domain
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Fig. 5.15 Vector field of the local polarization distribution of the PbO-terminated surface step at a
strain of ¢,, = —0.05. Reprinted with permission from Ref. [31]. Copyright 2010 by Institute of
Physics

wall. In terms of the polarization distribution pattern, the domain configuration at
the surface step seems to consist of not only the 180°, but also 90° domain walls
(see the schematic in Fig. 5.15). This ferroelectric polydomain structure is not a
special case for PbO-terminations but is formed for the TiO,-terminated surface
steps under compression.

5.2.3 Ferroelectric Thin-Film Capacitor

As was mentioned in the previous section, a metal electrode layer attached on the
surface of ferroelectric substrate compensates for surface charges due to the
screening effect of the electrode, which substantially reduces the depolarizing field
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and facilitates the ferroelectric polarization. A ferroelectric film sandwiched by
electrode layers has been of much interest not only because the screening effect
allowing ferroelectric instability in an ultrathin film but also because the multilayer
component works as a thin-film capacitor that has potential application to micro-
electric devices such as the nonvolatile ferroelectric random access memory
(FeERAM). As the smallness (small thickness) gives tremendous advantage to the
microelectric devices, it has been a central issue how thin the ferroelectric capacitor
can be. To estimate the critical thickness of the ferroelectric film between electrodes
(i.e., a thickness below which the spontaneous ferroelectric polarization is lost),
theoretical investigations using first-principles calculations have been performed.

A pioneering effort of this matter can be found in a study by Junquera and
Ghosez [38]. The work was stimulated by earlier experimental observations that
identified ferroelectric ground states in perovskite oxide films and crystalline
copolymer films with the thickness down to 10-40 A [39, 40]. To address the issue
of ferroelectric instability in the sandwiched electrode-perovskite-electrode struc-
ture, the influence of a real metal—perovskite interface, including the finite screening
length of the electrode, the interface chemistry, and the strain conditions imposed
by the substrate, must be accurately evaluated, which can be done by the
first-principles approach. Junquera and Ghosez performed first-principles DFT
calculations based on the local density approximation for a SrRuO;/BaTiOs/
SrRuOj capacitor as shown in Fig. 5.16. The capacitor was assumed to be grown
on a (001)-oriented thick SrTiO; substrate, meaning that the capacitor component
possesses the same in-plane lattice constant as the substrate. The electrical
boundary conditions were fixed by putting the electrodes in short circuit.
A SrO/TiO, interface with BaTiO; was expected experimentally and assumed in
the calculations. The basic unit, which is periodically repeated in space, as shown
in Fig. 5.16 corresponds to the generic formula [SrO-(RuO,-SrO),/TiO,-
(BaO-Ti0,),,], where n was fixed to five (large enough to avoid interaction between
the two interfaces) and m ranged from two to ten. The periodic boundary conditions
naturally impose the required short-circuit condition between the electrodes.

The structures were first relaxed imposing a mirror symmetry plane on the
central TiO, layer, and then, the existence of a ferroelectric instability was searched
for by moving BaTiO3 atoms continuously following the displacement pattern of
the bulk tetragonal soft mode, £, determined for the same tetragonal cell geometry
as in the supercell. Figure 5.17 presents the evolution of the energy as a function of
the soft-mode distortion for different thickness of the BaTiO; layer. The figure
points out a change of behavior at a critical thickness around m = 6 (26 A ). For
larger thicknesses, the energy decreases when the atoms follow the bulk soft-mode
path, clearly demonstrating that the thin film has a ferroelectric ground state in
agreement with experimental results for the same thickness [39]. In contrast, below
the critical value the energy is minimized for the paraelectric configuration. This
observation alone was not sufficient to make conclusions about the absence of
ferroelectricity, but the absence in the thinnest model was confirmed by performing
a full atomic relaxation for the m = 2 supercell starting from a ferroelectric con-
figuration, which resulted in the atoms moving back to their paraelectric positions.
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The results suggest the existence of a lower limit for the thickness of useful fer-
roelectric layers in electronic devices.

First-principles DFT calculations to investigate the critical thickness for ferro-
electricity in other perovskite thin-film capacitors have also been done. Umeno
et al. performed DFT calculations with the local density approximation for
Pt/PbTiO5/Pt films and estimated the critical thickness of the PbTiOj layer for
ferroelectric instability [41]. The electrode-perovskite-electrode multilayers with
TiO,- and PbO-terminations of the perovskite layer are modeled in the form Pt/
TiO,-(PbO-Ti0,),,/Pt; and Pt3/PbO-(TiO,-PbO),,/Pt;, respectively. This study took
into account the effect of the in-plane lattice constant a to be used for the thin-film
geometries, because an artificial compression of the in-plane lattice constant will
cause an increase of the c/a ratio, which will enhance the preference of the ferro-
electric state. Under a predetermined in-plane lattice constant, the cubic paraelectric
(PE) state was obtained by a full atomic relaxation with imposed centrosymmetry.
To determine the ferroelectric (FE) state, a soft-mode distortion of the atoms was
superimposed to the PE configuration followed by a full relaxation of all atomic
positions normal to the interfaces. From these calculations, the energy difference
between the FE and PE states was obtained as a function of the in-plane lattice
constant as shown in Fig. 5.18. At the theoretical equilibrium lattice constant of
SITiO3 (a = 3.845 &), which is often used as a substrate to grow stress-free FE
PbTiO; films, it was found that the m = 4 PbO-terminated films (~ 16 A ) become
ferroelectric. The m = 4 TiO,-terminated films stay paraelectric unless the lattice
parameter is compressed to be below 3.815 A . Using the extrapolation formula,
AEcy(m =4) = 2AE(m = 2) + 2AE(m = 00)]/4, an estimate of AE for the m = 4
geometry. The result, plotted by short dashed lines in Fig. 5.18, is nearly identical
to the full m = 4 DFT calculations. This extrapolation scheme indicates that the
critical thickness of the TiO,-terminated film is around m = 6 or 24 A .

Importantly, in Ref. [41], the effect of the exchange—correlation energy func-
tional on the result was investigated to address the discrepancy with the DFT study
by Sai et al. [42], in which the persistence of ferroelectricity for Pt/PbTiO5/Pt films
down to one unit cell (4 A) was reported. Careful tests with different types of
pseudopotentials and density functionals revealed that this discrepancy was due to
insufficiencies of the widely used GGA approximations (PW91 and PBE func-
tionals). The lattice parameter of bulk PbTiOj; is fairly well reproduced by both
LDA and GGA within 1% deviation from the experimental value. In contrast, the
tetragonal distortion (c/a) obtained by the GGA functionals is considerably larger,
while the LDA result agrees very well with experiment. The FE displacements of
the atoms again are much larger in the GGA than in the LDA, as is the energy
difference between the tetragonal FE and cubic PE states. Overall, these results
demonstrated that LDA clearly gives more realistic results for the structural
parameters of tetragonal bulk phase of PbTiO; compared to experiment, whereas
the GGAs substantially overestimate the FE distortions and favor by a great amount
the stability of the FE state.

Umeno et al. extended the simulation scheme for investigating the critical
thickness of ferroelectric instability at varying lattice parameters to StTRuO3/PbTiO3/
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SrRuOj; and Pt/PbTiO;/SrRuO; models [43]. The asymmetric capacitor like the
latter one has a particular importance for applications because dissimilar materials
are usually used for the bottom and top electrodes because different properties are
required for the two electrodes. Metals having resistance against oxidation, e.g., Pt,
are suitable for the top electrode as it protects the capacitor in gaseous environ-
ments. In contrast, the bottom layers must have good properties for epitaxial
growth, and the perovskite SrRuQOj; is best suited because of its close structural
relationship and lattice match to the ferroelectric perovskites PbTiO3 and BaTiO3
and to typically used substrates like SrTiOs, enabling epitaxy on a perovskite
substrate with well-ordered atomic arrangement.

Figure 5.19 shows the ferroelectric stability of the asymmetric Pt/PbTiOs/
SrRuOj; capacitor. Because of the asymmetry in the structure, the FE states with
opposite polarization directions exhibit different energies relative to the PE refer-
ence state. The structure with the oxygen atoms being shifted toward the Pt layer
and metal atoms (Ti and Pb) toward SrRuOs (i.e., negatively charged Pt side and
positive SrRuQj3) exhibits the lower FE stability. The FE stability decreases with
increasing lateral lattice parameter, and the FE state with the lower stability is no
longer stable at @ >3.755 A in the m = 2 capacitors. While m = 4 is sufficient for
both the PbO-terminated Pt/ PbTiO3/Pt and SrRuO3/PbTiO5/SrRuOj5 capacitors to
have stable ferroelectric states at a = 3.845 A, the ab initio calculated cubic lattice
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parameter of StTiOs, thicker layers are expected to be necessary for the Pt/PbTiO3/
SrRuOj; capacitor. This is because the ferroelectric state with the polarization
pointing to the SrRuO; side is suppressed by the combination of the dissimilar
electrodes, while the polarization in the opposite direction is stabilized.

In the study, the electronic Schottky barriers of the capacitors were evaluated by
measuring the potential level located in the most central part of the PbTiOj5 slab. It
was found that the epitaxial lattice strain does not strongly affect the Schottky
barriers of the symmetric capacitors. The contribution of the electrical field origi-
nating from the asymmetric electrodes influences the Schottky barriers significantly.
The switching of the polarization in the asymmetric capacitor changes the Schottky
barrier height from PbTiO3 to the SrRuOj electrode by about 1.0 eV, while the
Schottky barrier between Pt and PbTiOj is rather insensitive to the polarization state
of PbTiOj; (see Fig. 5.20).
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5.3 Nanowire and Nanotube: One-Dimensional Structure

5.3.1 FE Structure in Perovskite Nanowire

Ferroelectric perovskites with one-dimensional structures such as nanorods, nano-
wires, and nanotubes have recently been drawing a lot of attention due to their
potential use in various devices including nonvolatile random access memory,
energy-harvesting devices, and advanced sensors. As is nicely summarized in a
review by Rervik et al. [44], a number of studies have been done for the synthesis
of one-dimensional nanostructures of ferroelectric perovskites.

Ferroelectric properties of BaTiO; and PbTiO; nanowires were studied with
first-principles DFT calculations by Cai et al. [45, 46]. In their study, nanowires in a
cylindrical shape with varying diameter were investigated. When the diameter is
above the critical value, the nanowires possess FE polarization along the axis of the
wire (z axis), while the total ferroelectricity in the perpendicular direction (xandy
axes) was zero because displacement of atoms in the x — y plane is axisymmetric.
Figure 5.21 shows the longitudinal z-axis spontaneous polarization as a function of
the diameter of the BaTiO; nanowire. The critical diameter was found to be 14 A,
below which the nanowire lost the spontaneous polarization. In contrast, at a
diameter of 20 A the FE polarization was even enhanced (by 18%) compared to the
bulk counterpart. The finding that the nanowire can retain the FE state with the
diameter down to 20 A suggests the possibility of the application of FE nanos-
tructures. Their DFT calculations for the PbTiO5 nanowires revealed that the critical
diameter was nearly the same as that of the BaTiO5; nanowire and that the change of
the FE polarization with varying diameter was very similar. At a diameter of 18 A,
the FE polarization exhibited the maximum value, which is 26% larger than that of
bulk PbTiOs.
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Ferroelectricity in BaTiO; and PbTiO; nanowires along [001] (z axis) with
(100) and (010) sidewalls (normal to x and y axes, respectively) was investigated by
first-principles DFT calculations by Pilania et al. [47, 48]. In Ref. [47], nonstoi-
chiometric (BaO- or TiO,-terminations for all four sidewalls) and stoichiometric
(BaO-terminations for two adjoining sidewalls and TiO,-termination for the rest)
BaTiO; nanowires of varying cross-sectional sizes and sidewall termination were
examined. Stoichiometric nanowires contained an integer number of BaTiO; unit
cells, which were arranged in a n X n square grid along the plane normal to the
nanowire axis (referred to as S-n x n). BaO- and TiO,-terminated nonstoichio-
metric nanowires were referred to as BaO- n x n and TiO,-n X n, respectively.
BaO-n x n (TiO,-n X n) nanowires were created by adding BaO (TiO,) layers to
the TiO, (BaO) facets of S-n x n nanowires. Nanowires of n=1~4 were
examined in the study. Figure 5.22 presents the ferroelectric well depth, or the
energy difference per BaTiO3 unit between the reference paraelectric structure and
the distorted ferroelectric structure, for the stoichiometric nanowires. A positive
value in the ferroelectric well depth means that the ferroelectric structure is more
favored than the paraelectric one. While the S-1 x 1 and S-2 x 2 nanowires
exhibited paraelectric structures, the ferroelectric states with polarization along the
nanowire axis were stable in S-3 x 3 and S-4 x 4 nanowires with the ferroelectric
well depths of 12.8 and 13.8 meV, respectively. The magnitude of the ferroelectric
distortions was in general smaller than in bulk BaTiO3, while the distortions were
much larger at and close to TiO,-terminated facets than at and close to BaO-
terminated ones. From the results, it was concluded that the ferroelectric distortion
is stabilized even in nanowires as small as 12 A thick. It was also found that the
band gap is narrowed in BaTiOj3 units containing both TiO,- and BaO-terminated
facets.
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Fig. 5.23 Calculation results of BaTiO; nanowires. A Axial polarization distortion (a and
b) transverse polarization patterns (c and d) for BaO-3 x 3 and BaO-4 x 4 nanowires, respectively.
B Axial polarization distortion (a and b), transverse polarization patterns (¢ and d) of TiO,-3 x 3
and TiO,-4 x 4 nanowires, respectively. Radial and azimuthal decompositions of the transverse
polarization pattern of the TiO,-4 x 4 nanowire are shown in (d). Reprinted with permission from
Ref. [47]. Copyright 2009 by American Physical Society

In the case of nonstoichiometric BaO-n x n and TiO,-n X n, not only the axial
ferroelectric distortion (d° = zo, +zo, — 2zri) but also the transverse component of
the distortion (d* =d* +d;d* = xo, + X0, — 2x1i,d = yo, +yo, — 2y1i) Wwas
considered. Among the BaO-n x n nanowires, axial polarization was not stable in
the BaO-1 x 1 and BaO-2 x 2 models, similar to the stoichiometric case. The axial
and transverse distortions in the BaO-3 x 3 and BaO-4 x 4 nanowires are presented
in Fig. 5.23A. Clearly, the axial polarization was realized only in the core of the
nanowires. It is worth noting that in the outer “shell” region, the sign of the d* value
is opposite to that in the core region. It was thus concluded that the nanowires
having BaO-terminated sidewalls display a core—shell polarization structure. In the
core region, the magnitude of the distortion is closer to the corresponding bulk
tetragonal value of 0.20 A than was displayed by the stoichiometric nanowires.
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The TiO,-1 x 1 and TiO,-2 x 2 nanowires were found to exhibit no sponta-
neous polarization. It thus appears that the critical size for ferroelectricity in BaTiO3
nanowires with polarization along the nanowire axis is about 12 A regardless of
stoichiometry or surface terminations. Figure 5.23B shows the axial and transverse
components of the ferroelectric distortions for the TiO,-3 x 3 and TiO,-4 x 4
nanowires. Qualitative difference in the distortions from the case of the
BaO-terminated nanowires was found. The axial component was significant in both
the TiO,-3 x 3 and TiO,-4 x 4 nanowires regardless of the location (center or
near-surface) of the Ti atom, indicating that the core—shell structure seen in the
BaO-terminated nanowires was not present. As for the transverse component of the
distortion, it was seen that all Ti atoms tended to move radially inward significantly
rather than the “mixed” trend shown in the BaO-n X n nanowires. The most
remarkable polarization behavior was displayed by the TiO,-4 x 4 nanowires as
shown in Fig. 5.23B(e) and (d), where the transverse component of the ferroelectric
distortion was decomposed into radial and azimuthal (vortex) components. As
opposed to the 3 x 3 nanowire, the TiO,-4 x 4 nanowire exhibited the vortex
component of the transverse ferroelectric distortion.

A similar analysis now for PbTiO3 nanowires was made in Ref. [48]. In this
study, only nonstoichiometric nanowires, PbO-n x n and TiO,-n X n with n being
1 ~4, were investigated by first-principles DFT calculations. In the stress-free
ground state, n X n TiO,-terminated nanowires for n = 1 ~ 3 remained paraelectric
and did not show any spontaneous polarization (axial or vortex). In contrast, the
ground state of the 4 x 4 TiO,-terminated nanowire turned out to be a pure vortex
state. The local polarization vector forms a closed loop in the plane normal to the
nanowire axis, showing a zero net polarization along the x, y and z directions and a
nonzero moment of polarization along the axial direction. On the other hand, in
relaxed state all four n x n PbO-terminated PbTiO5; nanowires exhibited a signifi-
cant axial polarization as listed in Table 5.1. The PbO-terminated nanowires
showed zero toroidal moment. Table 5.1 contains the preferred polarization state
and the optimal c lattice parameter along the axis at equilibrium, where a clear

Table 5.1 Polarization states and c lattice parameters at equilibrium for PbTiO; nanowires. “P”
and “F” represent the paraelectric and ferroelectric ground states, respectively. Reprinted with
permission from Ref. [48]

Nanowire size Bulk
1x 1 2% 2 3%3 [4x4
TiO,-terminated
Ground state P P P F (vortex) F
cA) 3.39 3.57 3.68 3.76 4.03
PbO-terminated
Ground state F (axial) F (axial) F (axial) F (axial) F
Axial polarization (uC/cm?) 103.05 100.34 92.93 90.53 84.50
c (A) 3.92 3.97 3.99 4.01 4.03

Copyright 2010 by American Physical Society
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correlation between the polarization state and ¢ can be seen. The effect of strain on
axial polarization and toroidal moment was also investigated in Ref. [47], which
will be explained in the next subsection.

Pilania and Ramprasad also evaluated dielectric permittivity of ultrathin PbTiO;
nanowires [49]. In the study, they proposed an efficient method to compute the
dielectric permittivity of nanostructures by combining first-principles density
functional perturbation theory with effective medium theory. The dielectric per-
mittivity along the off-axis directions was predicted to reduce in the nanowires from
that in bulk. On the other hand, along the axial direction, the dielectric permittivity
showed a significant enhancement over the corresponding bulk value. Their cal-
culations also suggested that the nanowires with unconventional vortex-type
polarization states were expected to have an increased dielectric response as
compared to those with conventional uniform axial polarization.

5.3.2 FE Perovskite Nanotube

Ferroelectric perovskite nanotubes have been drawing tremendous attention due to
their unique properties and potential technological applications. Various fabrication
methods have been therefore intensively studied [50], and peculiar properties that
arise in perovskite nanotubes have been investigated experimentally [51, 52]. In
such a context, theoretical studies based on first-principles methods have also been
performed to reveal the complicated mechanism behind the unique properties of
ferroelectric perovskite nanotubes.

First-principles DFT calculations of structural and ferroelectric properties of
ultrathin PbTiO; nanotubes were carried out by Shimada et al. [53]. The lower size
limit of the thickness for ferroelectric instability in a thin film does not apply for
nanotubes with the same materials and thickness due to internal strain caused by the
nanotube geometry, i.e., compression (tension) on the side of the inner (outer) wall
that occurs during rolling up the thin-film layer into a tube shape. In fact, the DFT
calculations in Ref. [53] revealed the absence of the intrinsic critical size for fer-
roelectricity in the PbTiO3 nanotube. In the study, the nanotube was modeled by
rolling up a (100) film with a single-unit-cell thickness about the [001] axis (a
single-wall nanotube). The axial, circumferential, and radial directions were
therefore [001], [010], and [100], respectively. Two possible configurations of the
outside—inside wall stacking sequence are considered as the PbO/TiO,
(PbO-outside) and the TiO,/PbO (TiO,-outside) layers. Nanotubes with different
radii (the number of perovskite unit cells around the circumference Nyt = 10 ~22)
were simulated. Figure 5.24 shows total energy and cohesive energy of the nan-
otubes as a function of tube curvature 1/Rnt. Here, positive and negative values
represent the curvature of the PbO-outside and TiO,-outside nanotubes, respec-
tively. The cohesive energy was positive for all nanotubes, meaning that the nan-
otubes possess stable structures. The PbO-outside nanotubes were energetically
more favored than the thin film, while the TiO,-outside nanotubes were



5.3 Nanowire and Nanotube: One-Dimensional Structure 125

(@), —— < - (b) 304 .
L =0.064 g L |
1o = a9 .- Y
= 10 4 [ 4.
= . 0,068 ;& ‘ 19.26
] 39.0 |
= 08 ,:GI -0.072 o 2 4 o —_— 18
= = Fd L | 15, il .
w06 ; 007 |\, w388 16 - i
£ " - J2
i U 45,02 & 386 | g e
204 2Ly b ! ’ "
2 qsh § 384 / R
b = 084 (5] {
2 o2} C 006 008 010 012 014 0.6 £ s | s
=} . AL {7 7006 008 0,10 002 014 0.6
o PbO—outl NT i | ] : | )
B 00 [ TiO—oulNT @~z =1 £ 380} @ | FRO ORHY. S
3 = 4 i TiCk—oul NT
Thin film < : | :
Thin film
-0.2 . . 378 L .
-0.20 -0.10 0.00 0.10 0.20 -0.20 -0.10 0.00 0.10 0.20
=1 =1
Curvature 1/R (A7) Curvature 1/R (A7)

Fig. 5.24 Calculation results of (100) PbTiO3 nanotubes. a Total energy per perovskite unit cell
as a function of nanotube curvature. Positive and negative values represent the curvature of
PbO-outside and TiO,-outside nanotubes, respectively. b Cohesive energy as a function of
nanotube curvature. The numbers next to the points denote the number of perovskite unit cells.
Reprinted with permission from Ref. [53]. Copyright 2012 by American Physical Society

unfavorable. The highest cohesive energy of 39.25 eV/cell was found at Nyt = 18

(PbO-outside, 1/Rnt = 0.0891&71), while that for bulk PbTiO5 is 40.61 eV/cell,
meaning that the nanotube was metastable.

The atomic structure of the Nyt = 18 PbO-outside nanotube is shown in
Fig. 5.25. Buckling of the tube sidewall is observed, especially in the inside TiO,
layer, which is clearly induced by periodic clockwise and counterclockwise tilting
of oxygen atoms in the circumferential direction, namely AFD instability. The AFD
instability in PbTiO; bulk is known to occur under high pressure, which explains
the occurrence of the AFD instability in the nanotubes; i.e., curvature in the nan-
otubes with respect to the flat thin-film geometry results in the inside TiO, layer
being subject to relatively high compression, leading to the emergence of the AFD
rotations. In fact, The AFD rotations were found in all the PbO-outside nanotubes,
whereas they were not found in the TiO,-outside nanotubes. The emergence of the

Cmss—seclwn ur Antiferrodistortive
PbO-outside nanotube oxygen rotation

Atomic displacement

Fig. 5.25 Cross section of the stable PbO-outside N = 18 (100) PbTiO3 nanotube. Reprinted with
permission from Ref. [53]. Copyright 2012 by American Physical Society
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AFD rotation plays a central role in stabilizing the nanotubular structure, which was
confirmed by calculations excluding the AFD displacement in the PbO-outside
Nnt = 18 nanotube, which resulted in the dramatic increase in the total energy.
A spontaneous polarization of 5.12 pC/cm? along the axial direction is found in
the PbO-outside Nyt = 18 nanotube, which is one order of magnitude smaller than
that of bulk, 78.6 uC/cm?. Figure 5.26 shows the axial FE polarization (P,) and the
AFD rotation angle (¢) as functions of the tube curvature. Obviously, the FE
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Fig. 5.26 Configurations of (110) PbTiO; nanotubes. a Arrangement of atoms in nanosheets,
which is to be rolled up to form (110) PbTiO; nanotubes. b Cross-sectional and side views of
nanotubes with different chiralities. Reprinted with permission from Ref. [54]. Copyright 2012 by
American Physical Society
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polarization and AFD rotation are directly coupled to each other. That is, the
polarization increases smoothly as the AFD rotation is enhanced with increasing
curvature (compressing the inner TiO, layer) for the PbO-outside nanotubes,
whereas the TiO,-outside nanotubes, which does not involve any AFD rotation, are
all paraelectric. These results suggest that ferroelectricity in the ultrathin PbTiO;
nanotubes is realized owing to the presence of the AFD rotation.

The ferroelectric properties of PbTiO3 nanotubes with different rolling directions
were investigated by Wang et al. [54]. In their study, single-wall nanotubes folded
from (110) nanosheets with a specific chirality of (mnr, nnt) Were examined by DFT
calculations (see Fig. 5.26). The study covered only two rolling directions, namely
(mnr, 0) and (0, nnt), as nanotubes with other chiral vectors require simulation cells
with much larger dimensions along the tube axis. Figure 5.27a presents the rela-
tionship between total energy and curvature of the nanotubes with a rolling direction
of (mnr,0). Positive and negative curvatures correspond to PbTiO-outside and
O-outside nanotubes, respectively. The total energies of PbTiO-outside nanotubes
are higher than that of the flat thin film, showing that the PbTiO-outside nanotubes
are unstable. In contrast, O-outside nanotubes were found to be more stable than the

flat film. The lowest energy is located at 1/Ryt = —0.097 A_l(mm =18). It is
interesting to note that the curvature of the O-outside (110) nanotube with the lowest
energy is the same as that of the PbO-outside (100) PbTiO3 nanotube. However, the
minimum total energy (—0.343 eV/cell) for the (110) nanotube is much lower than
that (—0.082 eV/cell) for the (100) nanotube, indicating that the PbTiO3 nanotube
rolled from (110) nanosheets is more stable than that from (100). Figure 5.27b
shows total energy as a function of curvature for the (0, nnr) nanotubes, where the
trend opposite to the case of the (mnr, 0) nanotubes was found; the total energies of
the PbTiO-outside nanotubes were lower than that of the flat film.

Ferroelectricity of the (110) PbTiO3; nanotubes is shown in Fig. 5.27c and d. It
was found that spontaneous polarizations existed only in nanotubes with a rolling
direction of (mnr,0). A remarkable axial polarization existed for the O-out nan-
otubes even though the tube wall was much thinner than the critical thickness for
ferroelectricity of the flat thin film. This indicates the absence of the FE critical
thickness in the (110) PbTiOz nanotubes, which was also the case in the
(100) PbTiO5 nanotubes. The axial polarization in the (110) PbTiO5 nanotube with

a curvature of —0.097 A~ (m = 18) was calculated to be 42.42 uC/cm?, which is
more than half of the bulk value of 78.6 pC/cm? and one order of magnitude higher
than that in the (100) PbTiO3 nanotubes. The polarization in the (110) nanotubes
stems from breaking the symmetry of oxygen octahedra along the axial direction
due to the asymmetric cutting of the unit cell. This symmetry breaking results in a
large tilt of oxygen octahedra in the longitudinal section of the nanotubes, as is
indicated by the angle 6 in Fig. 5.28. The curvature dependence of the polarization
and tilting angle in Fig. 5.27c and d clearly demonstrates the strong coupling
between FE distortion and AFD distortion. The FE-AFD coupling is responsible for
the stability of the FE distortion in the nanotubes, which gives rise to anomalous
ferroelectricity in the (110) PbTiO5; nanotubes.
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Fig. 5.27 Curvature dependence of total energy in (110) PbTiO; nanotubes (a and b), and
curvature dependence of spontaneous polarization and tilting angle of oxygen octahedra (c and d).
Reprinted with permission from Ref. [54]. Copyright 2012 by American Physical Society

5.3.3 Strain Effect in Nanowire and Nanotube

The crucial role of axial tensile strain on ferroelectricity in PbTiO3 nanowires with
cross sections of 1 x 1,2 x2 and 3 x 3 unit cells (sidewalls of (100) and
(010) surfaces) was investigated by Shimada et al. using DFT calculations [55].
Figure 5.29 shows the axial polarization averaged over the cross section (P) in the
PbO-terminated and TiO,-terminated nanowires as a function of the tensile strain
(&;). The averaged polarization increases almost linearly with respect to the tensile
strain for all the PbO-terminated nanowires, suggesting that the axial tensile strain
enhances the ferroelectricity. As for the TiO,-terminated nanowires, which are
initially paraelectric, ferroelectricity appears under axial tension. Critical tensile
strains for ferroelectricity in the TiO,-terminated nanowires were found to be 0.15,
0.08, and 0.04 for the 1 x 1,2 x 2 and 3 x 3 models, respectively. Figure 5.30
shows the change in atomistic and electronic configurations on the PbO
(010) planes in the PbO- and TiO,-terminated 3 x 3 nanowires under axial tension.
At equilibrium in the PbO-terminated nanowire, O atoms are displaced in the —z
direction from their ideal lattice sites and the covalent Pb—O bonds are formed,
indicating ferroelectric distortion. During axial tension, all the Pb—O covalent bonds
are sustained and the charge density at these sites increases. On the other hand, in
the TiO,-terminated nanowires, which present no ferroelectric distortion at
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Fig. 5.28 Atomic configuration after relaxation for the O-outside (110) PbTiO3 nanotube with the
lowest energy (m = 18). a Tilting of oxygen octahedra in the longitudinal section. b,
¢ Cross-sectional and expanded side views of the nanotube, respectively. d Side view of thin
film. Reprinted with permission from Ref. [54]. Copyright 2012 by American Physical Society

equilibrium, the upper (lower) Pb—O bond is strengthened (weakened) when the
axial strain exceeds the critical strain for ferroelectricity, which is associated with
the upward displacement of the Pb atom.

In Refs. [47, 48], Pilania et al. examined the effect of axial strain on ferro-
electricity in BaTiO5; and PbTiO3; nanowires having a 4 x 4 cross section. As was
already described in Sect. 5.3.2, toroidal moment (vortex structure) in ferroelectric
distortion can emerge in the 4 X 4 nanowires. For the TiO,-4 x 4 BaTiO3 nano-
wire, the toroidal moment was found to reduce with increasing axial strain, showing
that the axial tension destabilizes the vortex state of ferroelectricity in the nanotube.
Similarly, the destabilizing effect of axial tension on the toroidal moment was found
in the PbTiO3 nanotubes. Figure 5.31 shows the ferroelectric behavior of the 4 x 4
TiO,- and 4 x 4 PbO-terminated PbTiO3 nanowires as a function of axial strain. In
both cases, axial strain can cause a phase transition between the pure vortex and
pure axial polarization states. The 4 x 4 TiO,-terminated and PbO-terminated
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nanowires take nonrectilinear vortex and rectilinear axial polarizations state at
equilibrium, respectively. In the TiO,-terminated nanowire, an axial tensile strain of
about 3% results in the onset of an abrupt phase transition to a pure axial polar-
ization. In contrast, the opposite transition is found in the PbO-terminated nanowire
under axial compression (negative strain) and an abrupt phase transition to a pure
vortex polarization occurs at an axial strain of about —3.5%. That is, axial tension
enhances the axial polarization and axial compression promotes the vortex one in
both the TiO,- and PbO-terminated nanowires, and only the transition strains are
different between the two nanowires. Figure 5.32 depicts the local dipoles for each
unit cell and displacements of atoms with respect to the corresponding positions in
the reference paraelectric state. In the figure, the configurations of the TiO,-ter-
minated nanowire at 0% strain and the PbO-terminated nanowire at —3.7% strain
both present the vortex structure of ferroelectric distortion. It is worth noting that the
transition between vortex and axial polarization states occurs at exactly the same
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Fig. 5.30 Change in atomic structures and charge density distributions on the PbO (010) planes in a
PbO-terminated and b TiO,-terminated 3 x 3 PbTiO3 nanowires under axial tensile strain. The larger
and smaller spheres are for Pb and O atoms, respectively. The covalent Pb-O bonds are shown by
white lines. Reprinted with permission from Ref. [55]. Copyright 2009 by American Physical Society
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Fig. 5.31 a Toroidal moment (triangle) and axial polarization (square) as a function of axial
strain for the 4 x 4 TiO,-terminated PbTiO; nanowire. Hollow squares represent axial polarization
calculated with actual Born effective charges instead of bulk Born effective charges. b Same as
(a) but for the PbO-terminated nanowire. Reprinted with permission from Ref. [48]. Copyright
2010 by American Physical Society

value for the longitudinal lattice parameter c¢(3.87 A) for both the types of PbTiO5
nanowires, implying that the ¢ value determines the nature of polarization state.

Shimada et al. assessed in Ref. [53] the effect of axial strain on ferroelectricity in
the PbTiO3 nanotube rolled up from a (100) nanosheet. Figure 5.33 shows spon-
taneous polarization and FE orderings in the PbO-outside Nyt = 18 nanotube as a
function of axial strain. Under axial tension, FE distortions appear in the axial
direction (FEai,) and the axial polarization P, increases smoothly due to the
increase in the tetragonal distortion of the perovskite lattice, while no polarization
vortex (FEvorex) exists. The AFD oxygen rotation (¢) is enhanced by the appli-
cation of tensile strain (see inset), which also supports the increase in the axial
polarization due to direct AFD-FE coupling. On the other hand, under axial com-
pression, the spontaneous axial polarization disappears at ¢, = —0.02, and the
system becomes paraelectric (PE). Further application of compressive strain causes
the system to regain polarization at ¢,; = —0.05, forming FEy,x With spontaneous
polarization being aligned in the circumferential direction. Their analysis of the
band gap energy of the nanotube found that the PbO-outside nanotube exhibits a
wider band gap energy of 2.21 eV to be compared with the bulk value of 1.65 eV.
The band gap energy of the nanotube was found to be sensitive to axial strain,
varying from 2.90 to 1.91 eV with the axial strain ranging from 0.10 to —0.10. In
contrast, the change in band gap energy in bulk is relatively small, being less than
0.3 eV in the same strain range.

As an approach other than first-principles analysis to investigate the response of
ferroelectric structure to strain, Zhang et al. performed molecular dynamics simu-
lations using an empirical interatomic model [56, 57]. Focusing on the axial
polarization, TiO,-terminated BaTiO; nanowires with n X n cross sections
(n = 2~ 10) were studied with the atomic potentials obtained by Tinte et al. [58]. It
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Fig. 5.32 Unit-cell-decomposed dipole moments (a) and in-plane displacements of individual
atoms with respect to a paraelectric reference state in PbO (b, ¢) and TiO, (d-f) transverse planes
for the 4 x4 TiO,-terminated PbTiO; nanowire at zero strain. The counterparts in the
PbO-terminated nanowire at a strain of —3.7% are shown in (g-1). Reprinted with permission
from Ref. [48]. Copyright 2010 by American Physical Society
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was found that the polarization states in response to axial stress consist of three
stages: pure FE, pure PE, and mixed FE-PE stages in between. In fact, the n = 8
nanotube, which is at the pure FE state at equilibrium, shows transition at a certain
(critical) value of compressive stress to the mixed FE-PE stage where PE phase
arises from the inner cells. When the compressive axial stress is further increased
and exceeds a critical value, the nanowire exhibits the pure PE state. The variations
of polarization and strain in response to axial electrical loading were also obtained
under the stress-free mechanical boundary condition. The hysteresis loop in the
polarization—electrical loading relation and the butterfly loops in the strain—elec-
trical loading relation were calculated, where strong size effects were found. Due to
the inhomogeneous polarization distribution in the nanowire, the domain switches
layer-by-layer and thus both loops exhibit stepwise shapes.

5.4 Nanodot: Zero-Dimensional Structure

The emergence of toroidal FE structures in ferroelectric nanowires we saw in
Sect. 5.3 suggests that such characteristic FE structures stem from the structural low
dimensionality and smallness and implies that peculiar FE structures may occur in
zero-dimensional nanostructures. It is therefore interesting to FE structures in fer-
roelectric nanodots, which are representative zero-dimensional nanostructures.
From both scientific and industrial points of view, it is urged to reveal the effects of
various factors such as the size, boundary conditions, and temperature.

Little investigation of FE structures in nanodots has been done by first-principles
calculations or related approaches. Instead, a number of studies have been devoted
for this issue based on phenomenological approaches. The effective Hamiltonian
approach based on the Landau—Ginzburg—Devonshire theory [13, 14], which is also
called a phase-field model in engineering communities, has been a most widely
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used model to be applied for FE nanodots thus far. In such a scheme, the effective
Hamiltonian is usually constructed based on first-principles calculations, but
obviously, it is not a first-principles simulation because the model neither involves
electron structure calculations nor contains the degrees of freedom of all atoms.
Although such phenomenological approaches are basically not central in the scope
of this book, here we give an overview to these efforts.

Prosandeev and Bellaiche investigated vortex domain structures (VDSs) in FE
nanodots with various shapes. Their calculations showed that the vortex structure
can exist in PZT60 (PbZry4Tip03) nanodots in various shapes as shown in
Fig. 5.34. Here, nanodots with the size of n X n x n unit cells were examined. The
rectangular and pyramidal dots have vortices directed along the shortest c-axis,
while the vortex in the spherical dot can be oriented along any (001) direction. The
bigger (12 x 12 x 24) rectangular dot has two vortices with the opposite directions
in contrast to the case of the shorter (16 x 16 x 8) rectangular dot showing only
one vortex.

The electrocaloric effect, which is a change in temperature of ferroelectric
materials under adiabatic conditions, in the FE nanodots was investigated by Li
et al. [60]. Their effective Hamiltonian approach successfully simulated the elec-
trocaloric effect in PbTiO3 nanodots due to the toroidal moment change in the FE
structure. The simulation predicted a relatively large adiabatic temperature change
(around 6 K) in a PbTiO3 nanodot. It was also suggested that the magnitude of the
adiabatic temperature change should decrease with increasing surface tension.

(b)

[010]

Fig. 5.34 Polarization patterns at 1 K for stress-free PZT60 nanodots. Spherical 16 x 16 x 16
(a), pyramidal 16 x 16 x 8 (b), rectangular 12 x 12 x 24 (c), and rectangular 16 x 16 x 8
(d) nanodots. Reprinted with permission from Ref. [59]. Copyright 2007 by American Physical
Society
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Fig. 5.35 Results of the 12 x 12 x 12 BaTiO; nanodot under a pressure of —4.8 GPa. The
variation of a magnitude of toroidal moment, b polarization, ¢ direction of toroidal moment, and
d VDSs with temperature. Reprinted with permission from Ref. [61]. Copyright 2013, American
Institute of Physics

Various factors affecting VDSs in FE nanodots, such as size, pressure, and
temperature, were then extensively investigated using the effective Hamiltonian
approach in Refs. [61-63]. Figure 5.35 shows the simulation results of a 112 X
12 x 12 BaTiO; nanodot. The toroidal FE moment was defined as
g =1/(2Nv) >, r; x p;. The magnitude of the toroidal moment is close to zero at
high temperature, but when the nanodot is cooled down below 270 K, the mag-
nitude (g) becomes nonzero and increases with decreasing temperature, implying a
paraelectric—ferrotoroidic phase transition. The average of polarization magnitude
of all sites P is nonzero when the temperature is lower than about 270 K, whereas
the total polarization remains nearly vanishing at all temperatures. As for the size
effect in the nanodot, it was found that at a given temperature the toroidal moment
increases with increasing size. The paraelectric—ferrotoroidic phase transition
temperature (Tpp) also increases with increasing size. As the size decreases, the
phase transition becomes less abrupt. In a relatively large nanodot model
(16 x 16 x 16), small additional vortex patterns arose around the midpoint of the
edges of the cubic nanodot. The simulation also indicated that both Tgp and g de-
crease significantly with increasing hydrostatic pressure. Overall, the series of their
simulations indicated promising controllability of VDS in the nanodots.
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5.5 Conclusion

Recent theoretical approaches for ferroelectric structures and properties in
low-dimensional nanostructures were reviewed in this chapter, introducing mainly
first-principles DFT calculations while briefly covering calculations based on
related methods. For two-dimensional nanostructures, first-principles calculations
are being used for industrial-oriented issues and direct comparison with experi-
ments, as exemplified by the estimation of critical thickness in ferroelectric
thin-film capacitors and closure domain structures in thin films. First-principles
calculations are also intensively used for one-dimensional FE nanostructures to find
interesting and characteristic FE behavior, suggesting promising application of such
nanostructures for novel devices. However, in some cases where consideration of
temperature effects is essential, first-principles approaches alone cannot address all
problems and a combined approach with empirical or phenomenological models
may be necessary. For zero-dimensional nanostructures, first-principles calculations
are not yet widely used and phenomenological approaches, though they are often
“first-principles based,” are still dominant in this field. Application of
first-principles calculation methods to the problem of ferroelectric properties in
zero-dimensional nanostructures is much expected with fast and ongoing devel-
opment of computer resources.
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Chapter 6
Magnetism in Nanostructures

Abstract As magnetism is susceptible to structures and strains as well as crystal
defects, extensive investigations by means of first-principles calculations have been
devoted to this matter. We review a series of studies on magnetism in bulk and
nanostructures. After giving an overview of studies of internal defects as under-
structures, we discuss magnetism in low-dimensional nanostructures, including thin
films, monolayers, nanowires, nanotubes, atomic chains, and atomic clusters.

Keywords Magnetism - Crystal defect - Non-collinear

6.1 Magnetism in Bulk

6.1.1 Magnetism and Its Response to Strain

Magnetism is a material property that the material exhibits spontaneous or per-
manent magnetic moment in the absence of external magnetic field. The magnetic
moment aligns in a certain order in a crystal (e.g., ferromagnetism and antiferro-
magnetism), and the direction can be manipulated by applying external magnetic
field. In general, transition metals (e.g., Fe, Ni, Co) and their oxides exhibit mag-
netism and have been studied as a prototype of magnetic materials [1].
Magnetism is, in general, sensitive to the crystal lattice structure and applied
mechanical strains. The interplay between magnetism and mechanical strain (lattice
deformation) was first investigated for ferromagnetic iron bulk materials [2]. The
most typical and famous research is probably the magnetic phase transitions along
the body-centered-cubic (bcc) to face-centered-cubic (fcc) transformation path
(namely a Bain’s path) [3]. This deformation path can be seen, for example, in an
iron thin film on a (001) fcc-metal substrate, due to the pseudo-epitaxy on a fcc(001)
surface. Figure 6.1a shows the total energy of the iron bulk with the ferromagnetic
(FM), nonmagnetic (NM), single-layered antiferromagnetic (AFM1), and double-
layered antiferromagnetic (AFMD) phases as a function of lattice deformation c/a,
where a and ¢ denote the in-plane and out-of-plane lattice parameters of epitaxially
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Fig. 6.1 a Total energies of iron films along the constant-volume bec—fec transformation path for
the experimental unit-cell volume calculated within the generalized gradient approximation
(GGA) relative to the equilibrium energy E, of FM bcc iron. b Total energy of iron as a function of
tetragonality of lattice ¢/a and volume relative to the FM bcc ground-state energy calculated within
the generalized gradient approximation. Only the states with the minimum energy are shown in the
figure. The interval of isolines is 20 meV/atom. The thick lines represent the phase boundaries of
FM/AFMD and AFMD/AFMI. The straight lines correspond to constant lateral lattice parameters
of different (001) substrates. Reprinted with permission from Ref. [2]. Copyright 2001 by
American Physical Society

strained iron [2]. Here, the spin configuration of AFM1is...T | T |..., while the spin
configuration of ...T T | |... is for the AFMD. These calculations were performed
using full-potential linearized augmented plane waves (FLAPW) method within the
generalized gradient approximation (GGA), which is essential for a correct
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description of structural and magnetic ground state of transition metals [4, 5].
The NM and FM states exhibit energy extrema at c/a = 1 and c/a = ¥2 corre-
sponding to the higher-symmetry lattices (i.e., bcc and fcc, respectively). On the
other hand, the AFM1 iron keeps its cubic symmetry only for c/a = 1 (i.e., bcc),
while at c¢/a = 2, the atoms occupy the fcc lattice positions, but as the atoms with
spins up and down are not equivalent by the magnetic symmetry breaking, resulting
in tetragonal symmetry; i.e., the structural and magnetic degrees of freedom are
coupled with each other. The same behavior is also seen in the AFMD iron.
Obviously, the most stable structure is FM bcc at c¢/a = 1, while the lattice defor-
mation leads to FM-to-AFMD phase transition around c/a = 2. Further deformation
stabilizes the AFM1 state with respect to the AFMD state. As a result, iron under-
goes a FM—AFMD-AMDI phase transition along the Bain’s deformation path.

Figure 6.1b plots the magnetic phase diagram along the Bain’s path with various
unit-cell volumes. It can be easily understood that the magnetic phases of iron are
mainly tailored among the FM, AFM1, and AFMD states by applying in-plane
lattice strains through the choice of substrates. For example, the choice of substrates
with a larger lattice parameter, e.g., Ag, Pd, Rh, and CuzAu, sustains ferromag-
netism as the unstrained bcc iron does. On the other hand, the choice of CugsAlyg,
Cu, and Ni substrates with a smaller lattice parameter results in the FM-to-AFM1 or
FM-to-AMFD phase transitions via the coincident bcc—fcc structural transition. In
fact, the experiments showed that these substrates change the magnetic phase of
iron films [6-8]. It is also noted that the calculations based on the local density
approximation (LDA) are less effective for prediction than the GGA, which is an
opposite trend to ferroelectricity, which can be successfully described by the LDA
instead of the GGA, as shown in the previous section. Therefore, the following
results related to magnetism reviewed here are mostly within the GGA.

Such strain-induced magnetic phase transitions are intensively studied for var-
ious deformation paths, e.g., bcc—hcp (hexagonal-closed packed), uniaxial, biaxial,
and trigonal deformations) in various transition metals (e.g., iron, nickel, and
cobalt) [9-11]. We should remark that these are all for perfect crystals and do not
include any influence from the defects (understructures) and nanostructures (outer
shapes), which modify the magnetic properties locally or even globally. These
effects are systematically reviewed in the following sections.

6.1.1.1 Effects of Defects

Grain boundaries

Grain boundaries are the most typical defects in materials and regarded as a
two-dimensional (2D) understructure in crystals. Since the lattice misfit and
misorientation at the grain boundaries induce local lattice strain and rapid change in
coordination number, the grain boundaries are considered to alter the magnetic
properties in the materials. Here, we take a X5 tilt grain boundary in ferromagnetic
iron as a representative example of planar defects in the ferromagnetic materials.
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Figure 6.2a shows the atomic configuration of a X5 tilt boundary in ferromagnetic
bee iron [12]. The stable atomic configuration of the grain boundary structure can
be determined by calculating and mapping the total energy with shifting one grain
with respect to another grain (i.e., y-surface calculations). The local (muffin-tin)
magnetic moment is evaluated around each of the relaxed potentials from the
spin-resolved muffin-tin charge densities, and it is plotted in Fig. 6.2b together with
the magnetic moment of the bulk counterpart [13]. The remarkable enhancement of
the local magnetic moment is found near the grain boundary. Such enhancement is,
however, limited to the two layers adjacent to the grain boundary interface although
a small fluctuation in the magnetic moment exists further away from the defect
which rapidly converges to the bulk value. Such behavior is common among grain
boundaries [14]. The enhancement of the magnetic moment might be due to the
increased volume around the grain boundary layer (i.e., free-volume effect), which
is caused by the lower coordination of nearest and second-nearest neighbors at the
boundary. These local enhancement and distribution of the relaxation away from
the grain boundary are qualitatively similar to those calculated for iron (100) sur-
faces, as simultaneously shown in Fig. 6.2b. The effect of surfaces will be discussed
in the later section.

Dislocations

Following the grain boundaries as the 2D understructure (or defect), here we review
the dislocations in ferromagnetic iron as the one-dimensional (1D) defects.

b
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Fig. 6.2 a The atomic configuration of Fe 2£5(310) tilt grain boundary for density-functional
theory calculations. b A layer-by-layer magnetic moment near the Fe X5 tilt grain boundary.
Reprinted with permission from Ref. [12]. Copyright 1993 by American Physical Society
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Fig. 6.3 Atomic configuration of the 1/2 (111) screw a and edge b dislocation cores. Atomic
configuration of the (100) screw ¢ and edge d dislocation cores. The contour color represents the
suppression of local magnetic moments from the bulk value. Reprinted with permission from Ref.
[15]. Copyright 2011 by American Physical Society

Figure 6.3a—d shows the structural and magnetic properties of both screw and edge
dislocation cores with the 1/2 (111) and (100) Burgers vectors, respectively, in
ferromagnetic iron bulk [15]. For the 1/2 (111) screw dislocation, both the changes
of atomic configuration and magnetic moments are less remarkable, and the dis-
location core is the nondegenerate structure [16]. The small changes in local
magnetic moments around the core arise from a slight change in interatomic bond
lengths. In contrast, a significant decrease in the magnetic moments (about 20% of
the bulk value) can be seen in the 1/2 (111) edge dislocation core, which subject to
quite high compressive stress due to the lattice misfit. Due to such higher strains
around the cores, even larger changes occur at the (100) dislocation cores (see
Fig. 6.3c—d). Thus, such local strains at the dislocation cores suppress or enhance
the local magnetic moments slightly or dramatically, depending on the core
configuration.
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Vacancies

Atomic vacancies are the typical point (0D) defects (or understructure) in magnetic
materials. Figure 6.4 shows the distributions of the local magnetic moments around
a vacancy in ferromagnetic iron bulk [17]. Since the iron is the metallic system with
ideally perfect screening, each atom is assumed to remain locally charge neutral
(LCN). To include this charge self-consistency around defects, which is important
for a realistic treatment of point defects, two kinds of simulations were performed;
with and without the LCN conditions. The local magnetic moment is strongly
enhanced from the bulk value at the nearest neighbors to the vacancy, while the
magnetic moment tends to decrease as the distance from the vacancy increase, and
it becomes close to the bulk value at the third neighbors with the LCN condition.
On the other hand, without the LCN condition, the local magnetic moment shows
the oscillation behavior around the vacancy with respect to that with the LCN
condition, leading to a long-range influence on magnetic properties. This indicates
that the extent of screening in transition metallic systems plays an important role in
determining the magnetic properties of point defects in ferromagnetic materials.

6.2 Thin Film and Monolayer: Two-Dimensional
Structure

6.2.1 Thin Films and Surface Properties

The ferromagnetic properties of thin films are generally dominated by the surface
effects due to their significantly large surface-to-volume ratio. Here, we focus on the
ferromagnetic iron thin films as a representative of 2D nanostructures. We review
the ferromagnetic properties of a stable (001) surface of the iron thin films [18].
Figure 6.5a shows the layer-resolved local magnetic moment in the ferromagnetic
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iron film obtained from the density-functional theory calculations with the Perdew—
Burke—Ernzerhof (PBE) functional within the GGA, which can reproduce the both
structural and magnetic properties of iron. Within the plane wave basis set and the
projector-augmented wave formalism [19, 20], the local magnetic moments can be
evaluated by projecting the wave functions onto the spherical harmonics around
each atom within the Wigner-Seitz radii. The magnetic moment increases near the
surface layer compared with the bulk value. In particular, the surface layer (see
layer number 1) exhibits the highest magnetic moment of 2.94 pg. It should be
noted that, comparing with the unrelaxed (fix all the atoms at the bcc lattice site)
and relaxed (stable) surface structures, the surface relaxation leads to little influence
on the increase in magnetic moment. This implies that the low coordination number
intrinsic to the surface layer plays an important role in determining the enhanced
magnetic moment.

Such enhancement of ferromagnetism at the surface layer can be understood
from the electronic point of view. One can consider d orbitals in iron that pre-
dominate ferromagnetism of transition metals. Based on the crystal-field theory
[21, 22], the five d orbitals, d,,, d,,, d.y, dxo—y2, and d,», in the bce crystal reduce to
the hybridized t,, (d,y, d,,, and d;,) and e, (d,2-y» and d,») states. Here, the dis-
tribution of tp, orbital is toward the nearest neighbors in the bcc lattice via the
formation of ddc bonds, whereas the e, orbital is distributed toward the
second-nearest neighbors. Figure 6.5b, ¢ represents the spin-polarized local elec-
tronic density of states (DOS) for the total d- and t,,-e,-decomposed states inside
the film and at the (001) surface, respectively. Here, the local DOS can be evaluated
by projecting the wave functions onto the spherical harmonics around each atom, as
we can do for local magnetic moment. Inside the iron thin films, the majority-spin
th, and e, states are almost fully occupied. This shows that both the t,, and e, states
are almost equitably occupied, which leads to no specific directionality in the
majority-spin density distribution [18]. On the other hand, the t,, state is majorly
occupied in the minority-spin DOS, while the e, states are located above the Fermi
level. For the (001) surface, in contrast, a large difference can be seen in the ty,
state: The majority-spin t,, states are localized around the lower energy level of
—3.0 eV, which thus results in a fully occupied majority-spin state. On the other
hand, the minority-spin t,, bands are almost localized around an energy level
slightly higher than the Fermi level. Therefore, the t,, state has much narrower
bandwidth with respect to that inside the film (or bulk). Considering the fact that the
bandwidth is reduced as the coordination number decreases [23], having 50% fewer
nearest neighbors at the surface (i.e., low coordination number) leads to a signifi-
cant suppression in the bandwidth of the t,, state, while the slight change in the e,
DOS arises from the more limited loss of second-nearest neighbors. As a result of
such energy-level shift of the band structure between the surface and the inside, the
number of occupied majority-spin and minority-spin electrons changes. This results
in the enhancement of the magnetic moment at the (001) surface.

In general, thin films are prepared by an epitaxial growth on a certain substrate,
which apply in-plane (epitaxial) tension or compression to the film due to lattice
mismatch at the interface between the film and the substrate, as shown in the bulk
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Fig. 6.5 a Layer-by-layer
magnetic moment in the FM
iron film with and without
structural relaxation. The
layer numbers 1-5 correspond
to the first—fifth atomic layers
from the Fe (001) surface.
The dashed horizontal line
denotes the bulk value

2.20 up. Total d and tye-e,
decomposed electronic local
density of states (DOS) b in
the Fe bulk and c at the
(001) surface. Reprinted with
permission from Ref. [18].
Copyright 2010 by American
Physical Society
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section. The FM phase is energetically preferable under tension, while the
FM-to-AFMD phase transition occurs at a compressive strain of —0.09 [18].
Figure 6.6 plots the magnitude of the magnetic moment as a function of epitaxial
strain, in the iron nanofilm [18]. The tensile epitaxial strain smoothly enhances the
magnetic moments for all layers, while the magnetic moments are suppressed by
compression in both the film and bulk. Under compression, on the other hand, a
discontinuous change in magnetic moment can be seen at the critical strain of
¢ = —0.09 due to the magnetic and structural phase transition from FM to AFMD.
At the surface layer, in contrast, the magnetic moment has no discontinuities and is
thus insensitive to the phase transition, although the crystal lattice undergoes an
abrupt change from bcc to fcc. The thin film, especially the surface layer, always
exhibits a high magnetic moment despite any applied strains.

6.2.2 Monolayer

Due to the strong surface effect shown above, the ferromagnetic properties of thin
films strongly depend on the thickness. The ultimately thinner geometry is obvi-
ously a monolayer that consists of only one atomic layer. Recent advances have
enabled to fabricate the Fe monolayer that consists of a single (110) atomic layer of
a bec lattice by pseudomorphic growth on substrates [24]. Here, we present the
magnetic properties and unusual phase transitions in such an ultimately thin
geometry.

Before going to the details, a brief description for the calculations of incom-
mensurate SS (spin-spiral) noncollinear magnetism should be provided here.
Noncollinear helimagnetism with incommensurate SS waves is described by the
fully unconstrained formalism [25] in which density-functional theory is expressed
in terms of a 2 x 2 density matrix, in conjunction with the generalized Bloch
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conditions. According to generalized Bloch theorem, the wave function is described
as a two component Bloch spinors instead of the usual one-electron wave function
[26, 27]. The Bloch spinors are still characterized by a wave vector k vector in the
first Brillouin zone as:

i) = (o)) (6.1)

where r is position vector. Here, oy (r) and fy(r) correspond to spin-up and
spin-down components and are “invariant” with respect to lattice translations.
Therefore, the incommensurate spin-spiral configurations can be analyzed by
applying this generalized Bloch theorem (condition).

Figure 6.7a represents the SS energy, AE = Essmin — Erm, With respect to
applied strains [28]. Here, the minimum energy at the SS phase within q in the
Brillouin zone is denoted by Egg min- The negative AE means a stable noncollinear
SS state. Under the strain-free and tensile condition, AE is always zero and iron
monolayer keeps FM. Under compression, on the other hand, the noncollinear
SS phase appears via the FM-to-SS phase transition (see the white line). Since
this noncollinear SS state cannot be seen in the iron bulk, the SS phase is char-
acteristic to the monolayer system, i.e., the ultimate single-layer geometry, and the
effect of strains stabilizes such unusual SS magnetic phase. Note that the
Fe monolayer grown on a W(110) substrate, which corresponds to the strain of
(&> €yy) = (0.10, 0.10), exhibits the FM ground state. This is consistent with the
experimental observation in the Fe monolayer and suggests that the quite large
strain can be actually applied to the monolayer [24, 29]. Figure 6.7b plots the SS
wave vector q as functions of strains [28]. The minimum SS excitation energy is
located along the I'-N path (see Fig. 6.7d) in the Brillouin zone [¢ = 2n/L(g,, 0)],
where L is the lattice parameter of the monolayer. So, here, we show the g, value in
the plot, which smoothly increases with compressive strain. We can find anisotropy
of strain effects: A larger g, (=0.4-0.5) is found around ¢,, = —0.20, whereas ¢, is
smaller (0.1-0.25) under ¢,, = —0.20. This suggests that &, has large influence on
the SS wave vector ¢,. Figure 6.7c shows the magnitude of the magnetic moment
m as a function of the in-plane strains. The magnetic moment in the Fe monolayer
seems to vary smoothly even across the FM-SS transition line, whereas a dis-
continuous change in the magnetic moment is observed in bulk iron that undergoes
a FM-to-AFMD phase transition (see the previous section). This characteristic
corresponds to the fact that the magnitude of m in the monolayer is less sensitive to
the SS wave vector g, as seen in the surface layer of the thin film [18]. This suggests
that ultimate low coordination number in monolayer (or surface layer) leads to high
magnetic moment and unusual magnetic phases.

To see the energetics details of this unusual SS phase and its transition in the
monolayer, here we provide the interatomic exchange interaction based on the
effective Heisenberg Hamiltonian:
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Fig. 6.7 a SS energy of AE = Ess min — Erm, b Wave vector ¢,, and ¢ magnitude of magnetic
moment m of iron monolayer as functions of strains (&,,, €,y). The white lines denote the magnetic
phase transition of FM-SS. Reprinted with permission from Ref. [28]. Copyright 2012 by
American Physical Society

1
Hegr = 3 E Jije; - €, (6.2)
iy

where Jj; is the interatomic exchange interaction between the ith and jth neighbors
and e; is the unit vector representing the direction of the local magnetic moment on
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the ith neighbor. From Eq. (6.2), the total energy of the noncollinear SS state with
q, Ess(q), is given by

1 .
Ess(q) = —5J0 exp(—iq - Ry)), (6.3)

where Ry; denotes the coordinate of the jth neighbor. In the classical frozen magnon
approach [30], Jo; can be related to the SS wave excitation energy (magnon dis-
persion relation), AE(q) = Ess(q) — Erv, by Fourier backtransformation:

1 .
Joj = NT,Z AE(q) exp(—iq - Ryy), (64)
q

where Nq denotes the number of g points in the Brillouin zone. The exchange
parameter of the monolayer can be evaluated by summing the SS wave excitation
energies for various q vectors using Eq. (6.4).

Figure 6.8 represents the interatomic exchange interaction of the jth neighbor,
Joj» in the Fe(110) monolayer as a function of strain (g,y, &,,) [28]. Under strain-free
conditions, &, = &,, = 0.0, Jo; has a large positive value, which means that the
positive exchange interaction tends to align the magnetic moment in the same
direction (i.e., ferromagnetic coupling). In contrast, Jo, shows a small negative
value, meaning that the interaction from the second neighbor aligns the magnetic
moment in the opposite direction (i.e., antiferromagnetic coupling). Jy; is positive
(FM coupling), but its magnitude is one order of magnitude smaller than those of
Jo1 and Jy,, indicating that the exchange interaction from the third neighbors has a
smaller influence than those from the first and second neighbors. Therefore, the FM
ground state can be stabilized by the competing exchange interaction between the
larger ferromagnetically coupled nearest neighbors and the smaller antiferromag-
netically coupled second neighbors. This trend is more remarkable under tensile
strains. Under compression, on the other hand, Jy; and Jy, decrease rapidly and the
compression therefore weakens the FM interaction and strengthens the AFM
interaction. This change destroys the original balance of Jy; and Jy, and leads to the
noncollinear SS ground state.

It is also possible to predict the critical condition for the FM-to-SS phase
transition from the exchange interaction parameters: As the transition occurs when
Ess(q) in Eq. (6.3) becomes a minimum at g # 0, the critical condition for the
transition can be given by Jo,/Jy; = —1/4 [31]. Figure 6.8c shows the FM-to-SS
magnetic phase transition predicted by the critical condition based on Jy; and Jy,
(see the red line). The Jy; — Jop-dominated transition line coincides well with the
actual FM-SS transition around the isotropic strain (g, = €, = —0.1). On the other
hand, in the transition in the anisotropic strain region (., 7 &y,), they deviate from
each other. The deviation can be corrected by including three exchange parameters,
Jo1, Joz, and Jo3, represented by the blue line, which is in excellent agreement with
the actual FM-SS transition for both isotropic and anisotropic strains. This indicates
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Fig. 6.8 Interatomic exchange interactions a Jo;, b Jo, and ¢ Jo3 as functions of strains (&, €,,).
The FM-SS transition is given by the yellow line. d FM-SS transition line predicted using the
exchange parameters Jo; and Jo, (red line) and Jy1, Jop, and Jo3 (blue line). The black dashed line
shows the actual FM-SS transition directly calculated from ab initio calculations. Reprinted with
permission from Ref. [28]. Copyright 2012 by American Physical Society

that the FM-to-SS phase transition under the isotropic strain is dominated by the
exchange interaction of the first and second neighbors, while the long-range
interaction from the third neighbors becomes critical for the transition under ani-
sotropic strain. As a whole, even the ultimate monolayer system can be understood
and modeled by considering the exchange interactions, which will help to predict
the unconventional phase transition in low-dimensional system.
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6.3 Nanowire, Nanotube, and Atomic Chain:
One-Dimensional Structure

6.3.1 Nanowires

Nanowires are one of the typical samples of one-dimensional ferromagnetic
nanostructures. The nanowires are surrounded by surfaces, and in particular, the
edge of nanowires is expected to lead to a much less coordination number and
resulting strong effect of low dimensionality than the thin-film geometry. Here, we
review the magnetic properties of nanowires by focusing on the influence of edges.
Figure 6.9 shows the distribution of local magnetic moments and bond length in an
iron nanowire with a 3 x 3 unit-cell cross section [32]. The edge of the nanowire
exhibits the highest magnetic moment of 2.83 pg (about 30% larger with respect to
the bulk value), i.e., strong enhancement of magnetic moment. In addition, the atom
located at the edge also has the shortest bond length of 2.402 A (e.g., others are
from 2.43 to 2.46 A). Similarly, the magnetic moment at the surface area exhibits
relatively large values (2.53-2.57 pg), while the magnetic moment inside the
nanowire (2.18 pg) is almost the same as the bulk value. The effects of the edge
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Fig. 6.9 Magnetic moment distribution (in pg) and bond length (in A) in 3 x 3 iron nanowire.
The top right quarter of the nanowire is presented. Total d and t,,-e, decomposed electronic local
densities of states of the edge, surface, and inner atoms in the 3 x 3 nanowire. Reprinted with
permission from Ref. [32]. Copyright 2011 by American Physical Society
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thus range approximately 4 A, suggesting that the edge predominates the mag-
netism in such ultrathin nanowires.

Electronic structure can provide a detail of such enhancement at the edge.
Figure 6.9 shows the spin-polarized local electronic density of states (DOS) of the
total d and tp,-e,-decomposed states of the edge, surface, and inner atoms in the
3 x 3 nanowire [32]. For the majority spins, both the t,, and e, states are highly
occupied; i.e., both the t,, and e, states are almost equally occupied and results in
the isotropic distribution of the majority-spin density. On the other hand, for
minority spin, t,, is almost occupied, while e, is little occupied. This corresponds to
the directional minority-spin density distribution toward the nearest neighbors [33].
For the minority spin, the t, states of the inner atom distributed across E and
exhibits a broader bandwidth, while the t,, state of the edge atom is highly localized
around Ep, resulting in a relatively narrow bandwidth. Because the edge atom has
fewer coordination numbers, the bandwidth of the corresponding t,, states
decreases. As a result, a remarkable increase (reduction) in the number of electrons
occurs in the majority-spin (minority-spin) t,, state; i.e., the electrons of the edge
atom change from minority-spin t;, to majority-spin tp, states. Therefore, this
charge transfer enhances the magnetic moment at the edge.

The magnetic ground state of bulk iron is FM, but changes to AFM when the
tensile strain is applied around 0.2 due to the bce—fcc transition along the Bain’s
path. On the other hand, the nanowire keeps FM under high tensile strain without
such FM-to-AFM magnetic phase transition. To see structure—magnetic relation-
ship, Fig. 6.10a, b shows the tetragonality of the lattice ¢/a and magnetic moments,
respectively, around the edge, surface, and inner atoms, and in the FM 3 x 3
nanowire as a function of axial strain €, [32]. The lattice tetragonality is almost
¢/a =1 (i.e., bcc) when no strain is applied, while an abrupt increase in the lattice
tetragonality can be seen at ¢, = 0.30 in which ¢/a is almost v2 (i.e., fcc). At this
straining point, the magnetic moments decrease dramatically. This suggests that the
sharp reduction in the magnetic moment is due to the structural transition. On the
other hand, even at the critical strain, the magnetic moment at the edge remains
constant. Therefore, the edge of nanowires always keeps the FM phase and the high
magnetic moment even under a high strain.

6.3.2 Nanotubes

Another important and exotic 1D nanostructure of transition metal is helical nan-
otubes. Since the surprising fabrication of a single-walled helical gold nanotube
with a smaller diameter of 0.4 nm [34], such single-walled helical nanotubes have
been studied both experimentally and theoretically for various metals as well as Au
[35-38]. Such ultrathin nanotubes exhibit unique properties arising from the helical
shell geometry, including quantum ballistic conductance, superplasticity, and
helical conduction channels [38—40]. Due to the novelty, here we review the
magnetic properties of single-walled helical nanotubes.



156 6 Magnetism in Nanostructures
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Geometrical characteristics of nanotubes can be uniquely described by a chiral
vector: Fig. 6.11a shows the chiral structure of iron single-walled nanotubes
(SWNTs) [41]. The FeSWNTs can be considered by rolling up an iron monolayer.
The circumferential configuration of a SWNT can be described by the chiral vector,
Cv =my + nyy = (m, n), where a; and a, are the primitive translation lattice
vectors of the two-dimensional lattice. All independent configurations are repre-
sented by the chiral vectors within the irreducible range surrounded by the lines of
m=2n and m = n.

Structural and energetics characteristics of SWNTs are shown in Fig. 6.11b [41].
One can find local minima in the total energy curve at the (4, 2), (5, 3), and (6, 3)
SWNTs, which correspond to long-lived stable configurations in a freestanding
condition [38]. On the other hand, the stability under a tip-suspended condition can
be evaluated by a string tension concept f, which can be defined as the work needed
to extract a nanotube out of the counterpart bulk metal, f = (F — Nw)/L, [36], where
1 is the chemical potential of the bulk iron and F is the free energy of a nanotube.
The string tension fentirely increases with respect to the radius (see Fig. 6.11c), but
a small drop can be found at the (4, 2), (5, 3), and (6, 3) configurations. The minima
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Fig. 6.11 a Chiral vector Cv
on the two-dimensional lattice
of the iron monolayer and
atomic configurations of (m,
n) FeSWNTs. b Total energy
and c string tension f as a
function of radius

R. Reprinted with the
permission from Ref. [41].
Copyright 2013 American
Chemical Society
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signify a long-lived “magic” structure under the tip-suspended condition, as has
been shown for Au(5, 3) single-walled nanotubes [38]. As a whole, the (4, 2), (5, 3),
and (6, 3) FeSSWNTs are expected to be experimentally observed in a freestanding
and a tip-suspended conditions.

These stable “magic” FeSWNTs also exhibit unique magnetic properties.
Figure 6.12a shows the spin-spiral (SS) energy, AEss—gm = Ess — Erm, as a
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Fig. 6.12 a Spin-spiral

(SS) excitation energy,
AEss-pm = Ess — Epm, s a
function of wave vector g..

b Electronic density of states
(DOS) and band structures of
the “magic” (6, 3) and (5, 3)
FeSWNTs. The red and blue
lines indicate the up
(majority) and down
(minority) spins, respectively.
¢ Squared wave function of
the states at the Fermi level,
the states (i) and (ii) for (6, 3),
and the states (iii) and (iv) for
(5, 3), indicating the helical
current channels. Reprinted
with the permission from Ref.
[41]. Copyright 2013
American Chemical Society
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function of the SS wave vector g, [41], where Egs and Epy are the total energies of
the SWNT with a nonzero SS wave vector (g, # 0) and that of the FM phase
(g; = 0), respectively. Although the flat ML (and energetically unfavorable
FeSWNTs) is simply ferromagnetic, the “magic” (6, 3) and (5, 3) FeSWNTSs show a
minimum energy at the nonzero SS wave vectors, indicating the excitation of SS
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wave, i.e., the noncollinear SS transition. This chirality dependence of formation of
FeSWNT quantum helimagnets indicates the ‘“chirally selectivity” of this phe-
nomenon. Note that the SS wavelengths of the (6, 3) and (5, 3) SWNTs are 2n/
g. = 12.83 and 13.09 A, respectively; i.e., the SS waves are incommensurate.

Such chiral-selective SS transition can be understood from the electronic point of
view: Fig. 6.12b shows the electronic density of states (DOS) and band structures of
the (6, 3) and (5, 3) FeSWNTs [41]. In the (6, 3) FeSWNT, the electronic bands
below the Fermi level are located down to lower levels through the SS transition,
while the bands above the Fermi level shift up, decreasing the Fermi energy and the
total energy of the SS state with respect to the original ferromagnetic phase. This
arises from the hybridization of the majority- and minority-spin bands via the SS
wave excitation, so that a pair of bands are repulsively pushed away [42]. As a result,
such interband repulsion via the hybridization stabilizes the noncollinear HM phase
in the FeSWNTs. It should be noted that the flat ML has so narrow bandwidth that
such hybridization of spins is less effective, which retains the ML with the FM phase.

In addition to the chirality-induced SS transition, chiral conductivity emerges:
The current transporting channels of the SS FeSWNTs are visualized in Fig. 6.12c
[41]. Some of channels form helical paths, i.e., chiral conductivity in the SS
FeSWNTs. On the other hand, no such helical channel is present in the FM (6, 3)
FeSWNT, meaning that the chiral conductivity is driven by the SS transition. This
structure—magnetic—electronic relation suggests the existence of intriguing coupling
between the chiral conductivity and helimagnetism in chiral FeSWNTs.

6.3.3 Atomic Chains

The ultimately small one-dimensional nanostructures should be atomic chains. Due
to extremely small low coordination number and high structural degrees of freedom,
the magnetic properties of atomic chains are strongly dependent on their exotic
atomic structures changing with axial strains.

To include structural degrees of freedom of atomic chains into account, the Fe
atomic chains are modeled by an ensemble of six atoms in a periodically repeated
tetragonal cell with the axial dimension ¢ along the z-axis [43]. The tension or
compression on the atomic chains was simulated by changing the height of the cell.
Figure 6.13a, b shows the atomic configuration of the chains and the binding
energies of Fe atomic chains and the average magnetic moments, respectively [43].
The atomic configurations along the height of simulation cell are also shown. Under
tensile strain (c > 14 A), a dimerization of the chain, introducing two short and
long distances, can be seen as an energetically favorable configuration. Such
dimerization with short and long bonds results in a slight reduction in the energy
and stabilization. By increasing tensile strain, such dimerization further stabilized,
and the difference between short and long bonds becomes remarkable. A slight
reduction in the magnetic moments is found due to the dimerization. Under com-
pression, on the other hand, a strong reduction in magnetic moment is found: Under
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Fig. 6.13 a Total energy and b magnetic moment in iron atomic chains with respect to axial cell
(strain). ¢ Total and partial spin-polarized DOS of iron atomic chains, in comparison with that of
bee bulk counterpart. Reprinted with permission from Ref. [43]. Copyright 2009 by American
Physical Society

the cell size within 7.0-13.5 A, the zigzag chain configuration is formed via the
gradual transformation to triangular stripes with reducing magnetic moments. This
is because the interaction among not only the nearest neighbors (one-dimensional)
but also the next nearest neighbors begins owing to the planar (two-dimensional)
geometry. With further high compression, the triangular stripe chain transforms to a
hexagonal one. The magnetic moment is higher for the atoms at the outer edge of
the stripe 2.92 pg than for the central atoms 2.67 pg. This trend is similar as found
in the nanowires (see the previous section). Finally, the atomic chain becomes
nonmagnetic s at ¢ = 4.5-6.0 A with the stripe structures. In this way, the structural
(dimensional) and magnetic degrees of freedom are strongly coupled with each
other in the atomic chains.
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The dimensionality of the atomic chain configuration corresponds to electronic
properties. The total and partial spin-polarized electronic densities of states (DOSs)
in atomic chains are shown in Fig. 6.13c [43]. In the linear atomic chain, the DOS
consists of the largest ddo bands by a d,, orbital extended in the axial direction, the
lower ddr bands by d,; and d,, orbitals, and the lowest dd6 band by d,, and d,;—,
orbitals. On the other hand, in the triangular (or hexagonal) stripe chains with a
planar geometry, the largest contribution to the bonds along the chain axis arises
from ddc bonds by a d,, orbital and ddn bonds by a d,. orbital, whereas ddo bonds
by a d,, orbital contributes to the transverse bonds. As a result, the Fermi level goes
down to the minimum of the minority states by the bonding—antibonding splitting.
This broader bandwidth due to the planar geometry results in the high magnetic
moment of 2.92 g.

It should be remarked that the most significant change of magnetism in atomic
chains was demonstrated for Mn, which exhibits various collinear and noncollinear
magnetic states even in the bulk. Figure 6.14 shows the noncollinear magnetic
structures in various local equilibrium atomic chain configurations [44]. One can

(a) 144 1ZA A
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Fig. 6.14 Atomic and magnetic structures of Mn atomic chains as a function of axial length
(strains). Reprinted with permission from Ref. [43]. Copyright 2009 by American Physical Society
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find not only collinear FM and AFM, but also noncollinear SS-, Néel-, and 3Q-type
states depending on the Mn atomic chain configurations. This suggests that the
magnetism in Mn atomic chains is much sensitive to strain. It is thus interesting to
study magnetic transitions in other transition metal atomic chains.

6.4 Atomic Cluster: Zero-Dimensional Structure

Atomic clusters are the representative of OD nanostructures. Here, magnetic
properties in atomic clusters consisting of a small number of atoms are reviewed.
Figure 6.15 shows the atomic configuration and three-dimensional magnetization
vectors in atomic clusters of Cr, (n < 5) [45]. The fully unconstrained non-
collinear magnetism calculations [46] are used to evaluate the noncollinear ground
states of atomic clusters. Conventional FM and AFM configurations are found in a
simple atom Cr; and dimer Cr,, respectively, due to no or very few structural and
magnetic degrees of freedom. On the other hand, noncollinear magnetism appears
in the atomic clusters of Cry — Crs.

The Cr; atomic cluster forms the distorted triangular atomic configuration and
exhibits the noncollinear “spiral” arrangement, as shown in the left panel of
Fig. 6.15 [45]. In general, the interatomic exchange interaction of Cr atoms is
antiferromagnetic, and this magnetic configuration can be regarded as the con-
ventional frustration of magnetic moments in the antiferromagnetic trimer. Since Cr
atoms possess a localized magnetization, its change from one direction of mag-
netization to another goes through zero magnetization like “Bloch wall.” In a
similar way, tetrahedral Cr, is also showing noncollinear configuration of magnetic
moments. The spin-spiral arrangement is found with the magnetization directions

Cr3 Crd Crs } )

Fig. 6.15 (Meta)stable atomic and magnetic configurations of atomic clusters Cr, (n < 5). The
magnetization density is visualized for Cr; — Crs atomic clusters. Reprinted with permission from
Ref. [45]. Copyright 2000 by American Physical Society
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on the neighboring atoms keeping an angle of 109.5° (see the middle panel of
Fig. 6.15 [45]). The spin-spiral configuration in Cr, originates from the frustration
of neighboring magnetic moments. In addition, this noncollinear configuration
results in large magnetic moment of 4.02 pp/atom, suggesting a strong enhance-
ment of magnetism. On the other hand, a Crs cluster forms a bipyramidal pentamer
with a ferrimagnetic ground state, but the apical atoms are spin-up while the central
triangular atoms are spin-down (see the right panel of Fig. 6.15 [45]). In this way,
the atomic clusters exhibits unique magnetic phases and orders strongly coupled
with their geometrical characteristics.

6.5 Conclusion

In this chapter, we reviewed a series of studies on magnetism from bulk to
nanostructures. In Sect. 6.1, we first introduced ferromagnetic iron being quite
sensitive to strain through the ferromagnetic to antiferromagnetic phase transition
along the deformation paths. We also briefly reviewed first-principles studies of
internal defects as a representative of understructures. All defects including grain
boundaries (2D), dislocations (1D), and vacancies (OD) locally enhance the mag-
netic properties due to its low coordination number and local strains.

After that, in Sects. 6.2-6.4, we discussed the magnetism in low-dimensional
(2D-0D) nanostructures. By the reduction of dimensionality, from bulk to nanofilm
and nanowires, the magnetic moment increases and stabilizes the ferromagnetic
states over the other magnetic states. On the other hand, in an extremely thin
geometries, such as monolayers, single-walled nanotubes, atomic chains, and
clusters, the unexpected noncollinear magnetic phases including the spin-spiral and
frustrated magnetism emerge due to their exotic atomic arrangements distinct from
the bulk counterpart. A series of studies demonstrates the great potential of
designing and controlling the unusual magnetic phase and properties through the
low-dimensional nanostructures and mechanical strains.
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Chapter 7
Multiferroic Nanostructures

Abstract Multiferroics, two or more ferroic orders such as ferroelectricity and
antiferromagnetism coexist and coupled with each other, is a tremendously fasci-
nating topic in terms of scientific interests as well as potential industrial applica-
tions. Investigations of BiFeOs, a prototypical intrinsic multiferroic material, are
introduced. The material’s sensitive response to strain, i.e., interaction between
ferroelectrics and magnetics, is exemplified. After briefly reviewing first-principles
studies on the effect of understructures, multiferroic and magnetoelastic properties
in low-dimensional nanostructures are discussed. We also present an extrinsic
(defect-induced) multiferroics with atomic-scale structures.

Keywords Multiferroicity - Magnetoelectric coupling - Multiferroic transition -
Strain effect

7.1 Multiferroicity in Bulk

7.1.1 Multiferroic Properties and Response to Strain

In previous chapters, we have already reviewed ferroelectricity and magnetism
each. These properties are, however, mutually exclusive because a formal d°
(empty) electron configuration of the transition-metal cations (e.g., Ti** in PbTiO3)
drives their positions off-center in classical ferroelectrics, while a partially filled d
state is required for magnetism [1]. This competition has prevented the realization
of intrinsic multiferroic materials for a long time.

In recent years, materials that exhibit both ferroelectricity and antiferromagnetism
have been discovered [2, 3]. These materials are called as “multiferroics.” These two
ferroic orderings not only coexist in the material, but they also strongly couple with
each other. The coupling effect is known as magnetoelectric (ME) coupling, which
enables spontaneous magnetization (polarization) to be controlled by applying an
external electric (magnetic) field [2-6]. Owing to the intriguing properties,

© Springer Japan KK 2017 165
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Fig. 7.1 Crystal structure of rhombohedral BiFeOs;. There exist FE displacement and AFD
displacement in BiFeO;. Ppyx and M,y indicate the polarization and the magnetic moment in
BiFeOs3, respectively. Reprinted with permission from Ref. [12]. Copyright 2014 by American
Physical Society

multiferroics have the potential to be used in next-generation devices, such as
multistate memory elements, transducers, sensors, and spintronics devices [7-11].

BiFeOj is a representative and prototype of multiferroics. Figure 7.1 shows the
unit cell of bulk rhombohedral (R3c) BiFeO; [12]. Mainly two types of structural
distortions are found in the BiFeO; lattice: (i) ferroelectric (FE) distortions asso-
ciated with an irreducible representation of I'* and (i) antiferrodistortive
(AFD) rotations of Og octahedra corresponding to the R** mode. The FE distortions
of bulk BiFeOj; are in the [111] direction in the figure, resulting in a spontaneous
polarization, P, in the same direction. The magnetic moments are essentially in the
rock salt antiferromagnetic (G-type AFM) order (see Mg.; and M., Fig. 7.2a) but
with a small spin-canting due to the R** mode (see Fig. 7.2b) [13]. The canting of
the magnetic moments results in a macroscopic magnetization, M, in the [2-1-1]
direction.

As reviewed in previous chapters, ferroelectricity and magnetism is quite sen-
sitive to strains, which is also true in multiferroics: Fig. 7.3 shows the spontaneous

(a) 2(11) (b)
e
N

\%41
—
M Fe2

Fig. 7.2 a Rock salt antiferromagnetic (G-type AFM) order in BiFeO;. Mg, and M., show the
magnetic moment of iron in BiFeOs5. b The spin-canting and resulting total magnetization M in
BiFeOj;. Reprinted with permission from Ref. [13]. Copyright 2005 by American Physical Society
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Fig. 7.3 Spontaneous
polarization Py, and total
magnetic moment M, as a
function of strain gf;yy; in
BiFeOs. Reprinted with
permission from Ref. [14].
Copyright 2014 by the
Society of Materials Science,
Japan
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polarization and magnetic moment as a function of strain in BiFeO; [14]. The
tensile (or compressive) strain tends to increase (or decrease) the spontaneous
polarization but decrease (or increase) magnetic moment. As a result, ferroelec-
tricity and magnetism exhibits quite opposite strain-responses. This suggests that
ferroelectricity and magnetism coexists but compete with each other in multiferroic
BiFeO;. This interaction (or competition) between two different ferroic properties
leads to distinct behaviors in nanostructures from pure ferroelectrics or magnets.

7.1.2 Multiferroic Domains and Domain Walls

Although we reviewed multiferroic properties in single-crystal and single-domain
BiFeO5; above, multiferroics, in general, consists of ferroelectric/ferromagnetic
domains, one of characteristic and representative understructures of multiferroics.
The multiferroic domains are characterized by domain walls. Here, we review the
multiferroic properties of domain walls in BiFeOs;.

Figure 7.4 shows the polarization distribution along the domain walls in BiFeO;
[15]. Since the BiFeO; is rhombohedral and its polar axis is [111], a possible
domain wall (DW) configurations are limited to 71°, 109°, and 180° walls. In all
cases, the polarization smoothly rotates from its direction across the wall with a DW
width of two or three lattice constants (approximately 1 nm). As simultaneously
shown in Fig. 7.4, macroscopic electrostatic potentials have discontinuous step due
to the polarization change at the DW, especially in 109° DW. This is quite similar
as 90° DWs in PbTiO; shown in previous chapters. Such DW characteristics are
related to structural distortions: Fig. 7.5 shows the atomic and polarization con-
figurations around DWs [15]. As clearly seen in the 71° DW, the polarization
rotation across the DW is associated with rthombohedral to pseudocubic lattice
deformations. Such lattice deformation may change the polarization rotation
smoothly at the DW and contribute to an atomically thin wall thickness.
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Fig. 7.5 Structural and polarization changes across a 71°, b 109°, and ¢ 180° domain walls in
BiFeOs;. Blue arrows represent the magnitude and orientation of the local polarization. Reprinted
with permission from Ref. [15]. Copyright 2009 by American Physical Society
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Fig. 7.6 Magnetic moment distribution across the 109° DW. Red and blue arrows represent the
local magnetic moment and polarizations, respectively, in the panel (a). ML and M| denote
normal and parallel components of magnetic moment, respectively, in the panel (b). Reprinted
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Coupled with the rotation of polarizations, magnetization also changes its
directions smoothly at the wall. Figure 7.6 shows the magnetization distribution
across the 109° DW [15]. In the domains, the magnetic moment is [11-2] on one
side and [112] on the other side of the wall as same as the bulk value. Importantly,
the spin-canting increases by 33% at the DW, corresponding to a larger Fe—O—Fe
bond angles. Again, the magnetization direction changes smoothly across the wall,
and the magnetic domain wall thickness is estimated to be about 1 nm, as same as
the ferroelectric domain wall thickness [16]. This consistency means that ferro-
electric and magnetic rotations at the DW region are coupled with each other,
leading to the formation of simultaneously “multiferroic” DWs where electric and
magnetic order changes at the same time.

7.1.3 Atomic Defects

Another important understructure in multiferroics is lattice defects such as grain
boundaries [17], dislocations [18], and atomic defects [19-21]. Here, we review the
effect of atomic vacancies on multiferroic properties.

Figure 7.7 shows the ferroelectric polarization field near an atomic vacancy V;
(i = O, Bi, and Fe) in multiferroics BiFeO; [22]. To show the intrinsic effect of a
vacancy itself, the difference of polarization field between the system including a
vacancy and perfect (defect-free) BiFeOs, AP = Pycancy — Pperfect» 18 presented.
The effect of the vacancy ranges a two-unit-cell length near the vacancy site. The
neutral Vg changes polarization field very slightly and the effect is trivial, while it
becomes remarkable when the oxygen vacancy is charged. This suggests that the
effect of charge state is quite strong. This extrinsic effect of charged V directs the
polarization outward to the vacancy site. On the other hand, the Bi vacancy drives
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Fig. 7.7 Ferroelectric polarization field a Vo, b Vp;, and ¢ Vg, in multiferroic BiFeO3. The
spontaneous polarization of 89.4 pC/cm?® in perfect BiFeOs is shown by the red arrow for
comparison. Reprinted with permission from Ref. [22]. Copyright 2016 by American Physical
Society

an isotropic and inward polarization, which is remarkable at the [111] side of the
vacancy (see Fig. 7.7b) [22]. This is opposite to the spontaneous polarization of the
BiFeO; matrix, and thereby, Vg; suppresses ferroelectricity. This extrinsic polar-
ization induced by Vj; is, however, quite insensitive to the charge state. Such trend
is also found in Vg, as shown in Fig. 7.7c [22]. Thus, the ferroelectric nature of
vacancies exhibits strong dependence on the cationic/anionic character and/or
charge state.

Atomic vacancies strongly affect the magnetic properties, as well. Figure 7.8
shows the magnetic properties of each vacancy. In the figure, the difference in the
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magnetic moments from those of perfect BiFeOs, AM = Myacancy — Mperfects 18
visualized to clarify the vacancy-driven magnetic moments [22]. From Fig. 7.8a,
neutral V locally suppresses magnetic moments of neighboring Fe atoms.
However, such effect disappears when oxygen vacancies are charged. In contrast,
Bi vacancies provide no such significant change regardless of the charge states
(Fig. 7.8b), while iron vacancies have strong influence on magnetic moments
(Fig. 7.8c). In particular, neutral Fe vacancies decrease magnetization for the three
Fe atoms neighboring to the vacancy (0.74 pg), in addition to the direct loss of an
iron atom (4.08 ). As a result, V. leads to a magnetic moment of 1.87 pg along
[10-1]. In this way, only neutral oxygen and Fe vacancies can exhibit the extrinsic
magnetic properties in addition to those of the host BiFeO; in contrast to the
ferroelectricity of vacancies shown in the previous section.

Neutral Charged

Fig. 7.8 Magnetic moment field near a Vo, b Vp;, and ¢ V. in multiferroic BiFeO3. Reprinted
with permission from Ref. [22]. Copyright 2016 by American Physical Society



172 7 Multiferroic Nanostructures
7.2 Multiferroicity in Nanostructures

7.2.1 Nanofilms and Surface Properties: Two-Dimensional
Structure

Surfaces

As two-dimensional geometry, surfaces provide intriguing properties due to low
coordinate numbers being different from those of bulk system. It is therefore
worthwhile to extensively investigate surface effects on multiferroic properties.
However, in contrast to purely ferroelectrics or magnets, there have been little
ab initio studies on surface structures and properties for multiferroics, probably due
to complexity of phenomena and difficulty in modeling the surface structures of
such low-symmetry crystal structure of BiFeOs; under periodic boundary condi-
tions, which usually applied to the DFT calculation method as was mentioned in the
previous section. As a successful example of very few studies on multiferroic
surfaces, hereafter we review BiFeO; (110) surface properties [12].

Figure 7.9 shows the spontaneous polarization P at BiFeO; (110) surfaces [12].
Due to rhombohedral crystal lattice and G-type AFM configuration of BiFeO;, the
surface layer consists of two independent unit cells (Cell A and Cell B). At the
O-terminated surface, the planar component of polarizations P, and Py is smaller
than those for the bulk and the out-of-plane P, becomes nonzero (Fig. 7.9b), while
in the bulk counterpart, P aligns purely parallel to the (110) surface, i.e., the surface
rotates spontaneous polarization (Fig. 7.9a). The rotational angle, 0, from the
original direction is 11.7°, and its direction is approximately [8-55]. Moreover,
each component of P in Cells A and B is slightly different from each other, sug-
gesting an antiferroelectric (AFE) state emerging in addition to the ferroelectric
(FE) state at the surface layer. Similarly, such polarization rotation can also be
observed in the FeO- and Bi-terminated surfaces with different angles and orders
(Fig. 7.9¢, d): 6 = 4.3° for the FeO-termination ([6-67]), and 6 = 12.0° for the
Bi-termination ([4-75]). These surface effects range from 8 to 9 layers below the
surface layer (approximately 1 nm). As a consequence, spontaneous polarization is
rotated and suppressed at the (110) surfaces due to low coordination number and
unique AFE configuration. In fact, experimental observations showed that the
spontaneous polarization of (110) BiFeO; thin films is smaller than those of bulk
[23, 24], which corresponds to theoretical results. It is also noted that the effects of
surface charges and the resulting depolarizing field should be little at BiFeO;
(110) surfaces due to the small canting of polarization. In contrast, BiFeO; thin
films with (001) or (111) surfaces are expected to possess much larger surface
charges. Thin films with these surfaces may exhibit the significant suppression of
polarization or may form polydomain configuration in order to compensate the
surface charges. This effect will be presented in the following section.
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Fig. 7.9 Polarization (a) Bulk (Inside)
P distribution in a BiFeO3
bulk, and at b O-terminated,
¢ FeO-terminated, and

d Bi-terminated surfaces.
The dashed red arrows in
b-d show the bulk
polarization for comparison.
Reprinted with permission
from Ref. [12]. Copyright (b) O—termination
2014 by American Physical .
Society

Surface
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Magnetism is also coupled to rotate at the surface in BiFeO3. Figure 7.10 shows
the magnetic moment at BiFeOs (110) surfaces [12]. In bulk BiFeOs, magnetic
moment of each iron atom MF, lies almost along the z (out-of-plane) direction with
small spin-canting (canting angle ¢: 1.0°), and the total magnetic moment, M., of
the two Fe atoms is on the x-y plane, and its direction is [1] (Fig. 7.10a). On the
other hand, the in-plane component of magnetic moment M, and M,, is several times
larger at the O-terminated surface than those for the bulk, leading to the much larger
spin-canting (canting angles ¢ of Fe A and B are 4.8° and 3.7°, respectively)
(Fig. 7.10b). Such relatively large canting of M. at the surface leads to the rotation
of total magnetization M, to [11-6]. A similar trend can be also observed at the
different surface terminations (Fig. 7.10c, d). These surface effects on the magnetic
moments diminish as the distance from the surface increases, disappearing about 11
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Fig. 7.10 a Magnetic
moment of iron atoms Mg, in
a BiFeOj; bulk, and at

b O-terminated,

¢ FeO-terminated, and

d Bi-terminated surfaces.
The dashed red arrows in
b-d show the bulk magnetic
moments for comparison.
Reprinted with permission
from Ref. [12]. Copyright
2014 by American Physical
Society
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layers beneath the surface. In such way, surfaces drive the spin-canting and rotation
of magnetic moments. As a whole, surfaces tend redirect multiferroic polarization
and moment, which is distinct from the surface characteristics observed in pure
ferroelectrics or magnetism as reviewed in previous chapters.

Nanofilms

For multiferroic thin films with a ferroic polar axis perpendicular to their surfaces,
the termination of polarization at the surface or interface generates surface charges,
which leads to the formation depolarization (or demagnetization) field that desta-
bilizes the ferroic order. The thin-film system is naturally partitioned into domains
to compensate these effects, leading to an exotic multiferroic domain configuration.
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An interesting example is a BiFeOj; ultrathin film with polar (001) surfaces. An
ultimately thin thickness of three unit cells confines and enhances the intrinsic
surface effects and depolarization, leading to a polydomain configuration.
Figure 7.11 shows the ferroelectric distribution of &g in the three-unit-cell thick
(m = 3) BiFeOj3 ultrathin film with polar (001) surfaces [25]. To achieve a very
high resolution of polarization, ferroelectric distortion 8gg is introduced for each
atomic layer,

_ [d(Bi) —d(0), (BiO layer)
ok = {d(Fe) —d(0), (FeO, ?Z;Zr) (7.1)

where d(i) is the unit-layer-averaged displacement of atom i (i = Bi, Fe, O) relative
to ideal lattice sites. The thin-film system is mainly decomposed into two domains:
[111] polarization at the left-side and [1] polarization at the right-side domains.
These domains are periodically repeated along the thin film, so that the film consists
of polydomains with a domain period of 8 unit cells. To see more details, one can
find an interesting polar order at junction of these domains: At junction A, the
direction of ferroelectric distortion gradually changes from [111] to [1] forms a pure
109° DW. On the other hand, at the opposite side of junction B, ferroelectric
distortion locally rotates with shifting its direction from [111], through [1] and
[-11-1], to [-1-11]. As a result, the film locally exhibits vortex domain structure
which consists of several 109° DWs at junction B (see Fig. 7.11b-2). Note that
such characteristic vortex structure can also be observed in the thinner films, as
well. Such a vortex-like domain configuration can also be seen in ferroelectric
PbTiO5 thin films as reviewed in the previous chapter. However, vortex character is
different from each other; vortices in BiFeO5 consist of 109° DWs, while vortices
(or closure domain) in PbTiO5 consist of 180° and 90° DWs.

Through the formation of periodic polydomain with polarization vortices,
magnetism also forms corresponding domains via multiferroic coupling.
Figure 7.12a shows the distribution of magnetic moment in the same BiFeO;
ultrathin film with eight-unit-cell domain period. As the net magnetic moment in
BiFeOs is induced by the small canting of local magnetic moment, M., of each Fe
atom from the G-type AFM order, the total magnetic moment, M.y, of the two
adjacent Fe atoms along the same y axis is also shown in Fig. 7.12b. At the middle
of the domains, M, (shown as blue arrows) has the magnitude which is no more
than 1-3 times compared to that in the bulk, and it is oriented to the similar
direction to the bulk value, meaning the bulk-like ordering of magnetization inside
of the film. In contrast, M,y near the junction of the surfaces and DWs (shown as
red arrows) is 3-9 times larger than the bulk value, and its direction differs from the
original one (e.g., the largest M,y in the left-side domain is oriented to almost
[01-4], while [2-1-1] in the bulk). This indicates that the junction of the surfaces and
DWs remarkably enhances the magnetic anisotropy. Either surface or DW alone
can cause the change of magnetization, but its effect is relatively small, as reviewed
above. In fact, M, near the 109° DWs in the bulk slightly increases by several
dozen percent, while its direction remains almost the same as the middle of domains
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Fig. 7.11 a Distribution of ferroelectric distortion in the three-unit-cell thick BiFeO; ultrathin film
with favorable domain period of eight unit cells. b Schematic illustration of domain structure in the
film. Arrows indicate the ferroelectric distortions [25]
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Fig. 7.12 a Distribution of local magnetic moment, Mg, of each Fe atom and b total magnetic
moment M, over the two adjacent Fe atoms along the y axis in the three-unit-cell thick BiFeO3
ultrathin film with favorable domain period of eight unit cells. Green and blue arrows indicate Mg,
and M., respectively (M, of which magnitude is more than triple compared to that in the bulk is
shown as red arrows) [25]

in the bulk [15, 26]. The (110) surfaces without any DWs notably induce the
change of the direction of My, but its magnitude is not so much different [25].
These facts suggest that the coupling of outer geometry (surfaces) and under-

structure (DWs) synergistically affects the magnetic order in the BiFeOj ultrathin
films.

7.2.2 Nanowires: One-Dimensional Structure

Multiferroic nanowires have drawn much attention as a one-dimensional nanos-
tructure. Nanowires with perovskite structure usually possess a sharp edge where
two surfaces with different orientation meet with each other at the end [27]. Due to
the further change in coordination number at BiFeO; edges and low-dimensionality,
both atomistic structure and electronic structure are expected to differ from those of
the bulk or surface, leading to unique multiferroic properties. In recent years,
multiferroic BiFeO3 nanowires with a diameter of 8—10 nm have been fabricated
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[28], and smaller nanowires with several lattice spacings are anticipated in the near
future. Such ultrathin nanowires have the extremely high ratio of edges with respect
to the entire volume. Thus, multiferroicity in the nanowires could be predominantly
governed by the edge and surface interactions. Moreover, polarization which is
normal to surfaces gives rise to surface charges and the resulting depolarizing field
as shown in previous sections, which also leads to the disarrangement of the ferroic
field. Since the nanowires are surrounded by surfaces with different orientation,
such an effect can become more remarkable than that of the surface. Besides, the
drastic change in magnetization in the nanowires can be accompanied by that in the
polarization due to the interaction between the two ferroic orderings. Here, we
review multiferroic properties in ultrathin BiFeO3; nanowires with edge structure
consisting of (100) and (010) surfaces.

Figure 7.13 shows the polarization distribution in the BiFeO3; nanowire with a
cross section of 4 x 4 unit cells [25]. Although the BiFeO5; bulk exhibits the
polarization along [111], the polarization in the nanowire lies along its surfaces,
which results in the in-plane vortex-like structure in the -circumferential
(cross-sectional) direction (see Fig. 7.13b). To evaluate the strength of this polar-
ization vortex, the toroidal moment Gy, is introduced with a formulation of

1
Gpol = Vzri X PiAVi> (72)

where index i denotes each perovskite unit cell, r; is the position vector from the
central axis to the center of unit cell i, P; is the local polarization, AV is the volume,
and V is the total volume of the wire. G, in the nanowire with a cross section of
4 x 4 unit cells is evaluated to be (0, 0, —0.234) e/A. This also demonstrates that
the nanowire has the large in-plane polarization vortex in the circumferential
direction. On the other hand, the nanowire simultaneously possesses the axial
polarization component as shown in Fig. 7.13c. Averaged polarization P, as a
representative of the axial polarization is written as

1
P, = VZP,-ZAVi, (7.3)

where P;, is the z-component of polarization in i unit cell. P, is 48.7 pC/cm? in the
nanowire with a cross section of 4 x 4 unit cells, which reinforce the fact that there
left a nontrivial axial polarization. Owing to the superposition of the circumferential
and the axial components of the polarization, the BiFeO3; nanowire has the spiral
polarization. Chirality of the spiral in this nanowire is left-handed. Such spiral
structure of polarization cannot be obtained in nanowires of other ferroelectric
perovskite oxides. For the conventional ferroelectric PbTiO; nanowires with the
same (100) surfaces, for example, the polarization lies only along the axial direction
[29]. Thus, the spiral structure of polarization can be referred to as the unique
characteristic of multiferroic BiFeO; nanowires.
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Coupled with the formation of spiral polarization in ferroelectric phase of the
multiferroic nanowires, magnetism also exhibits a spiral character. Figure 7.14
shows the magnetic moment distribution in the BiFeO; nanowire with a cross
section of 4 x 4 unit cells [25]. As shown in the Fig. 7.14c, the nanowire exhibits
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Fig. 7.14 Distribution of a local magnetic moment Mg, of each Fe atom, b—d total magnetic
moment M, of two adjacent Fe atoms along the z axis, and e magnitude of M, in the BiFeO3
nanowire with a cross section of the 4 x 4 unit cells. My and M, indicate the components of M, in
the circumferential and the axial directions, respectively. For comparison, the total magnetic
moment in bulk BiFeOs is My, = 3.9 x 1072 pg/Fe [25]
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the complex magnetic ordering, but it creates the in-plane vortex-like structure as a
whole. In the same way as polarization vortices, the toroidal moment G,,, can be
used to quantitatively evaluate the intensity of magnetic vortices as

1
Gmag = T/Zri X M,‘AV,‘, (74)

where M; is the local magnetic moment in i unit cell. G, is evaluated to be (0, 0,
+0.26) ug/A. This further convinces that the nontrivial in-plane magnetization
vortex exists in the nanowire. On the other hand, the nanowire simultaneously
exhibits the axial magnetic moment as in the Fig. 7.14d. The average axial com-
ponent M, which is formulated by

1
M, = VZ:MiZAw, (7.5)

is +0.023 pp that is comparable to the in-plane component of the magnetic vortex.
Again, the superposition of the in-plane and the axial components of the magnetic
moment results in the characteristic spiral magnetic structure, which is totally
different from the bulk where the magnetic moment is uniform in the [-1-12]
direction. Chirality of the magnetic spiral is a right-handed system, which is
opposite from that of the polarization. As a whole, the BiFeO5; nanowires exhibit
“double helix” of multiferroic order parameters with opposite chirality, like DNA.
Such double helix multiferroic polarization and moment may lead to unique
applications.

Finally, it should be remarked that, as a sequence of reducing dimensionality,
nanodots are considered as a zero-dimensional nanostructure and are expected to
have more remarkable effect of low-dimensionality. Studies on multiferroic nan-
odots have, however, not done yet and remain an exciting and promising future
work.

7.3 Extrinsic (Defect-Induced) Multiferroics in Atomic
Scales

As reviewed above, low-dimensional nanostructures provide unique and exotic
multiferroic properties including closure or vortex domains. At the same time,
increasing effect of depolarization or demagnetization field with shrinking the size
destabilizes the ferroic order in the materials, leading to a critical size where ferroic
order disappears [30]: In a thin-film geometry, for example, the critical thickness
where the system loses ferroic instability was reported to be about 2 nm [31]. For
nanodots, the critical size was also reported to be 3—-5 nm [32, 33]. These critical
sizes are inevitable so that further miniaturization and ultrahigh-density integration
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of multiferroic components in devices are physically impossible by the direct scale
of components.

In very recent years, however, a novel concept has been proposed to design
atomic-scale multiferroics, clearly beyond the physical size limit of intrinsic mul-
tiferroics, by engineering lattice defects in nonmagnetic ferroelectrics like PbTiO;
[34-36]. Hereafter, we review cutting-edge studies on extrinsic (defect-induced)
multiferroics with an atomic dimension.

7.3.1 Multiferroic Grain Boundaries with Oxygen
Vacancies

First preliminary work was motivated by an experimental observation that poly-
crystalline PbTiO5 with nanoscale grains showed very weak but dilute ferromag-
netism [37-39]. To understand the detailed origin and underlying mechanism of
this unexpected magnetism in nonmagnetic ferroelectrics, vacancies coupled with
grain boundaries are modeled using an ab initio calculations based on hybrid
Hartree—Fock density-functional theories [40].

The magnetic moments distribution around oxygen vacancies at X5 grain
boundaries (GBs) in PbTiOs5 is visualized in Fig. 7.15 [34]. Two inequivalent
oxygen vacancies due to tetragonal lattice of PbTiO; are distinguished and denoted
as Vo1 and Vg, In general, when oxygen vacancies are formed inside grains or
bulk, no spin moment emerges regardless of their charge states, and the corre-
sponding system keeps nonmagnetic as host (defect-free) PbTiO3 [41]. On the other
hand, a nonzero and nontrivial magnetic moment emerges when Vg is formed at
GB (see GB-V;; 2.0 pg). This indicates that the defect coupling of oxygen
vacancies and GBs surely causes magnetism into nonmagnetic PbTiO3;. The
emerged magnetization is highly localized at the Ti atom neighboring to the
vacancy site (see Fig. 7.15a), which formed a strong covalent bond with O1 atom in
the perfect (defect-free) 25 GB via the orbital hybridization between Ti 3d and O
2p. This suggests that the emergent magnetization arises from the unbound Ti
3d electrons due to the formation of an oxygen vacancy. In a similar way, another
oxygen vacancy of Vi, located on the GB plane exhibits nonzero magnetization, as
well, which are, however, separated and localized at the two Ti atoms neighboring
to the vacancy site (see Fig. 7.15b). These magnetic moments at the paired Ti atoms
are positive and negative each, meaning a locally antiferromagnetic configuration
(i.e., the net magnetic moment is zero). In this way, the defect interplay between
oxygen vacancies and GBs indeed induces localized magnetizations with a various
magnetic ordering such as ferromagnetic and antiferromagnetic depending on the
site of GBs.

This phenomenon tells us how to design atomic-scale multiferroics. Grain
boundaries are well known to be the trapping site of oxygen vacancies, so that the
high concentration of vacancies is expected at the GB plane. In fact, an experi-
mental observation showed that more than 30% of oxygen sites are vacant in the
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(a) Cross-sectional view perpendicular to GB P Cross-sectional view along GB plane p<«—

{b)Cmss—sectional view perpendicular to GB P de

Fig. 7.15 Spatial magnetization distribution near the a GB-Vy; and b GB-V(y,. The views from
perpendicular and parallel direction to the grain boundary (GB) are visualized in the left and right,
respectively. Isosurfaces of +0.04 and —0.04 pg/A® are visualized by yellow and green colors,
respectively. P denotes the direction of the spontaneous ferroelectric polarization. Reprinted with
the permission from Ref. [34]. Copyright 2015 American Chemical Society

perovskite oxides [42, 43]. This means that GBs covered by oxygen vacancies,
which provides magnetizations at their sites, are almost entirely spin polarization
and magnetized. Emergence magnetism is arranged in a planar way along the GB
plane coupled with ferroelectricity of host PbTiO3, allowing an O-deficient GB to
behave as a multiferroic monolayer. Clearly, such single atomic layer multiferroics
made by GBs are beyond the critical thickness of ferroics [31-33]. Therefore, this
suggests us the possibility of atomic-scale multiferroics via engineering lattice
defects.

This defect-induced magnetism can be understood from electronic and orbital
points of view. Figure 7.16a, ¢ present the spin-polarized density of states
(DOS) for the Vg, inside the grain (Bulk-V;) and at the grain boundary (GB-Vq),
respectively [34]. For the case of Bulk-V(,, there is only one electronic defect state
between the valence band maximum (VBM) and conduction band minimum
(CBM) (Fig. 7.16a), which is absent in defect-free PbTiO5. This state is intrinsic to
the formation of oxygen vacancy (so-called defect state). The defect state is located
at 2.56 eV above the VBM and unspin-polarized, which leads to simply
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right panels show the squared wave functions of vacancy states in b Bulk-V; and d GB-Vq;. The
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nonmagnetic nature of oxygen vacancies in grains or bulk. The spatial distribution
of this defect state is shown in Fig. 7.16b. The defect state is distributed between
the Bulk-V(, and the neighboring Ti atom and is contributed by a d,, orbital due to
a loss of the Ti d—O1 p hybridized bond.

In contrast to the character of Bulk-Vg, the oxygen vacancy at the GB (GB-V(,)
possesses two split defect states (i) and (ii) (Fig. 7.16c¢). The higher level state (ii) is
found at 2.43 eV above the VBM (almost the same position as that of Bulk-Vq,),
whereas the lower state (i) can be found at 1.78 eV. Each defect state is partially
occupied by a single majority (up) spin, leading to the spin polarization of the
defect states. This spin polarization gives GB-Vy, an emerging magnetic moment.
The higher state (ii) is d,, contribution, i.e., same as that in bulk, while the lower
defect state (i) is a unique d,, orbital (Fig. 7.16d). The appearance of this lower d,,,
state splits the fully occupied higher d, state of Bulk-Vy; into the two partially
occupied defect states of GB-V(y;, which leads to the spin polarization at the GB.
This new defect state is due to the symmetry breaking at the GB. The GBs break the
orbital symmetry of the original d,,-dominant defect state and allow the additional
dy, contribution. Since such structural change and the resulting orbital symmetry
break at GBs are common among GBs, a similar defect-induced ferromagnetism
can be expected in other oxygen-deficient GBs.

It should be remarked that such clear and explaining picture of defect electronic
structure cannot be obtained from normal density-functional theory calculations
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based on standard exchange—correlation functional such as local density approxi-
mation (LDA) or generalized gradient approximation (GGA). LDA or GGA pro-
vides a better structural prediction but severely underestimated band gap, which
hides the defect state into conduction bands and calculations capture the conduction
band edge instead of correct defect states [44, 45]. Due to this inaccuracy, vacancies
incorrectly show a delocalized state and no net magnetization. On the other hand,
hybrid Hartree—Fock density-functional theory used here provides an accurate band
structure with reproducing an experimental band gap, successfully providing a
correct picture of defect electronic states [34]. Therefore, the use of hybrid func-
tional method is essential for studies on lattice defects in ferroelectrics or large band
gap insulators.

7.3.2  Multiferroic Vacancies at Ferroelectric Oxide
Surfaces

The previous section shows the possibility of designing atomic-scale multiferroics
through engineering lattice defects. Surface structures also provide the similar
platform to design multiferroics in an atomic level.

Figure 7.17 shows various vacancies at (001) PbTiO5 surfaces that give rise to
magnetizations [35]. Oxygen vacancies are the most abundant and common point
defects in oxide materials, and they also provide a nonzero and nontrivial mag-
netization when they are formed at TiO,-terminated surface, which brings about
magnetism to the intrinsically nonmagnetic PbTiO3, as similarly observed at GBs.
The magnetic ordering is, however, different depending on a type of oxygen
vacancies. For Vg, the emerging positive magnetization (i.e., ferromagnetism) is
localized at the vacancy site and at the neighboring Ti atom (Fig. 7.17b) due to the
dangling bond formation by the vacancy, which breaks hybridization of the
Ti-3d and O1-2p orbitals. On the other hand, another oxygen-vacancy Vg, at the
TiO,-terminated surface provides two split magnetizations localized at the two
neighboring Ti atoms (Fig. 7.17c). These localized magnetizations are positive and
negative each, i.e., an antiferromagnetic configuration due to a superexchange
interaction of spins via indirect d—d hopping between the two equivalent Ti ions
paired by the oxygen vacancy [46]. The mechanism of this emergence of magne-
tization can be explained in the same manner as observed at GBs. As shown in
Fig. 7.18, the single defect state intrinsic to an oxygen vacancy in a crystal can be
split into two distinct states when it is formed at the surface [35]. This is due to the
surface symmetry breaking by the absence of atoms in a direction perpendicular to
the surface plane. Again, the key to induce the magnetization is symmetry breaking
of defect-state orbitals.

For cation vacancies, a similar phenomenon is observed; while the internal Vpy, is
nonmagnetic, Vp, on the PbO-terminated surface provides antiferromagnetic
magnetic moments paired at two O2 atoms neighboring to the vacancy site
(Fig. 7.17d). Although V7 is hardly observed experimentally, at most in very low
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surface, and e Vr; at the TiO,-terminated surface. The isosurfaces of +0.035 and —0.035 uB/A3 are
shown by the yellow and green colors, respectively. Reprinted with permission from Ref. [35].
Copyright 2015 by American Physical Society

concentrations, Vr; gives a net magnetic moment of 4.0 pg and ferromagnetism on
the TiO,-terminated surface; however, these magnetizations are delocalized away
from the vacancy site (Fig. 7.17¢). In this way, a surface provides an interesting
platform to give various characters and orders of magnetic moments to atomic
vacancies.
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Above, you can find the most of defect-induced magnetization highly localized
at the vacancy site, meaning the atomic-scale magnetization. Considering that these
localized magnetizations are coupled with host ferroelectricity of PbTiO3, atomic
vacancies at surfaces can be regarded as a “monoatomic” multiferroics, clearly
beyond the critical size limit of nanodots [31-33]. It is also noted that concentration
of each vacancy can be tuned by environment or growth conditions such as tem-
perature or pressure [47, 48]. This indicates that appropriate choice of fabrication
conditions allows us to control such defect-induced magnetic properties and
resulting atomic-scale multiferroicity.

Another important feature is coupling of ferroelectricity and emerged mag-
netism, i.e., magnetoelectric coupling. Figure 7.19 shows the magnetic moment
distribution of Vg, at the TiO,-terminated surface depending on various sponta-
neous polarization configurations. Initially, the localized magnetization on the
single adjacent Ti is ferromagnetic in the case of the polarization along the [001]
direction (Fig. 7.19a) [35]. When the polarization is rotated to the another [010]
polar axis, the initial ferromagnetic state changes into the antiferromagnetic state
with both the negative and positive spin moments localized at each of the two
neighboring Ti atoms (Fig. 7.19b). On the other hand, when the polarization is
switched to a direction perpendicular to the surface layer (Fig. 7.19c¢), the vacancy
transformed into a simply nonmagnetic state. As a whole, an oxygen vacancy at the
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Fig. 7.19 Magnetic configurations of oxygen-vacancy Vo, at the TiO,-terminated surface in
various ferroelectric polarization directions. Ferromagnetic, antiferromagnetic, and nonmagnetic
phase transitions with the polarization of the in-plane a [001] and b [010], and ¢ out-of-plane
directions, respectively. Reprinted with permission from Ref. [35]. Copyright 2015 by American
Physical Society

surface undergoes the ferromagnetic, antiferromagnetic, and nonmagnetic phase
transitions with a polarization switching, i.e., the existence of a nonlinear magne-
toelectric response in this multiferroic oxygen vacancy. It is also noted that in the
paraelectric phase, there is no magnetization and the system is simply nonmagnetic,
indicating that not only surface—defect interaction but also the host ferroelectricity
are both necessary to induce the magnetoelectric multiferroicity in atomic scale.

7.3.3 Strain-Induced Multiferroic Transitions

As reviewed above, a key to extrinsic multiferroicity with defect-induced mag-
netism should be an orbital symmetry breaking of defect states, leading to the split
of state and spin polarization. Considering the fact that lattice symmetry in crystals
can be distorted by mechanical strain, e.g., phase transformations triggered by
pressure or epitaxial strains. In terms of multiphysics point of view, there is a
possibility that applied strain can be also a trigger of defect-induced magnetism and
multiferroicity.

Such multiphysics behaviors have been demonstrated in epitaxial (110) PbTiO;
with oxygen vacancies. Figure 7.20a shows a magnetic phase diagram of three
inequivalent (or independent) oxygen vacancies Vo;—V3 in epitaxially strained
(110) PbTiO; films [49]. Initially, oxygen vacancies have no magnetization, and
the system remains purely ferroelectric (FE) at zero misfit strain, owing to the
unspin-polarized nature of all the oxygen vacancies. On the other hand, when the
misfit strain is applied above 0.5%, some or all of oxygen vacancies begin to be
magnetized with ferromagnetic or antiferromagnetic orders, and the epitaxially
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strained system undergoes a multiferroic phase transition. Similar phenomena can
be also observed under relatively high compression (below 1.8%). In addition, these
emerging multiferroic phases exhibit magnetoelectric effects as well. Figure 7.20b
presents the magnetic phase transitions of an oxygen-vacancy Vg, at a strain of
€ = 3.0% before and after polarization switching from [100] to [010] [49]. Via the
switching, the vacancy Vg, exhibits a rapid change of magnetic moment and its
ordering from ferromagnetic and antiferromagnetic configurations. This means the
defect-mediated magnetism can be electrically controlled by applying electric field,
and as a consequence, the oxygen vacancy shows the ME effect in epitaxial
(110) PbTiOs. In a similar way, a magnetic phase transition from ferromagnetism to
nonmagnetism can be possible under compression (below 1.8%), and the coincident
ME coupling is also present. These suggest another strategy for design of multi-
ferroics by engineering defect—strain interaction. In fact, the epitaxial strain con-
sidered here (—4 to 4%) is practically feasible by the use of common perovskite
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Fig. 7.20 a Multiferroic and magnetoelectric phase diagram in epitaxially strained (110) PbTiOs3.
The lattice parameters for some candidate substrates, viz., LaAlO3 (LAO), NdGaO; (NGO),
StTiO3 (STO), DyScO3; (DSO), GdScO3; (GSO), NdScO3 (NSO), and LaScO; (LSO), are also
shown. b Magnetic phase transition of Vg, via polarization switching in the triclinic phase.
Reprinted with permission from Ref. [49]. Copyright 2015 by American Physical Society
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substrates, such as LaAlO3;, NdGaOs, SrTiO3, NdScOs3, and LaScO5 [50, 51], as
also shown in Fig. 7.20a.

In addition, the mobile nature of oxygen vacancies can provide a control of MF
and ME properties in terms of their concentration and distribution [52-56]. This
concept makes it possible to spatially modulate the multiferroic properties via
oxygen-vacancy engineering; e.g., the migration and diffusion of oxygen vacancies
with an external electric field [54] makes it possible to design functionally graded
multiferroics by concentration gradient of vacancies.

7.4 Conclusion

In this chapter, we reviewed a series of studies on intrinsic multiferroics such as
BiFeO; from bulk to nanostructures. In Sect. 7.1, we first introduced multiferroicity
and their coupling (i.e., magnetoelectric effect) in BiFeO; and their sensitive
response to strain through ferroelectric and magnetic interactions. We also briefly
reviewed first-principles studies on the effect of understructures of multiferroic
domain morphology and lattice defects.

After that, in Sect. 7.2, we discussed the multiferroic and magnetoelectric
properties in low-dimensional nanostructures. By the reduction of dimensionality,
ferroelectric polarization and magnetic moment form an interesting and unusual
domain configuration such as closure, vortex, and spiral forms through interaction
of geometry and multiferroicity.

In Sect. 7.3, extrinsic multiferroics with atomic scale were discussed by engi-
neering lattice defects. Beyond the physical size limit of ferroic orders, interactions
of lattice defects and/or strains successfully provide a platform to fabricate an
atomic-scale multiferroics. Such a new material design concept will provide a
promising avenue for multifunctional oxides at atomic scales.
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Chapter 8
Ferroic Nanometamaterials
and Composites

Abstract Metamaterials, which possess artificially designed lattice-shaped internal
structures, gain remarkably increasing attention owing to their unique, controllable,
and often unprecedented properties. We review a series of pioneering studies
on ferroelectric nanometamaterials and nanocomposites. After introducing the
methodology of the phase-field model, we discuss domain configurations in
nanometamaterials. Then, recent investigations of multiferroic (ferroelectric/
ferromagnetic) nanocomposites are reviewed.

Keywords Metamaterial - Phase-field model - Ferroic - Ferroelectrics
Nanocomposite

8.1 Ferroic Nanometamaterials from Phase-Field
Modeling

Metamaterials, which include an artificially designed lattice-shaped internal struc-
ture inside, are rapidly appearing at the cutting edge and frontier of current science
and engineering due to their unique, controllable, and often unprecedented prop-
erties, which originate from periodic arrangements of rationally designed structures
rather than from the intrinsic properties of the host constituents. From the beginning
to realize negative refraction just over a decade ago [1, 2], the metamaterial concept
rapidly covers a broader field of not only electromagnetics or optics [3—8] but also
other properties such as mechanical and electromechanical properties [9—13]. In this
way, the metamaterial concept is still expanding and broadening its coverage of
fields, and a new class of metamaterials is further expected to appear.

As shown in previous chapters, ferroic properties are quite sensitive to dimen-
sion and geometry of materials and forms a unique polar configurations at the
nanoscale dimensions such as polarization vortices. Considering the fact that the
nanometamaterials can be regarded as a combination of nanoscale components with
various shapes (i.e., accommodation of a hierarchical nanostructure), ferroelectric
nanometamaterials provide a promising platform to design a plethora of unique
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polar configurations with complex domain patterns due to the dual advantages of
variable length-scale and dimensionality distinct from the counterpart of the bulk or
simple nanocomponent. Therefore, the ferroic metamaterials are promising for the
advance of nanoscale ferroelectricity or multiferroicity.

Along the stream, very recently, a first attempt has been made to extend the
metamaterial concept to ferroelectrics or multiferroics fields [14-16]. To capture
their hierarchical polar and magnetic configurations in different length scales, not an
ab initio approach but a phase-field method based on Landau free energy theory is
used to study. In this chapter, we first introduce the methodology of phase-field
modeling of ferroelectrics and multiferroics, and review the recent attempt on fer-
roic metamaterials.

8.1.1 Phase-Field Modeling of Ferroelectrics

The mechanical and ferroelectric behaviors in a ferroelectric system can be simu-
lated using real-space phase-field modeling based on the Ginzburg-Landau theory
[17, 18]. The phase-field modeling achieves self-consistency of the electrostatic and
elastic interactions, which is essential to describe the electric and mechanical
behavior near a crack tip. In the phase-field model of ferroelectric materials, the
polarization vector P = (P, P,, P3) is taken as the order parameter to describe the
free energies of ferroelectric systems. The total free energy of the ferroelectric
system F can be described by

F= /de = / (fLand +f;grad +felas +fcoup +felec)dva (81)
\4 \4

where f, fiands ferads Jelass Jeoup» and felec denote the total free energy density, the
Landau energy density, the gradient energy density, the elastic energy density, the
coupling energy density, and the electrostatic energy density, respectively. V is the
entire volume of the ferroelectric system.

The Landau energy density is expressed by a six-order polynomial of the
spontaneous polarization [19] as

fiana = 01 (P} + P53+ P3) + a1 (P} + Py + P3)
+ 012 (P1P; + P3P5 + P3PY) + oy (P§ + P§ + PS)
+ou12 [P} (P3 + P3) + P3 (P} + P3) + P3 (P} + P3)]
+ o3P P3PS

(8.2)

where o is the dielectric stiffness, and o1, o012, %111, %12, and &3 are higher-order
dielectric stiffness. The dielectric stiffness o; is given a linear temperature depen-
dence based on the Curie—Weiss law:
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a = (T = Ty)/2x0Co, (8.3)
where T and T, denote the temperature and the Curie—Weiss temperature, respec-

tively, Cy denotes the Curie constant, and x is the dielectric constant of a vacuum.
The gradient energy density [20, 21] in the second term of Eq. (8.1) is given by

1
Jerad = = Gy (P%,l +P§72 +P§13> + G12(P1.1P2,2 +PyoP33 +P3,3P1,1)

2
1

+ §G44 [(Pl,z +P2,1)2 + (P2,3 +P3,2)2 + (P1,3 +P3,1)2} (8.4)
1

+ EG:M[(PIJ - P2,1)2+ (P23 — P3,2)2+ (P31 — Pl,S)Z}a

where Gy, G2, G4, and G, are the gradient energy coefficients, and P;;j = 9P;/dx;
denotes the derivative of the ith component of the polarization vector P;, with
respect to the jth coordinate x;, and 7, j = 1, 2, 3. The gradient energy represents the
energy penalty for inhomogeneous spatial distribution of the polarization in a fer-
roelectric system, such as domain walls. The elastic energy density is a pure
mechanical strain energy:

1
Selas = 5011 (8%1 + 852 + 853) +ciz(er162 + 0633 + €33611) (8.5)

+2caa (6], + 83+ 83),

where ¢y, ¢j2, and cy4 are the elastic constants, and ¢; is the elastic strain. The
fourth term of Eq. (8.1) represents the energy density of piezoelectric coupling
between the spontaneous polarization and mechanical strain and is given by
[20, 21]

Seowp = —q11 (811P% +enP3+ 6331’%)
— 212 [e11 (P3 + P3) + &2 (P} + P3) + e33 (P} + P3)] (8.6)
— 2qu4(e12P1 Py + €13P1P3 + 3P, P3),

where g1, q12, and qu4 are electrostrictive constants. The electrostatic energy
density, which is obtained through Legendre transformation, is expressed as

1
félec:—EKC(E%'FE%—FE%) —E1P1—E2P2—E3P3, (87)

where E; is the electric field due to the electrostatic potential distribution.

The temporal evolution of the spontaneous polarization field, and thereby the
domain structure evolution, is described by the time-dependent nonlinear
Ginzburg-Landau equation:



196 8 Ferroic Nanometamaterials and Composites

C')P,-(r, l) _ oF
o _Lap,-(n 1)’ (88)

where L is the kinetic coefficient, ¢ denotes time and r = (x, x,, x3) is the spatial
vector. OF/OP{(r, t) represents the thermodynamic driving force for the spatial and
temporal evolution of the ferroelectric system. Neglecting the body force in the
materials, the mechanical equilibrium equation and the Gauss’s equation are

0 (OF

and

0 oF
() 510

Using the variation or principle of virtual work, the weak form (or integral form) of
the governing equation can be obtained as [20, 21]

of of OP; of of .
0¢;i OE; OP; + ——6P;; OP;|dV
/ [881;,- S g M T e T ap, 0 T

of
= / |:li514i — (l)&(b + (Wﬁjn]) 5Pi:| dA,
N

in which ¢ is the surface traction, w is the surface charge, and (9f/9P;) n; is the
surface gradient flux. One can obtain the time evolution of polarization in ferro-
electrics by numerically solving this equation, e.g., the Newton iteration method is
used to solve the nonlinear equations and the Euler backward method is used for the
time integration in the simulation. The phase-field method is often used to study the
behavior of nanoscale ferroelectrics [22-28].

(8.11)

8.1.2 Phase-field Modeling of Ferromagnetic Systems

In the phase-field model of ferromagnetic materials, the local magnetization
M = (M, M», M5) is used as an order parameter to describe the evolution of domain
structures [29]. The stable magnetization configuration is determined by the min-
imization of the total free energy of the materials. In general, the total free energy of
ferromagnetic material includes the magnetocrystalline anisotropy energy,
exchange energy, elastic energy, and magnetostatic energy. The magnetocrystalline
anisotropy energy is dependent on the orientation of magnetization. For a cubic
crystal, it can be expressed as
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K1 K2
funis = (M?M3 + MIM3 + M3M3) + 7 (MIM3AM3), (8.12)
S S

where K| and K, are the magnetocrystalline anisotropy constants, and Mg is the
magnitude of saturation magnetization. The exchange energy is a penalty for the
spatially inhomogeneous distribution of magnetization in the ferromagnetic mate-
rials. It is a function of magnetization derivatives as

A
Jexeh = W( 12,1 +M12,2 "‘M%s +M§,1 "'M%,z +M§,3 +M§,1 "‘M;z +M32’3),
S

(8.13)

where A is the exchange stiffness constant.

Due to the magnetostriction effect, the magnetization distribution depends on the
deformation in the ferromagnetic materials. Therefore, the elastic energy should be
considered in the total free energy. The elastic energy includes the pure elastic
energy and the coupling energy between the magnetization and strain, which is
given by

1 T )
Selas = Scu (67, + &5, +653) +cra(en1622 + €22633 + €11633)

+2ca(efy + 33 +e13)

—3/1 8.14
_ 1020 (Cll — 012)(811M12 + 822M§ + 833M32> ( )
2M;
6
- Mlzll caa(e1aM My + e3MaM3 + e13M 1 M3),
S

where ¢y, 1o, and c44 are the elastic constants, Agg and A ;; are the magne-
tostrictive constants, and g; are the strain components. The magnetostatic energy is
related to the external magnetic field and demagnetization field. It has the form as

1
Jrmag = 75:“0(H12 + H; + H3) — po(HiMy + HyM, + H3M3), (8.15)

where p is the permeability of the vacuum and H; are the components of the
magnetic field in the materials.

It should be noted that the energy forms in Eqgs. (8.12)—(8.15) are valid only
when the temperature is far below the Curie point. In such case, it is usually
assumed that the magnitude of the magnetization vector equals the saturation
magnetization Ms, i.e., M? + M3 + M3 = M3. As a result, the evolution of the
domain structures only depends on the change of the orientation of magnetization.
This assumption is widely adopted in most micromagnetic models in the literature
[30]. But the constraint of M% + M% + M% = Mé usually requires special techniques
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in the numerical solutions to the governing equations. To replace the constraint of
M} + M3 + M3 = M3, the following energy is added to the total free energy

feons = As(M — Ms)?, (8.16)

where M is the magnitude of magnetization, and Ag is the constraint energy
coefficient. When the magnitude of magnetization vector deviates from the Mg, it
provides an energy penalty. The penalty energy can keep the magnetization mag-
nitude close to Mg, which has certain physical ground [31]. The total free energy
density in the materials should be the summation of all the energy terms in
Egs. (8.12)-(8.16) as

f :fanis "f‘f;:xch +f;:1as +fmag +ﬂ0ns- (817)

Based on the total free energy, the following time-dependent Ginzburg—Landau
(TDGL) equation [17, 18] is employed to describe the evolution of magnetization

OM(r,t) OoF
o LcSM(r,t)’ (8.18)

where L is the kinetic coefficient and F = [fdv is the total free energy of the
system. Neglecting the body force in the materials, the mechanical equilibrium
equation and the Maxwell’s equation are

0 (OF

and

o ( OF
o <— 8Hl~) = 0. (8.20)

To solve the above partial differential equations, a 3D finite element method is
employed. Ignoring the detailed derivation, the weak form for the 3D finite element
method reads

/8—F5~+6—F5H-+ aMi+LaF 5M<+L6—F§M~d
e, 7 o O Cae T am ) am, M|

OF
= / [tiéui — Bn5¢ + <W1J nj) 5MI:| ds,
N

in which #; is the traction on the surface, u; are the mechanical displacements, ¢ is a
scalar magnetic potential, B, is the normal component of the magnetic induction,
and (9F/9M;;) n; is the gradient flux of magnetization on the surface. For the finite

(8.21)
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element solution of Eq. (8.21), the eight-node brick element is employed in the
space discretization. There are seven degrees of freedom at each node, which are
three displacement components, one magnetic potential component, and three
magnetization components. The Newton iteration method is employed to solve the
nonlinear equations, and the Euler backward method is used for the time integration
in the simulation. The phase-field method is often used to study the behavior of
nanoscale ferromagnets [29, 32-34].

8.1.3 Phase-field Modeling of Multiferroic Composites

In the phase-field modeling of FE/FM nanocomposites, the multiferroic system is
described by two vector fields (order parameters): a polarization field P(r) and a
magnetization field M(r). The total free energy of multiferroic nanocomposite is,
then, expressed by [35, 36]

F= / [(1 - ’7)]37 + Nfin + felec +ﬁnag +felas] dv, (8.22)

Vv

where the phase factor # = 0 denotes FE phase while # = 1 shows the FM phase. f,,
denotes the sum of the Landau and gradient free energy densities, while f;, denotes
the sum of the magnetocrystalline anisotropy, exchange, and penalty free energy
densities.

In contrast to purely ferroelectric or ferromagnetic systems, electric polarization
and magnetic moment in multiferroic composites interact with each other via the
interfacial strain between FE and FM materials through electrostrictive and mag-
netostrictive effects (Fig. 8.1a), the electric field generated FE phase (Fig. 8.1b),
and the magnetic field generated by FM phase (Fig. 8.1c). To include these effects,
the total free energy of multiferroic system contains the contributions of the elastic
free energy densities including the electrostrictive and magnetostrictive effects,
JSelast €lectrostatic and magnetostatic free energy densities, feec and fiag.

In detail, the elastic energy density of the system, f .5, can be expressed as

Setas = il — 83)(«%1 — &), (8.23)

where ¢;; is the total strain, sg is the stress-free strain due to the electrostrictive effect
or magnetostrictive effect, and c;;; are the elastic stiffness tensors of FE or FM
materials. In FE/FM composites, the 82- can be written as

o { 1B hon(mmy =]+ (1 QPP (=)

&j LN
’ ’1(%7»111mimj) +(1— ”)QijklPkPl (i#))
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Fig. 8.1 Schematic illustration of interactions in the multiferroic composite among polarization
P and magnetization M. a Interaction between polarization P and magnetization M via interface
strain €. b Interaction between polarization P in each of the ferroelectrics via electric field
E. c Interaction between magnetization M in each of the ferromagnetics via magnetic field H. Red
and blue areas indicate ferroelectrics and ferromagnetics, respectively

where Q,;; are the electrostrictive coefficients and 4,09 and Z;;; are the magne-
tostrictive constants.

The simultaneous evolution of the polarization and magnetization fields toward
their thermodynamic equilibrium distributions is driven by the decrease of total free
energy in the multiferroic nanocomposite system, which is described the
time-dependent Ginzburg—Landau (TDGL) equations,

8P,-(x, l) . oF
o ~Lre OP;(x,1)’ (8:25)
aM,'(X, l) — Lpu oF (826)

ot OM;(x,1)’
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where Lgg and Ly, are kinetic coefficient for the time evolution of spontaneous
polarization and magnetization, respectively. In addition to the TDGL equations,
the following mechanical equilibrium equation

doy O (OF\
=5 ( a) o, (8.27)

and the Maxwell’s and Gauss equations

op;, 9 [ OF\
ox;  Ox; <_ 8El~> =0, (8:28)
OB, & [ OF\ _
o o (‘ 8_Hi> =0, (8.29)

must be simultaneously satisfied for the body force, charge, and magnetic free in the
multiferroic nanocomposites.

In order to solve the governing Egs. (8.25)—(8.29) in real space, a nonlinear
multifield coupling finite element method is employed. In the finite element
method, the governing Egs. (8.25)—(8.29) are expressed in the integral form (or
weak form) as

Of5 of SE af SH. 1 OP; af 5P af 5P
/ Oslj ij OE; i OH; i (L,—.E ot DP,-) i 6P,v‘,- ij

of of
- / {’i‘”‘f — wodp — Budpy + (E)Ti.jnj> OP; + ( oM, n,-) 5M,-}ds,
S

where #; is the surface traction, u; is the mechanical displacement, w denotes surface
charge, ¢p is electrostatic potential, B, is the normal component of the magnetic
induction, ¢ is a scalar magnetic potential, and n; denotes the components of
normal unit vector of surfaces.

(8.30)

8.2 Nanometamaterials of Ferroelectrics

8.2.1 Unusual Domain Patterning in Nanometamaterials

As a preliminary work on ferroelectric nanometamaterials, two-dimensional (2D)
nanometamaterials based on the Archimedean lattice concept are modeled to study
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their ferroelectric properties [14]. Archimedean lattices proposed by Kepler are
defined as a plane consisting of regular polygons in which all vertices are con-
necting each other. In 2D, there are 11 Archimedean lattices: Three Archimedean
lattices consist of a specific polygon (squares, triangles, or hexagons), and eight
Archimedean lattices consist of the combination of two or more different polygons,
which gives rise to further complicated internal structures and resulting polarization
configuration as follows:

In the square, honeycomb, and triangular specimens, spontaneous polarizations
orient along the lattice and form a rectilinear or single domain in each lattice, as
shown in Fig. 8.2a—c. The single domain of polarization is formed to decrease
overall electrostatic energy through elimination or reduction of the depolarization
fields at free surfaces. At lattice junctions, polarizations gradually change their
orientations to connect all single domains and flow smoothly with a head-to-tail
polarization. Such a continuous flow of polarization stabilizes the system by min-
imizing the gradient term of free energy and become energetically favorable in
square, honeycomb, and triangular metamaterials.

In the SrCuBO, Star, and CaVO metamaterials, on the other hand, spontaneous
polarizations in some lattices terminate the continuous connection and then curl
their orientation to form microvortices while others form a single domain and make
a continuous connection of single domains at the lattice junctions, as shown in
Fig. 8.2d-f, respectively. The coexistence of microvortex and single domain
exhibits an unusual polarization pattern and characterizes for the domain structure
of SrCuBO, Star, and CaVO metamaterials.

Single domains are formed in the Bounce and Kagome metamaterials as shown
in Fig. 8.2g-h, similar to the square, honeycomb, and triangular metamaterials. But,
in these metamaterials, the single-domain polarization in each lattice consists a
mesoscale flux-closure configurations as indicated by a black circular arrows, i.e.,
formation of a polarization mesovortex. Differing from the conventional polariza-
tion vortices in ferroelectric nanodots [37], this mesovortex lacks the vortex core,
which provides locally high energy due to mismatch of mechanical and electric
fields. The elimination of the energetically unfavorable vortex core may stabilize
the mesovortex configuration [14].

The most complicated and exotic polarization patterns can be found in the
respective trellis, maple-leaf, and SHD metamaterials (see Fig. 8.2i-k). Here, the
polarization micro- and mesovortex simultaneously appears in these systems with
two different length scales, i.e., the formation of hierarchical vortices. As a result of
the coexistence of hierarchical rectilinear, micro- and mesovortex polarizations, this
class of metamaterials simultaneously exhibits both the order parameters of
polarization and toroidal moments.

In this way, the geometry of nanometamaterials provides a plethora of inter-
esting domain configurations that differ from those observed in a simple nanoscale
component. Although this pioneering study demonstrates a lot of possibilities of
ferroelectric metamaterials with 2D samples, 3D metamaterials should be more
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Fig. 8.2 Polarization distribution in ferroelectric nanometamaterials of a square, b honeycomb,
¢ triangular, d SrCuBo, e Star, f CaVo, g Bounce, h Kagome, i Trellis, j SHD, and k Maple-leaf
specimens. The contour colors indicate the polarization direction. Reprinted from Ref. [15],
Copyright 2016, with permission from Elsevier

promising due to larger degrees of freedom in geometry and polar orientations.
Hence, the domain engineering via the 3D metamaterial concept is expected to
advance this field further in the near future.
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8.2.2 Tunable Polar and Toroidal Electromechanical
Properties

What is the role of unusual domain configuration appearing in ferroelectric
nanometamaterials? This is quite an important question to what the metamaterial
concept in ferroelectrics brings about in the materials science and engineering
fields.

An answer has been provided through the evaluation of piezoelectric responses
in ferroelectric metamaterials. Figure 8.3 shows the longitudinal and transverse
piezoelectric coefficients, e;; and ej,, respectively, for Archimedean-type ferro-
electric nanometamaterials [15]. Although the piezoelectric coefficient is a material
constant, one can find a variety of piezoelectric responses depending on the
geometry of nanometamaterials. This means that the metamaterial concept can
tailor and design the piezoelectric properties: In particular, most of the nanometa-
materials have positive e;; values while the Star, Bounce, and Trellis nanometa-
materials show “zero” e;; value, i.e., the absence of piezoelectric coefficient. Since
piezoelectricity is intrinsic property to all natural ferroelectric materials, the zero
piezoelectric coefficient indicates an unusual longitudinal piezoelectric response in
the artificial nanometamaterial of ferroelectric; that is, nonpiezoelectric ferro-
electrics can be designed via the metamaterial concept. Another interesting feature
can be found in the transverse piezoelectric coefficients: Although most of the
nanometamaterials possess a negative value of e;,, which is commonly observed in
homogenous ferroelectric [38, 39], the Honeycomb and Triangular metamaterials
exceptionally exhibit “positive” ej,, leading to an anomalous transverse piezo-
electric response beyond the homogeneous ferroelectrics. These unusual
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piezoelectric responses originate from the unique polar domain configuration
observed in ferroelectric nanometamaterials. Therefore, the metamaterial concept
provides a platform to tailor and design piezoelectric properties beyond the con-
ventional ferroelectrics.

As shown in the previous section, some of ferroelectric nanometamaterials
simultaneously exhibit polarization (meso- or micro-)vortices. A new order
parameter of ferrotoroidicity, “toroidal moment,” can also be introduced to char-
acterize strength of a vortex polarization [37, 40]. Although piezoelectricity, a
response of polarization with respect to mechanical strain, has been widely con-
sidered, interaction between this new order parameter of toroidal moment and
mechanical strain remains unknown.

A first attempt to characterize the response of toroidal moment in ferroelectric
metamaterials to mechanical strain, as proposed as “piezotoroidicity,” has been
made in Ref. [15]: Fig. 8.4 shows toroidal moment G3 in various nanometamate-
rials as a function of uniaxial strain &;,, where the toroidal moment can be evaluated
by

_ Zi"i X PiAVi

Gs v

(8.31)

Here, P; and AV; denote the local polarization in ith element at the position of 7;
and the volume of ith element, respectively [37]. The toroidal moment is mono-
tonically changes with increasing strain, where increasing trend is found in the
Bounce, SHD, and Maple-leaf metamaterials while the moment keeps almost
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constant value in the others. In the same manner to the piezoelectric coefficient, a
new physical quantity of “piezotoroidic coefficient” can be defined as

. 0Gs3

e er, (8.32)

Thus, the slope of Gz-¢;; corresponds to the piezotoroidic coefficient ¢§;. The
slope for remarkable Bounce, SHD and Maple-leaf metamaterials is also shown in
Fig. 8.4. The nonzero value indicates the presence of piezotoroidic effect in
Bounce, SHD and Maple-leaf nanometamaterials, and the Bounce metamaterial
shows the highest value and large piezotoroidic effects, while the rest shows zero
since Gj is suppressed due to opposite chirality of polarization vortices. Diversity of
Gs-¢;; relations and e, values means that the piezotoroidic effect strongly depends
on the geometry and resulting domain configuration in ferroelectric nanometama-
terials. Similar tendency is observed in the other piezotoroidic components [15].
Thus, a new physical quantity of “piezotoridicity” can be designed by metamaterial
concept in ferroelectrics.

8.2.3 Multiple Hysteresis Behaviors

Figure 8.5a shows spontaneous polarization configuration in nanoporous specimen
at thermodynamically equilibrium state without external field. Polarizations mostly
align along the ligament lattice and, thereby, form a rectilinear domain accom-
modated in each ligament lattice. The formed rectilinear domains connect to each
other at the lattice junctions, keeping the head-to-tail arrangement to form a con-
tinuous flow pattern. The connection preferably involves single domains in two
neighboring lattices that are jointed at the junction to maintain the head-to-tail
arrangement. This phenomenon is consistent with that observed in ferroelectric
nanometamaterial and is discussed in the previous section. As a result, a zigzag
chain of domain configuration is emerged in the ferroelectric triangular nanoporous,
i.e., the zigzag chain flow along the x; direction.

Since the triangular nanoporous structure possesses sixfold rotational symmetry
and similar to the graphene lattice configuration, there are six ways of polarization
connection to keep the zigzag chain flow through the nanoporous structure.
Figure 8.5b represents all possible stable states of spontaneous polarization, which
are named by state I to state VI. Here, the number of equilibrium spontaneous states
is increased to the structure’s rotational symmetry. In each state, single domains of
zigzag chains are contributed to flow of polarization which is specifically defined by
average polarization. The equivalent states of spontaneous polarization are distin-
guished by their average polarization direction. It can be seen that average polar-
ization possesses six symmetrical angles. The magnitude of the average polarization
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(a)

y,

1447

State IV State V State VI

Fig. 8.5 a Representation of spontaneous polarization distribution in triangular nanoporous
structure. b Six equivalent stable states of polarization and their average polarization orientation.
¢ Distribution of average polarization in six stable states [41]

and its angle respect to x; direction 0 are shown in Fig. 8.5¢c. Clearly, the average
polarization vector is mostly aligned along the symmetry axes of triangular struc-
ture, where the slight deviation of the average polarization from ideal symmetrical
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distribution is due to an effect of crystal orientation. This indicates that the internal
shape is dominant over the intrinsic ferroelectric crystalline and it is different from
common homogenous polarization distribution in which polarization direction
highly depends on crystallographic axis. This result indicates that in nanoporous
structure, pores induce multiple polar states more than the intrinsic one, and the
geometry of pore arrangement determines the number of stable states. In conse-
quence, in triangular nanoporous structure, six equivalent spontaneous states of
polarization are obtained in which the average polarization is oriented along
symmetrical axes of structure.

Due to the multiple stable states created by the nanoporous or metamaterial
concept, this porous ferroelectrics exhibit unique hysteresis behavior by the
application of electric field: Fig. 8.6a represents change of polarization with applied
electric field. In a small value of electric field, magnitude of polarization stays
almost constant. At E = 6.83 kV, magnitude of polarization is abruptly increased
with keeping a negative value. Then, polarization is slightly increasing until
E =10.06 kV. At E = 10.06 kV, the magnitude of polarization is dramatically
changed and it becomes positive. By applying a larger electric field, magnitude of
polarization is slightly increasing until the other jump in magnitude of polarization
occurs at E = 14.28 kV; however from this step, by increasing electric field more,
no significant change is happened in magnitude of positive polarization.
Considering the pattern of polarization in each of the steps shows that polarization
goes from state I to state II, then switches to state III and finally reaches to state IV
and 3-step switching is occurred. By reversing electric field direction, a similar
incident is seen and polarization goes through state V, VI, and finally state I,
hysteresis loop is thus completed as shown in Fig. 8.6a.

Given such unusual multilevel hysteresis loop in nanoporous structure, a com-
prehensive picture of 3-step hysteresis loop is provided by considering the local
switching between neighboring states at an intermediate magnitude of electric field,
at which the states I, III, V, and VI appear. As shown in 8.6b—d, an appropriate
choice of electric field path (magnitude) can achieve a small local hysteresis loop,
which can switch the intermediate state to another intermediate states, such as
I-to-II, IV-to-V. As a whole, all six possible (meta)stable configurations of the
nanoporous material can be switched by an electric field, leading to a multiple
hysteresis loops, as summarized in Fig. 8.6f. It should be noted that all six states
can be realized without electric field. According to Fig. 8.6f, six states can be
switched from one to the other and the transformation path is defined by electric
field. Neighboring states can be directly switched to each other through global loop
or local loops. Furthermore, it shows possibility of shortcut switching from one
state to its far state by means of local loop I-II-III and IV-V-VI in which it is not
necessary to pass through intermediate states to reach desired state and it can
increase the data storage and accelerate writing speed in memory devices such as
FeRAM. It suggests a new way to not only increase the storage density of ferro-
electric memory, but also freely tailor transition between states.
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8.3 Multiferroic Nanocomposites

As shown above, nanometamaterials exhibit unique and interesting domain con-
figurations depending on the geometry of internal structures. On the other hand,
nanocomposites of ferroelectrics and ferromagnets have attracted much attention
due to their large magnetoelectric effect and its significant dependence on geometry.
The FE/FM (multiferroic) nanocomposites seem to have unique ferroelectric/
ferromagnetic domain configurations, which can be engineered by the internal
structure of nanocomposites, as similar as nanometamaterials. Here, we review a
pioneering work to demonstrate the mutliferroic domain configurations in
nanocomposites.

Figure 8.7 shows polar and magnetic domains in the square-arrayed FE
(BaTiO3)/FM(CoFe,0,4) nanocomposites [16]. An ultrafine FE domain with a stripe
pattern is formed in the FE matrix. The thickness of the FE domain is approxi-
mately 10 nm. The domains elongated in the direction 45° from the x;-axis, and
inside of the ultrafine domains, a more complicated cross-hatched pattern of
superdomains is formed, especially, between two neighboring FM nanowires
(Fig. 8.7a;—a;). Such coexistence of ultrafine stripes and the cross-hatched pattern
leads to a hierarchical FE domain structure in the nanocomposite. In contrast to the
FE domains, the constituent FM nanowire forms a single magnetic domain with a
uniform magnetization direction among the neighboring nanowires. Hence, the
multiferroic nanocomposite consists of a hierarchical ultrafine FE and a single FM
domains.

Similar to nanometamaterials, these unique FE/FM domain configurations in
multiferroic composite show dependence on internal geometry of composites:
Fig. 8.8a, b shows the FE and FM domain structures in different geometry of
honeycomb- and triangular-arrayed nanocomposites, respectively. The honeycomb
array nanocomposite exhibits a cross-hatched and bubble-like patterns of ultrafine
FE domains (Fig. 8.8a) while the triangular-arrayed nanocomposite shows trian-
gular nanodomains consisting of a sparse ultranarrow bands (Fig. 8.8b). In addition,
FM domains also form a different patterns; multidomain in the honeycomb and
quasi-single domain in the triangular nanocomposites. These also indicate that the
multiferroic domain configuration in the FE/FM nanocomposites is significantly
dependent on internal geometry, meaning a possible way of designing the domain
patterns, reminiscent of nanometamaterial concepts. Such unique nanodomain
configuration in FE/FM nanocomposites provides excellent functionalities, such as
colossal magnetoelectric (ME) effect: Fig. 8.9 presents the ME coefficients for the
various nanocomposites. The nanocomposites exhibit the ME coefficients in the
order of 107°-107% s/m, which is one or two order higher than that of bulk com-
posites with the same composition [42—44]. More interestingly, the ME coefficient
also significantly depends on the internal geometry of the composites, e.g.,
triangular-arrayed nanocomposite shows the highest ME coefficient, approximately
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BaTiO3matrix Vacuum CoFe,0, nanowire  Vacuum

(b) Isolated single phase of FE matrix and FM nanowires

Fig. 8.7 Distribution of polarization and magnetization in a the two phases of the square-arrayed
multiferroic nanocomposite and b isolated single phases of the ferroelectric matrix and
ferromagnetic nanowires. The FE and FM domain variants are represented by different colors.
The small white and black arrows indicate the directions of the polarization and magnetization
vectors, respectively. Reprinted with permission from Ref. [16]. Copyright 2015, American
Institute of Physics

one order of magnitude larger than in the other nanocomposites. Such colossal ME
effect and its geometry-dependence suggests a new strategy to efficiently design
multiferroic materials.
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(a) Honeycomb array

(b) Triangular array

Fig. 8.8 Distribution of polarization and magnetization in multiferroic nanocomposites with a a
honeycomb array and b a triangular array of ferromagnetic nanowires. Reprinted with permission
from Ref. [16]. Copyright 2015, American Institute of Physics
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8.4 Conclusion

In this chapter, we reviewed pioneering studies on the next-coming ferroelectric
nanometamaterials and nanocomposites. In Sect. 8.1, we first introduced a
phase-field method that describes the ferroelectric and/or ferromagnetic domain
evolutions in such nanometamaterials or composites.

With the phase-field method introduced in Sect. 8.1, we discussed how unique
domain configurations emerge by the internal structure of metamaterials in
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Sect. 8.2. At the same time, we introduced that the unique domain configurations
designed by the nanometamaterial concept provide a new functionality that cannot
be observed in homogeneous ferroelectrics or even simple nanocomponents.

As an extension of the nanometamaterial concept, In Sect. 8.3, we review
multiferroic FE/FM nanocomposites. Not only the geometrical effects but also
ferroelectric-ferromagnetic interactions through interfacial strain give rise to more
complex domain configurations and lead to a colossal magnetoelectric effect. These
characteristics and functionalities can be further tailored by geometry of internal
structures, which is promising for the future design of ferroic properties.
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