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Abstract

The study of defects and disorder in condensed matter remains a central subject of mate-
rials science. Newly emerging experimental and theoretical techniques promote our un-
derstanding in this field, and reveal many interesting phenomena in which the atomic
picture plays a crucial role. In this thesis we present a study on the fundamental and
applied aspects of defects and disorder in industrial materials.

We consider the basic aspects of defective and disordered crystals, and discuss the struc-
tural, electronic, thermodynamic and mechanical properties of such materials. In partic-
ular, we have systematically investigated the defects in copper metal based on ab initio
calculations. The point defects, point defects interactions, stacking faults, and the grain
boundaries have been studied. Efforts are made to relate the atomistic information to
the macroscopic mechanical behavior of copper metal possessing defects. The stacking-
fault energy of copper is found to be sensitive to the change of temperature and the
presence of point defects. The atomic size effect of phosphorous is more evident for
the change of the stacking-fault energy of copper among the 3sp impurities. While the
change of the work of separation of grain boundary is found to follow the pattern of
the chemical effect. When the chemical effect dominates, the impurity enhances the co-
hesion strength of grain boundary, and vice versa. The study well explains the various
influence of the defects on the macroscopic mechanical properties of copper, including
the anomalous behaviour of phosphorous in copper.

The structure and properties of monovalent copper compounds with oxygen and/or
hydrogen were also explored. The ground-state cuprice–CuOH(s) was identified us-
ing a combined theoretical-experimental effort. The structure determined with DFT
was validated by comparison with the X-ray diffraction data obtained from the syn-
thesized material. The ground-state structure of CuOH(s) has a layered structure that
is stabilized by antiferroelectric cation ordering which, in turn, is caused by collective
electrostatic interactions. The electronic and thermodynamic properties of the cation-
ordered CuOH(s) are intimately linked to the bonding topology in this material, which
is composed of one-dimensional (folded and interlocked chains) and two-dimensional
(layers) structural units. The solid CuOH is an indirect band gap semiconductor, while
the band gap varies between 2.73 eV and 3.03 eV due to cation disorder. The hydrogen
in CuOH has little effect on the ionic nature of the Cu–O bonding relative to that in
Cu2O, but lowers the energy levels of the occupied states by giving a covalent character
to the O–H bond. The competing structures of copper hydride were also investigated.
Structure–property relationships were analyzed on this series of materials to gain fun-
damental understanding of their behaviour.

Defects and disorder are also important for understanding the structure γ-alumina. Our
calculations have confirmed that the most stable structure of γ-alumina is the defec-
tive spinel phase with disordered cation vacancies. The hydrogenated spinel phase is
also dynamically stable, but thermodynamically unstable with respect to the defective
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spinel phase and H2O, as well as relative to the defective spinel phase and Boehmite (γ-
AlO(OH)). This is in spite of the high entropy content of hydrogenated γ-alumina. Our
calculations and analysis allow us to conclude that the hydrogenated spinel structure is
only a metastable phase that forms during the decomposition of Boehmite above 753 K.
However, dehydration of the metastable phase into the ground state is expected to be a
slow process due to the low diffusion rate of H, which leaves hydrogen as a locked-in
impurity in γ-alumina under conditions of normal temperature and pressure.
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Chapter 1

Introduction

1.1 Defects and disorder in solids

There is no ideal perfect crystal in nature. Though most of materials are crystalline to
a very good extent, atom arrangements do not follow perfect crystalline patterns. The
existences of imperfect crystals with defects and disorder have their fundamental phys-
ical reasons. Defects and disorder in condensed matters exert significant influences in
atomic transport properties and mechanical properties, as well as on the crystals’ ther-
modynamic properties. Some basic defects and disorder structures in solids have been
well understood, nevertheless, many uncertanties remain there concerning the proper-
ties of more defective materials such as irradiated metals and non stoichiometric oxides
and hydroxides. This continues to provide some of the most basic challenges and to
inspire theoretical and experimental studies.

Defects must always be there above absolute zero in crystals. Even a perfect crystalline
structure is infinitely approached down to zero kelvin, the imperfections are kept due
to the relative static motion of atoms. Intrinsic defects, such as the well-known Frenkel
and Schottky point defects, arise for thermodynamic reasons, and they populate rapidly
with increasing temperature. Extrinsic defects do not require thermodynamic reasons
and are caused by impurities, for which the concentration is constant and independent
of temperature. It is the impurity concentration that determines. Extrinsic defects usu-
ally dominate at low temperatures while intrinsic defects dominates only at very high
temperatures. The cross-over temperature is determined by the defect formation energy.

It is easy to show that point defects exist above absolute zero. If we consider the free
energy, G, of a system contaning number of N atoms. The free energy change associated
with creation of one defect is gD. Then the free energy of the system with ND point
defects is

G = NDgD +Ng − Tkln{(N + ND)!/[ND!N !]}. (1.1)

1
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In equlibrium, the population of point defects shows an Arrhenius-like temperature
dependence

ND = Nexp(−gD/kT). (1.2)

Point defects can cluster in most cases as their concentration builds up. Large aggre-
gated defects and extended defects can form as a result of the diffusion and segregation
of point defects.

The term disorder designates the absence of some symmetry or correlation in a many-
particle system. In materials science, the subject of disorder in solids covers an enor-
mous range of topics varying from purely structural considerations to the relation be-
tween the disorder and the fundamental excitations of the solid. Textbook-like exam-
ples can be the melting of ice (solid-liquid transition, loss of crystalline order) [1] and
the demagnetization of iron by heating above the Curie temperature (ferromagnetic-
paramagnetic transition, loss of magnetic order) [2]. Interest in disorder in solids has
been greatly stimulated by the large number of applications that rely upon properties
attributable to the presence of defects and disorder in the materials.

Defects and disorder are correlated with the fundamental properties of materials, which
creates opportunities for materials scientists to tailor material properties into the diverse
combinations that are required by modern engineering. As we shall see in the text
of this thesis, the crystalline defects and disorder can induce dramatic changes in the
properties and hence can be harnessed for better engineering. In this thesis, we shall
identify and describe the various defects and disorder that are found in metals, oxides
and hydroxides. We shall hint at their consequences to materials behaviours to indicate
why they are worth studying and how they can be engineered for better uses.

1.2 Computer modeling of defects and disorder

The complexity and tiny scale of defects and disorder in solids often present formidable
difficulties for experimental study. Materials modeling emerges as a new scientific dis-
cipline to bridge analytical theory and experiment to describe and predict the properties
of complex systems.

The explosion in computational technology over the last few decades has empowered
the detailed simulation of complex processes at atomic level. Nowadays, computational
modeling as a method of research has become a routine part of materials science. The
reasons are obvious. First, it is in the nature of industry to seek for solutions that re-
quire minimal resources. Second, it is possible to study a single factor separately via
calculations, while experiments always present a mixture of effects. Third, peculiar and
enlightening calculations can be done in the way that no experiment can attain. New
ideas can come from materials modeling studies, which can inspire new experiments or
provide feedback to analytical theories.
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It should always be noted that assumptions and approximations are often made in ma-
terials modeling, so the modeling results must always be tested against the hard facts
of what is known about real materials.

1.3 Defects and disorder associated with industrial appli-
cations

It is the properties of defects and disorder in materials that make materials interesting
and useful for industrial applications. Irradiation by high energy electromagnetic rays
or particle beams (electron, proton, neutron, or ion beams) can lead to both ionization
and atomic displacements. The latter obviously result in the creation of defects. The
study of radiation damage in solids dates long time back. Radiation damage to ma-
terials used for nuclear applications in special parts needs to be carefully evaluated.
The Swedish plan for spent nuclear fuel disposal KBS-3 uses oxygen-free phosphorus-
containing copper (OFP-Cu) as a canister material. The canister should be intact and
sustain for tens of thousands of years under long time irradiation. The production
of point defects and intake of impurities (mostly H and O) shall occur. The mechan-
ical behavior and corrosion behavior of copper canister in service should be cautiously
evaluated. There is also a concern about the corrosion of copper canister in anoxic en-

Figure 1.1. Illustration of the KBS-3 concept.

vironment. Oxides and hydroxides with defects and disorder may form as products
of the corrosion process. Order and disorder problems are commonly seen in metals
and alloys, but also in oxides and especially in hydroxides. Defects and disorder are
known to occur in Cu2O, CuOH and Al2O3 · nH2O . Such structural imperfections with
fundamental physical origin, will in turn lead to fundamental changes to the properties
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of materials, which, however, enables the structural control in these materials for broad
and better applications.



Chapter 2

Theoretical background

The efforts of human to explore the characteristics of materials ”from the beginning”, ab
initio, date back at least to the time of the ancient philosopher Empedocles. The Greek
philosopher, who lived in Sicily, explained that all matters are comprised of four ”roots”
or elements of earth, air, fire and water, and there are two great living forces in the
universe, which he called Love (Philotês) and Strife (Neikos). About the same period,
similar text was recorded in ”Zuo Zhuan” that: Heaven has produced the Wucai (five
raw materials) which supply humankinds requirements, and the people use them all.
From that, it took thousands of years for human to confirm that the basic constituents
of matter are atoms. The electrons and nuclei were discovered in early twentith cen-
turies. The theory to decribe their behavior, quantum mechanics, was developed in the
following several decades. With the development of new powerful numerical methods
and the explosive growth of computation power in the past several decades, the quan-
tum mechanical equations can be solved numerically for increasingly complex systems.
Ab initio methods can be used to simulate a variety of properties of different materials.
Density functional theory (DFT) developed by Hohenberg, Kohn, and Sham presents a
relatively simple but accurate approach to solving the quantum mechanical equations,
and has gained enormous success in materials science. Kohn-Sham (KS) equation to-
gether with the local density approximation (LDA) have been widely used in the past
several decades to attack problems in systems ranging from molecules, clusters to sur-
faces and bulk materials. To have a general overview of the theory used in this thesis,
this chapter is organized as follows: the many-body problem shall be introduced in
Sections 2.1, the methods to solve Schrödinger equation will be described in Section
2.2, the exchange and correlation will be described in Section 2.3, and the basis set and
pseudopotentials methods will be presented in Section 2.4. At last, the theory of lattice
dynamics will be introduced in Section 2.5.

5
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2.1 Many-body problem

The many-body problem deals with realistic systems containing many nuclei and elec-
trons. In classical physics, we can keep track of every particle in the system. In quantum
physics, particles are more wave-like and entangled. Particels can be tracked by wave-
fucntions ψ(x, t). However, their indistinguishable nature and complicated interaction
makes the many-body problem formidable and hard to tackle.

For a given many-body system containing Ne electrons and Nn nuclei, the state of the
system can be expressed by the wavefunction Ψ(r,R) ≡ Ψ(r1, r2, ..., rNe ,R1,R2, ...,RNn).
The time-independent Hamiltonian for the system is

H = −!2
2

Nn!

α=1

∇2
α

mα
n

− !2
2

Ne!

j=1

∇2
j

me
+

1

2

Nn!

α ̸=β

ZαZβe2

|Rα − Rβ|
+

1

2

Ne!

i ̸=j

e2

|ri − rj|

+
Nn,Ne!

α,i

Zαe2

|ri − Rα|
= T n + T e + V nn + V ee + V ne, (2.1)

where Rα and rj are the coordinates for the αth nucleu and jth electron, and mα
n and

me are the masses of αth nucleus and electron, respectively. ! is the Plank constant,
and Z is the atomic number. On the right hand side of Eq. 2.1, T n and T e are the
kinetic energy operators of the nuclei and the electrons, respectively. The last three
terms are the electrostatic terms including nuclei-nuclei, electron-electron, and nuclei-
electron interactions (V nn, V ne, V ee). Stationary states, including the ground state, of the
system can be obtained by solving the many-body Schrödinger equation [3]

HΨ(r1, r2, ..., rNe ,R1,R2, ...,RNn) = EΨ(r1, r2, ..., rNe ,R1,R2, ...,RNn), (2.2)

where E is the total energy of the many-body system.

The Hamiltonian above contains the single-particle operators and two-particle opera-
tors, while we have a many-particle wavefunction. To clear this issue, one needs either
to describe the many-body wavefunction by single-particle wavefunctions or to reorga-
nize the Hamiltonian to make it applicable for many-body wavefunction. The former
leads to the wavefunction-based methods, and the latter comes out with the DFT meth-
ods.

One technique that significantly reduces the complexity of the many-body problem is
the Born–Oppenheimer approximation (BOA). This approximation is made on the basis
that the motion of nuclei is much slower than the motion of electrons so that electrons
can immediately find their ground state while the nuclei move. This allows us to treat
the motions of nuclei and electrons separately and consider nuclei as static while solving
the electron problem. The derivation of the BOA is straightforward by splitting the
wavefunction and the Hamiltonian into nucleus part and electron part. Then we can
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obtain the separate Schrödinger equations [3] for electrons and nuclei

(T e + V ee + V ne)ψ(Rα, rj) = Ee
jψ(Rα, rj) (2.3)

(T n + V nn + Ee)φ(Rα) = Een
α φ(Rα), (2.4)

where ψ(Rα, rj) and φ(Rα) are the wavefunctions of electrons and nuclei, respectively.
Een is the total energy of the system. From the electronic Schrödinger equation we
see clearly that the presence of a nucleus is taken as a point-charge potential. The two
equations are coupled via the electronic total energy, which acts as a potential energy
operator in Eq. 2.4. Then we get the potential energy surface (PES) of the system as
EP (R) = V nn+Ee by a series of calculations of static structures, if the system is assumed
to be at zero Kelvin. The PES is important for structural relaxation and lattice dynamics.

2.2 Solving Schrödinger equation

The many-body problem can be greatly simplified into the electronic Schrödinger equa-
tion by BOA. However, we still have many-particle operators in Eq. 2.3. The wave
function-based Hatree-Fock (HF) methods [4] solve the Schrödinger equation explicitely
by expanding the wavefunction in Slater determinant, but totally negelct the correlation
of electrons. The method has been extensively used for molecular systems. Post Hatree-
Fock methods have been developed to include the electron correlation corrections to the
multi-electron wavefunctions, but at extreme expense. The alternative method, DFT,
can treat both exchange and correlation, albeit approximately. DFT expresses the total
energy in terms of the electron density that is physically observable and depends only
on three variables. Kohn-Sham (KS) DFT [5] approach further reduces complexity and
maps the many-body problem onto a series of single-particle Schrödinger equations. In
this section, we will briefly introduce the Kohn-Sham DFT approach step by step.

2.2.1 The Hohenberg–Kohn theorems

Walter Kohn and Pierre Hohenberg developed the idea of original DFT in 1964 [6] by
formulating and proving a couple of theorems related to the electron density n(r). The
electron density is a physical observable and only depends on three spatial coordinates.
The electron density can be obtained by integration over all the electron coordinates
except one set

n(r) =
"

dr2
"

dr3...
"

drNeEe
jΨ

∗(r1, r2, ..., rNe)Ψ(r1, r2, ..., rNe) (2.5)

It has physical intuitive meaning that measures the possibility to locate the electron at
point r. Becasue electrons are indistinguishable, this value actually means the probabil-
ity to find any one of the electrons at point r.
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DFT was put on a solid theoretical base by two Hohenberg–Kohn (HK) theorems. The
first theorem states that the eigenvalue of the system is a functional of the electron den-
sity, and the second theorem provides a variation principle.

Theorem I : For any system of interacting particles in an external potential Vext(r), there
is a one-to-one correspondence between the potential and the ground-state particle den-
sity n0(r). Any ground-state observable is a unique functional of the ground-state par-
ticle density n0(r).

"
dr1

"
dr2...

"
drNeΨ∗(r1, r2, ..., rNe)AΨ(r1, r2, ..., rNe) = An(r). (2.6)

Theorem II : A universal functional can be defined for the energy E[n] in terms of
the density n(r) for any external potential Vext(r). For any particular Vext(r), the exact
ground-state energy of the system is the global minimum value of the energy functional,
and the density n(r) which minimizes the functional is the exact ground state density
n0(r). The total energy functional can be written as:

E[n(r)] = FHK[n(r)] +
"

Vext(r)n(r)dr = T [n(r)] + V ee[n(r)]−
"

Vext(r)n(r)dr, (2.7)

where the term FHK contains the kinetic term of the interacting particles and all electron-
electron terms. Vext(r) is unique and is determined for each specific system.

The HK theorems are rather simple but powerful. The first theorem highlights the
role of the ground-state density, which is the key quantity to determine all the ground-
state properties. The second theorem tells us once we have the exact functional we can
obatain any intrinsic property. The FHK does not depend on the external potential and
thus to be an universal and unique functional for all systems of electrons. However, we
do not know the exact form of FHK. It should be complex in the sense of transferability
and generality since it will work for all types of systems. We have to come up with an
approximate functional.

2.2.2 Kohn-Sham equation

There are two points that make the original DFT not practical. One is the unknown
ground-state density. We do not know how to construct the exact electron density,
which is actually what we are looking for. Second is the unknown expression of FHK.
However, if we can construct the ground-state electron density from other methods,
then DFT can give us exact ground-state energy within a good evaluation of the exchange-
correlation interaction. This is the basic idea of the Kohn-Sham equation.

For a many-body system, we can build a fictitious system (the ”Kohn–Sham system”) of
non-interacting electrons mimicking the true system. The electron density is the same
as in the given interacting many-body system. The ground-state density is generated
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using a Hartree-like wavefunction Ψ(r1, r2, ..., rNe) = ψKS
1 (r1)ψKS

2 (r2)ψKS
3 (r3)

...ψKS
Ne

(rNe). ψKS
j (rj) is the auxiliary non-interacting single-particle wavefunction. Then

we have the expression for the electron density

n(r) =
!

j

ψKS
j (r)2. (2.8)

Even though the auxiliary wavefunctions are not the exact single-particle wavefunc-
tions, we can have the exact electron density. This is enough for DFT to guarantee the
exact and true ground-state total energy. The total energy is expressed by

E[n(r)] = T [n(r)] + U ee[n(r)] + Uen[n(r)]. (2.9)

In comparison to Eq. 2.7, U ee[n(r)] is the energy term of electron interaction, and U en[n(r)]
is the electron-nucleus interaction energy. We can rewrite this expression for total en-
ergy

E[n(r)] = Ts[n(r)] + U ee
s [n(r)] + Uen[n(r)

+{(T [n(r)]− Ts[n(r)]) + (U ee[n(r)]− U ee
s [n(r)])}, (2.10)

where Ts[n(r)] and U ee
s [n(r)] are the kinetic energy term and the electron-electron inter-

action term of the auxiliary wavefunctions. These two terms together with the electron-
nucleus interaction term are the quanlities that can be easily calculated with the auxil-
iary wavefunctions. We have put all the unknow terms in the remaining part, which is
the so-called exchange-correlation energy (Exc)

Exc = (T [n(r)]− Ts[n(r)]) + (U ee[n(r)]− U ee
s [n(r)]). (2.11)

The exchange-correlation energy contains everything left by the simplification ansatz. It
is a term conatining all many-body effects. For a non-interacting system, it is zero. But
it is nonnegligible for a system of interacting particles and should have a very complex
expression. We will later introduce the way to derive its expression.

Now let us assume that we already know the exchange-correlation term. Then we come
to the point to derive the KS equations. Similar to the treatment in Hatree approxi-
amtion, the Lagrange variational method can be employed to transform the many-body
system into many single-particle equations. We minimize the total energy with respect
to the single-particle wavefunctions ψKS

j (r) since now they are the only variables. The
constraint for the Lagrange method is that the single-particle wavefunctions should be
orthonormal

δ

δψKS∗
j (r)

#
E[n]−

!

i,i′

λi,i′

$"
ψKS∗

i (ri)ψKS
i′ (ri′)dridri′ − δi,i′

%&
= 0 (2.12)
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Then we get a series of eigen equations
#
− !2

2me
∇2

j +

" !

j′ ̸=j

ψKS∗

j′ (r’)
#

q2

|r − r’|

&
ψKS
j′ (r’)dr’ + Ven(r) + Vxc(r)

&
ψKS
j (r)

= εKS
j ψKS

j (r) (2.13)

where Vxc(r) = ∂Exc[n]/∂n. Eq: 2.13 is namely the KS single-particle equation. It is
interesting that we use a fictious system comprised by non-interacting wavefunctions,
but at the end we obtain the exact total energy. The total energy is not given by the eigen
equations, while it can be obtained by combining necessary terms as

E[n] = Ts[n(r)] + Us[n(r)] + Uen[n(r) + Exc[n(r]

=

" !

j

ψKS∗

j (r)
#
−!2
2me

∇2
j

&
ψKS
j (r)dr +

1

2

" "
q2
n(r)n(r’)
|r − r’| drdr’

+

"
Ven(r)n(r)dr + Exc[n] (2.14)

by multiplying
'

j ψ
KS∗
j (r) on the left in both sides of the KS single-particle equation in

Eq: 2.13. We can rewrite the above expression for total energy as

E[n] =
!

j

εKS
j − 1

2

" "
q2
n(r)n(r’)
|r − r’| drdr’ + Exc[n]−

"
Vxc(r)dr. (2.15)

Note that we have included the self interaction error by equating n(r’)− nj(r’) to n(r’).

So far, the many-body problem has been solved by KS single-particle equations using
auxiliary wavefunctions. The wavefuntions are not the real single-particle wavefunc-
tions, however, the electron density is the real electron density. Similarly, the KS eigen-
values are not the real eigenvalues, but the total energy is the real total energy. Nev-
ertheless, the symmetries and the absolute energy of the associated eigenvalues of KS
wavefunctions, generally, are very close to those calculated from HF and post-HF meth-
ods. As Baerends and Gritsenko [7] revealed that the KS wavefunctions are very suitable
for qualitative and chemical applications, KS wavefunctions have been widely used in
the past decades to rationalize chemical phenomena.

2.3 Exchange and correlation

One thing was left in the KS approach for many-body problem is the exchange-correlation
energy Exc. The total energy can be guaranteed to be exact only if Exc is exact. However,
so far, we do not know the exact form of it. Approximations have to be made on the
bases that the accuracy is guaranteed, but most of the problems with DFT also comes
from such approximations.
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2.3.1 Local-density approximation

There is a pool of approxiamtions in DFT, while the field of application and accuracy
differ a lot. Perdew and Schmidt [8] have suggested a very vivid way to categorize these
approximations as shown in Figure 2.1 to give an overview of these functionals. The
local-density approximation (LDA) was developed earlier based on free electron gas,
and is the one used most widely. In LDA, the exchange-correlation functional depends
only on the density at the coordinate where the functional is evaluated [9]:

εLDA
xc =

−3

4

$
3

π

% 1
3

· n 1
3+

#
Alnrs + B+ Crslnrs +Drs : rs ≤ 1
γ/(1 + β1

√
rs + β2rs) : rs > 1

(2.16)

where A, B, C, and D are coefficients [10, 11, 12, 13], rs is the Wigner-Seitz radius (related
to the density as 1

n = 4
3πr

3
s). The first term is the exchange for homogeneous electron

gas (HEG) [14, 15]. The correlation energy of the HEG is only known in the high- and
low-density limits corresponding to infinitely-weak and infinitely-strong correlation.
Accurate quantum Monte Carlo simulations have been performed on the HEG in order
to find the correlation energy for the intermediate values of the density [10]. So, different
analytic forms for εc have been obtained by different methods. Overall, we can write
the expression of the LDA Exc as

ELDA
xc [n(r)] =

"
ϵHEG
xc (n) · n(r)dr (2.17)

Spin can be simply accomodated in the local spin-density approximation (LSDA)

ELDA
xc [n↑, n↓] =

"
ϵHEG
xc (n↑, n↓) · n(r)dr (2.18)

The critical assumption of LDA is the gaseous and uniform state of elecrtron system.
This does suit materials like metals and alloys, so it works well with electronic structures
of solids with slowly varying electron densities. However, outside of this application,
LDA is not very satisfying. It works badly for molecules where the electron density is
definitely not uniform.

LDA is also important as the base for the construction of more sophisticated approx-
imations to the exchange-correlation energy. All the approximations to the exchange-
correlation should be able to reproduce the exact results of the HEG for non-varying
densities. Therefore, LDA is often an explicit component of such approximations as the
generalized gradient approximation (GGA) and the hybrid functionals.

2.3.2 Generalized gradient approximation

GGA is a method that combines the electron density calculations with a gradient cor-
rection factor. As gradient in mathematics is a function measuring the rate of variation
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Figure 2.1. Jacob’s ladder of density functional approximations. The ascending and
descending spherical things are said to represent angels [8]. Copyright
2001 American Institute of Physics

of some property, the inhomogeneity of electron density is taken into account in the
so-called gradient-corrected functionals. It is also referred as semi-local correction in
comparison to the LDA. The expression for GGA is [16, 17]

EGGA
xc [n↑, n↓] =

"
ϵGGA
xc (n↑, n↓,∇n↑,∇n↓) · n(r)dr (2.19)

GGA also applies well to metallic systems, and meanwhile, it works very well for
ground-state energies of molecules and semiconductors. Though GGA is satisfactory
in many important aspects, it is sometimes criticized for not being truly first-principles
functional since the choice of parameters is usually based on fitting to some experimen-
tal data.

2.3.3 meta-GGA

For some cases where there is a sharp change of electron density, GGA also fails to
accurately describe the system. Higher order derivatives of the electron density can
be considered to overcome this issue. These approxiamtions lead to the meta-GGA
functionals. Such kind of functionals includes tHCTH [18],TPSS [19], VSXC [18] and
M06L [20]. They can be expressed by

EmGGA
xc [n] =

"
ϵmGGA
xc (n,∇n,∇2n, τ) · n(r)dr (2.20)
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where τ(r) = 1
2

'occ
i | ∇φ(r) |2 is the local kinetic energy density.

2.3.4 Hybrid functional

Another approach that adopts a combination of exchange energy partly from Hartree-
Fock approximation and partly from DFT approximation is known as the hybrid ap-
proach. The electron correlation comes from DFT approximation. These hybrid func-
tionals are currently the most common and popular DFT-based method used in prac-
tice. The idea was introduced by Axel Becke in 1993 [18]. The hybrid functionals show
improved performance for many molecular systems. The description of atomization
energies, bond lengths and vibration frequencies can be more accurate.

The Hartree–Fock exchange energy, EHF
x

EHF
x = −1

2

!

i,j

" "
ψ∗
i (r1)ψ

∗
j (r1)

1

r12
ψi(r2)ψj(r2)dr1dr2 (2.21)

is linearly combined with a DFT exchange term through an adiabatic connection. The
PBE0 functional [21] mixes 0.75 Perdew, Burke and Ernzerhof (PBE) [22] exchange en-
ergy and 0.25 Hartree Fock exchange energy, along with the full PBE correlation energy

EPBE0
xc =

1

4
EPBE0

x +
3

4
EPBE

x + EPBE
c , (2.22)

where EPBE
x is the PBE exchange functional and EPBE

c is the PBE correlation functional.
The exchange energy functional (Eq. 2.21) is therefore expressed in terms of the KS
wavefunctions rather than the density.

PBE0 calculation is very heavy. A faster hybrid functional can be built using the idea
that the long-range correlations cancel exchange, so that only the short-range part needs
to be treated by a non-local functional. A parameter ω can be introduced to separate
the range of interaction. This is the idea of the HSE (Heyd-Scuseria-Ernzerhof) [23]
exchange-correlation functional

EHSE
xc = aEHF,SR

x (ω) + (1− a)EPBE,SR
x (ω) + EPBE,LR

x (ω) + EPBE
c , (2.23)

where a is the mixing parameter and SR and LR designate short-range and long-range.

The accuracy of these functionals has been tested for complex oxides and hydroxides
[24], as seen in Figure 2.2. LDA and GGA functionals reproduce quite well the struc-
tures of oxide polymorphs but fail for the H-bonded hydroxides. The inclusion of HF ex-
change in the hybrid functionals can improve the description of structures for Bayerite
and Boehmite systems. Especially, the structural parameters related to hydrogen bond-
ings (HBs) are remarkably improved in comparison with the LDA and GGA functionals.
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Figure 2.2. Experimental and calculated H· · ·O distance (∆(H· · ·O)) vs. the rel-
ative error on the stacking parameter (∆p) of Bayerite Al(OH)3 and
Boehmite AlOOH). The fitting function (straight line) is also shown [24].

2.3.5 Dispersion-corrected functional

KS-DFT with the above functionals works very well for most of the systems, though it
can not give single-particle quantities. However, there are two kinds of systems that
KS-DFT fail to describe. One is the strongly-correlated systems, for which the compro-
mise made between correlation and exchange in DFT fails. This can be treated by post-
DFT methods like DFT+U or by resorting to the Green function based quasi-particle
equations. We do not deal with such kind of systems in this thesis and it will not be
introduced here. The other system is the one with dipole or van der Waals interaction
that comes from the instantaneous density fluctuations. Electron density fluctuations
occur even at zero Kelvin due to the electromagnetic zero-point energy, as shown in
Figure 2.3. DFT fails to describe this kind of interaction because: (1) DFT does not em-
ploy virtual orbitals and excitations are ignored; (2) DFT is short-sighted theory that
exchange-correlation energy is calculated locally. In this thesis, we will deal with sys-
tems exhibiting van der Waals forces. So, we will introduce the so called dispersion-
corrected functionals developed to deal with van der Waals forces.

In realistic systems, the dispersion forces due to the electron density fluctuations cause
the binding between neutral atoms or non-polar molecules decay in a well-known asymp-
totic −1/R6 fashion, as shown in Figure 2.4. This behavior is not reproduced by standart
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Figure 2.3. Schematic description of the dispersion interaction for two interacting
fragments A and B (e.g., helium atoms) at long distance [25].

DFT functionals which instead predicts an exponential decay. This is because the stan-
dart DFT functionals require a density overlap to obtain an interaction.

Appropriate functionals for describing the systems with dispersion forces should be
able to reproduce the −1/R6 decay. One idea is to treat the dispersion interactions semi-
classically in a pairwise way and to combine the resulting potential with DFT method,
which is usually termed as DFT-D method. Many functionals were produced to imple-
ment this approach. Grimme’s versions [25, 26] are well tested and widely used these
days. A general expression for the dispersion-corrected energy is

EDFT−D
disp = −

!

AB

!

n=6,8,10...

sn
CAB

n

RAB
n

fdamp(RAB) (2.24)

where A and B denote one atomic pair and the sum runs over all atomic pairs, RAB is
the interatomic distance. CAB

n is the averaged coefficient for atomic pairs. fdamp(RAB) is
the damping function, which varies between methods. One typical expression is [27]

fdamp(RAB) =
1

1 + 6(RAB/(sr,nRAB
0 ))−γ

(2.25)

where sr,n is a DF-dependent (global) scaling factor, RAB
0 is the reference interatomic

distance, and γ is a global constant to determine the steepness of the functions for small
R.

The vdW-DF method [28, 29] represents another idea that computes the dispersion en-
ergy for arbitrary systems, solely based on their electron densities. It is nonempirical
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Figure 2.4. Schematic description of the Kr dimer bonding obtained with the PBE
exchange-correlation functional and an accurate model potential.[25]

and non-local method. One nonlocal dispersion correlation term is directly added to
the standard exchange-correlation functional

Exc = ELDA/GGA
x + ELDA/GGA

c + ENL
c (2.26)

where ENL
c refers to the dispersion correlation energy. It is the form of double-space

integral in the general framework

ENL
c =

" "
n(r1)φ(r1, r2)n(r2)dr1dr2 (2.27)

where n(r) is the electron density and φ(r1, r2) is a integration kernel analogous to the
classical Coulomb interaction kernel but has a different asymptotic behavior.

2.4 Plane wave and pseudopotentials

2.4.1 Basis set

In practical aspect, the KS wavefunctions need to be expanded by a set of basis func-
tions, which is done like

ψi(r) =
N!

j=1

cqjξj(r) (2.28)
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where ξj(r) are a set of basis functions with unity amplitude. The question is how to
assign each basis function a proper amplitude. A complete basis set should be able to
represent exactly any orbital. However, complete basis sets must involve an infinite
number of functions and are therefore not practical for calculations. Practically, a basis
set of limited size will be used based on the compromise of accuracy and efficiency.

The KS single-particle equation with the basis function is

N!

j=1

cqjH
KSξj(r) =

N!

j=1

cqjεqξj(r) (2.29)

multiplying to the left on both sides of the equation by the conjugate of the basis func-
tions and integrating over space

N!

j=1

cqj

"
ξ∗k(r)H

KSξj(r)dr =
N!

j=1

cqjεq

"
ξ∗k(r)ξj(r)dr (2.30)

the left-hand side of this equation is the matrix of the KS Hamiltonian in the basis and
the right side is the overlap matrix. This equation can be solved numerically and N
eigenvalues for the N basis functions can be obtained.

Periodicity in crystalline solids can be used to simplify the KS equations, for which we
apply the periodicity to the KS single-particle wavefunction by multiplying a periodic
potential

ψn,k(r) =
1√
Ωcell

!

G

cn,k+G(k)ei(k+G)·r (2.31)

which is the Bloch theorem. The index k is the wave vector of a set of plane waves
within the first Brillouin zone and n is the band index. Ωcell is the volume of the prim-
itive cell and G is the reciprocal lattice vector. Here, plane waves are used as the ba-
sis funcitons since they are natural to deal with reciprocal mathematics. Usually, we
use only a finite number of plane waves by specifying G ≤ Gmax, which is commonly
termed as the cut-off energy expressed as

Ecut =
!2G2

max

2me
(2.32)

2.4.2 Pseudopotentials

The use of plane waves as a basis set has a number of advantages. It is conceptually sim-
ple and easy to be implemented in a computer code. It is suitable for reciprocal space
calculations and can be mapped back into real space using fast Fourier transform. The
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kinetic energy operator also takes a nice diagonal form. However, problem comes when
we describe the core electrons. A huge number of plane waves in the basis needs to be
used to accurately describe the wave functions that vary rapidly in this region. Fortu-
nately, most of the chemical properties of solids, like cohesive properties only depend
on the interaction between valence electrons. Core electrons basically are not involved
in the chemical bonding. This point can be used by replacing the strong ionic potential
with a smooth pseudopotential in the core region that acts on pseudo wavefunctions
instead of on the true wavefunctions. This pseudopotential concept is illustrated in Fig-
ure 2.5. The valence wavefunctions oscillate rapidly close to the core region because
the valence wave functions must be orthogonal to the core wavefunctions due to the
exclusion principle. The pseudo wavefunctions of the valence electrons are nodeless in
the core region but nevertheless they should have identical scattering properties outside
the core region.

Pseudopotentials have been widely used for a long time in ab initio calculations since
they are accurate and efficient. Good pseudopotentials should be transferable and ap-
plicable to different problems. Norm-conserving pseudopotentials [30] are one kind of
pseudopotential that is both accurate and transferable, which can guarantee the coinci-
dence of all-electron and pseudo wavefunctions beyond the cut-off radius. Meanwhile,
norm-conserving pseudopotentials also ensure the integrated charge inside cut-off ra-
dius is identical to the all-electron case. However, the size of the basis set is still too
large and the computation cost is still high. Ultrasoft pseudopotentials [31] use an-
other approach to divide the problem into two parts: one smooth function and another
auxiliary function around each ion core that represents the rapidly varying part of the
density. This further reduces the basis set size.

2.4.3 PAW

The projector augmented wave (PAW) method by Blöchl [32] is an all electron frozen
core method that is developed using the pseudopotential concept combined with the
augmented plane wave method (APW) that splits the space into two regions: the core
region where partial waves will be used to represent the true wavefunctions, and the
interstitial region where plane waves will be used to describe the true wavefunctions.
The pseudo wavefunctions have the same form as the true wavefunctions only in the
interstitial region. To fulfill this idea, a linear transformation is introduced

τ = 1 +
!

R

τ̂R, (2.33)

where τ̂R is zero in the interstitial region and non-zero in the spherical augmentation re-
gion ΩR around atom R. The pseudo wavefunctions within ΩR are expanded by pseudo
partial waves as

|Ψ̃⟩ =
!

i

ci|φ̃i⟩, (2.34)
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Figure 2.5. Schematic illustration of the pseudopotential concept. The pseudo
wavefunction/potential (solid lines) coincides with the true or full valence
wavefunction/potential (dashed lines) at the cut-off radius rc and beyond.

where |Ψ̃⟩ is the pseudo wavefucntion, |φ̃i⟩ is the pseudo partial wave. ci = ⟨pi|Ψ̃⟩,
where ⟨pi| is a projector state. The all electron true partial wave is |φi⟩, which transforms
to pseudo partial wave by |φi⟩ = τ |φ̃i⟩. We can rewrite the transform operator as

τ = 1 +
!

i

(|φi⟩ − |φ̃i⟩)⟨pi|, (2.35)

and accordingly the true wavefunctions are expressed by

|Ψ⟩ = |Ψ̃⟩+
!

i

(|φi⟩ − |φ̃i⟩)⟨pi|φ̃i⟩. (2.36)

And, an operator Â can also be transformed and be able to act on the pseudo wavefunc-
tions

Ã = τ †Âτ = Â+
!

i,j

|pi⟩
(
⟨φi|Â|φj⟩ − ⟨φ̃i|Â|φ̃j⟩

)
⟨pi|. (2.37)

Now all the observables can be calculated with the pseudo wavefunctions, e. g. the elec-
tron density.
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2.5 Lattice dynamics

The atoms in solids will oscillate around their equilibrium positions at any temperature,
which is the the main source of heat in solids and accounts for many important prop-
erties like heat capacity, lattice expansion, and phase transitions, etc. The theory that
describes this kind of motion is the lattice dynamics. The quantum lattice dynamics
theory originates from Born and von Karman, in which these oscillations are described
as collective waves propagating through the crystal lattice: phonons. In this section, we
will present the methods for phonon calculations.

The total energy about the structural equilibrium coordinates can be expanded as

E = E0 +
!

k,α

∂E

∂uk,α
· uk,α +

1

2

!

k,α,k′,α′

uk,α · Φk,k′

α,α′ · uk′,α′ + ... (2.38)

where the Greek indices α and α′ denote the Cartesian coordinates, and k and k′ denotes
the kth and k′ atoms, respectively. uk,α is the vector of atomic displacements about the
equilibrium site. The Φk,k′

α,α′ refers to the force constants matrix, which is

Φk,k′

α,α′ =
∂2E

∂uk,α∂uk′,α′
. (2.39)

The force constants matrix is symmetric and translationally invariant.

E0 is a constant and at equilibrium the first-order term in Eq: 2.38 is zero. Normally, the
3rd and higher order terms are small compared to the second order term. So the higher
orders terms can be neglected in most cases, which is the harmonic approximation. A
Gaussian Hamiltonian can be obtained from this approximation, which can be solved.

The equation of motion for each atom is then

mkük,α = −
!

k′,α′

Φk,k′

α,α′ · uk′,α′ . (2.40)

where mk is the mass of the kth atom. For a system with N atoms, there are 3N of such
linear differential equations coupled with each other, which can be solved by assuming
Born von Karman periodic boundary conditions and substituting plane-wave:

uk,α =
Ak,α(q)√

mk
ei(q·R−ω(q)t) (2.41)

where Ak,α(q) is the amplitude of oscillation and q is the wavevector corresponding
to the frequency ω. t is the time and R the position of the unit cell. Embedding this
equation into Eq: 2.41

ω2(q)eiq·RtAk,α(q) =
!

k′,α′

1
√
mk,mk′

Φk,k′

α,α′eiq·R
′
Ak′,α′(q) (2.42)
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this leads to an eigenvalue problem

ω2(q)Ak,α(q) =
!

k′,α′

Dα,α′(k, k′,q)Ak′,α′(q) (2.43)

where Dα,α′(k, k′,q) is the Fourier transform of the force constant matrix, namely, the
Hermitian dynamical matrix

Dα,α′(k, k′,q) ≡ 1
√
mk,mk′

*!

R′

Φk,k′

α,α′eiq·(R
′−R)

+
. (2.44)

It can be diagonalized and the eigenvalues are real. The determinant equation is then

|Dα,α′(k, k′,q)− δα,α′δk,k′ω
2(q)| = 0 (2.45)

The resolved eigenvalues ω2(q) present the phonon dispersion relation.

Nowadays, ab initio methods can calculate the force constants with no arbitrary param-
eters. There are several techniques developed for ab initio phonon calculations. One ear-
lier method is the frozen phonon method. It creates a structure perturbed by guessed
eigenvector and evaluates the total energy as a function of amplitude λ with series of
single-point energy calculations on perturbed configurations. Force constant k is cal-
culated by Hooke’s law and frequency is given by

,
k/m (m is reduced mass). The

eigenvectors should be identified in advance and supercell also needs to be commensu-
rate with the eigenvector. So, it is not a general method, and only used for small and
highly symmetric systems.

The finite displacement method displaces atom k’ in direction α’ by small distance ±u.
For each equivalent atom, forces F+

k,α and F−
k,α for forward and backward displacements,

respectively, are calculated using single point energy calculations. Derivative can be
calculated using central-difference formula

dFk,α

du
≈

dF+
k,α − dF−

k,α

2du
=

d2E0

duk,αduk′,α′
(2.46)

Single point calculations should be done six times of the number of equivalent atoms,
to compute the entire dynamical matrix. However, this is a general method and can be
applied to any system.

One big disadvantage of the above two methods is that they can only calculate phonon
frequencies at gamma point. The supercell method extends the power of the finite-
displacement approach, and can give full phonon spectrum. This method relies on the
short-ranged nature of the force constant matrix, which decays in a manner of 1/r5 for
most metals. A cutoff radius can be defined beyond which the force constant matrix
can be treated as zero. The supercell method chooses sufficiently large supercell and
computes force constant using finite-displacement method, and uses Fourier transform
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to obtain the dynamical matrix of the unit cell. This method is also called the ”direct”
method.

Another method to calculate phonons is the linear response method, which is based on
the density functional perturbation theory (DFPT). The idea is to calculate the second
derivatives of energy with respect to perturbations to construct the dynamical matrix. A
linear order variation of the electron density upon perturbation is responsible for a vari-
ation in the energy up to second order of the perturbation. This linear order variation of
the electron density can be calculated using only unperturbed wavefunctions by stan-
dard perturbation theory, which therefore only require calculations on the ground state
crystal. The perturbation can be displacements of a series of ions, which means adding
a phonon wave wavevector q to the external potential. The calculation of the density
change to linear order in the perturbation can be used to determine the dynamical ma-
trix at wave-vector q. The choice of wavevector can be arbitrary, therefore, theoretically
there is no need for the construction of a supercell.



Chapter 3

Defect chemistry in copper metal

”Crystals are like people, it is the defects in them which tend to make them interesting!”

Colin Humphreys

3.1 Introduction

Copper has a half-filled s-orbital on top of a filled d-shell. Metallic bonding in copper
is dominated by s electrons while the filled d-shell does not contribute so much. This
makes copper softer than the metals with incomplete d-shells. Even its ideal (theoretical)
strength is lower than that of aluminium which has p electrons involved to form more
directional bonds [33]. The bonding character should endue copper low hardness and
high ductility. However, oxygen-free high-purity copper shows alarmingly low creep
ductility in experimental tests [34].

Oxygen-free copper (OF-Cu) is a wrought high-purity copper that has been treated to
reduce the level of oxygen (oxygen is related to the ”hydrogen sickness” or ”steam em-
brittlement” of copper). The creep rupture elongation of OF-Cu was found to be as low
as 0.1% for temperatures above 175 ◦C [35]. This can be attributed to the harmful effects
of sulfur since 1 ppm of residual sulfur can remarkably change the behavior of cooper
[36]. The addition of P improves the creep behavior of OF-Cu [34, 37, 38]. The oxygen-
free phosphorus-containing (OFP-Cu) normally contains less than 2 wt. ppm of oxygen
and about 50 wt. ppm of phosphorus [37, 39]. OFP-Cu satisfies the requirement of KBS-
3 plan for creep ductility [34]. The competing of phosphorus with sulfur for positions
in the grain boundary has been proposed to explain the role of phosphorus [38]. Also, a
creep cavitation model shows that the presence of phosphorus in the grain boundaries
of OFP-Cu reduced the amount of grain boundary sliding [37]. This suppressed the nu-
cleation of cavities in the grain boundaries and removed the creep brittleness. However,

23
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later research questioned these models [40]. Precise understanding of these phenomena
requires explicit knowledge down to the atomistic level.

Besides, the atomistic information about impurities such as hydrogen and oxygen in
copper is not yet confirmative and complete. How do they interact and form extended
defects is of strong importance to the macroscopic properties of copper. In some oc-
casions like irradiation environment, the population and evolution of these defects be-
come evident and should be carefully considered.

In this chapter, we present the studies of the defects in copper metal using ab initio based
simulations, aiming to clarify the ambiguity and to elucidate the role of phosphorus in
the improvement of creep ductility. We examine point defects first, and then explore
their interactions with extended defects. Following the variation of cohesive energy of
grain boundary will be shown, and the role of defects will be discussed.

3.2 Point defects

Vacancy is the most common defect in metals and alloys. The evolution of extended
defects and atomic transport phenomena in materials involve vacancies. It is widely
accepted that vacancy clusters can develop in materials supersaturated with vacancies,
or even at low vacancy concentration in cases of strong vacancy–vacancy binding [41].
Definitely, the formation and migration of divacancy is a critical step for cluster nucle-
ation. The divacancy binding energy is also important for accurate description of other
processes such as diffusion.

There is a rather strong discrepancy between the published data of the divacancy bind-
ing energy for copper [38, 42, 43, 44, 45, 46], as shown in Figure 3.1. The strongest
binding from Neumann, et. al. [44] was obtained by fitting experimental data from the
absolute technique and the data from positron lifetime studies. We calculated the di-
vacancy binding energy at various separation distances in a supercell containing 108
atoms using PBE functional. PBE works well for copper as shown in Table 3.1. The cal-
culated data presented in Figure 3.1 as filled black squares show a negative interaction
energy of −0.116 eV that corresponds to binding at the first nearest-neighbor distance.
The binding of two vacancies terminates at the third nearest-neighbor distance, which
is consistent with the fact that charge perturbation due to a stacking fault (SF) is con-
fined within the next-nearest-neighbor plane. These findings suggest an insignificant
probability for divacancy binding at normal conditions.

Hydrogen was found to prefer octahedral interstitial sites in the Cu lattice [54]. Pre-
vious studies also identified the interactions of dissolved hydrogen with lattice defects
[42, 54]. A single vacancy can trap up to six hydrogens, thus saturating the six octa-
hedral interstitial positions adjacent to the vacant site, with an average binding energy
of about −0.24 eV per hydrogen impurity [54]. In the absence of vacancies, hydrogen
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Figure 3.1. Comparison of the calculated divacancy binding energy with other the-
oretical and experimental data from Refs. [38, 42, 43, 44, 45, 46].

preferentially occupies octahedral interstitial sites in copper, and two neighboring H
impurities repel each other [42]. Due to a synergistic effect, the formation of a vacancy-
vacancy cluster becomes easier in the presence of hydrogen, as shown by Ganchenkova
et al. [42]. Besides, Korzhavyi and Sandström [54] found that a vacancy also acts as a
trap for oxygen, and that the position of oxygen inside the vacancy is about half the
way from a nearest octahedral interstitial to the vacancy center. Such a vacancy-oxygen
complex is also shown to be a deep trap for dissolved hydrogen: just one hydrogen can
be bound to the oxygen–vacancy complex to form a hydroxyl group inside the vacancy.
Yagodzinskyy et. al. found that hydrogen reduces the tensile strength in slow strain rate
tests and enhances the creep rate of copper under continuous electrochemical hydrogen
charging [55]. Hydrogen-filled microvoids due to hydrogen-vacancy clustering were
found at the creep fracture surface. This partly explained the effects of hydrogen. How-
ever, the increase of the flow stress of copper single crystal and changes of the density
of the slip lines is not yet completely understood [56].

It is believed that phosphorus dissolves substitutionally in the Cu lattice, and a negative
solution energy for substitutional P was found [42]. Our calculations show that octa-
hedral and especially tetrahedral interstitial sites are not preferred by phosphorus, as
compared to substitutional site, which is consistent with the findings of Ganchenkova
et. al. [42]. Figure 3.2(a) shows the calculated potential energy map for a phosphorus
atom in the otherwise perfect Cu lattice. Phosphorus prefers an off-center position be-
tween the octahedral site and a neighboring regular lattice site. What happens is that an
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Table 3.1. Computed lattice parameter (in Å), monovacancy formation energy
Ef (V), binding energy of a monovacancy to one H in octahedral site Eb(VH)
(in eV), and the intrinsic stacking-fault energy (in mJ/m2), in comparison
with experimental data.

a Ef (V) Eb(VH) γisf (mJ/m2)

Å eV eV ANNNI Supercell

PBE 3.635 1.06 -0.25 41 40
PBEsol 3.569 1.24 -0.27 45 —
LDA 3.524 1.26 -0.28 51 —
Exp. 3.615a 0.92-1.31b -0.4c 30-80d

Notes:
a: Ref.[47]
b: Refs.[48, 49]
c: Refs.[50, 51, 52]
d: Ref.[53]

interstitial P impurity pushes out a neighboring Cu atom in a ⟨001⟩ direction to form a
Cu-P dumbbell around the lattice site, as presented in Figure 3.2b (solution energy 1.03
eV). Such a configuration is lower in energy by 1.25 eV than the configuration shown in
Figure 3.2(c) (solution energy 2.28 eV).

This means that, although P is a substitutional impurity in Cu, the site preference may
change in the presence of Cu self-interstitials (for example, produced by irradiation).
Then, the Cu self-interstitial dumbbell shown in Figure 3.2c can lower its energy via
exchange of a Cu atom with a neighboring substitutional P impurity to form a mixed
Cu-P dumbbell shown in Figure 3.2b. Quite similar behavior has been reported for P
impurities in irradiated body-centered cubic (bcc) Fe [57].

This result is important because the diffusion mobility of an interstitial impurity is usu-
ally much higher than that of a substitutional one. The minimum energy path for the
interstitial phosphorus between the neighboring octahedral sites can be inferred from
the potential energy map in Figure 3.2. The highest barrier lies in between two tetrahe-
dral interstitial sites, and is quite narrow. Therefore, interstitial phosphorus can readily
diffuse along the path until it finds a vacancy to recombine with.

3.3 Stacking faults

Twinning and dislocation gliding are the two main competing modes of plastic defor-
mation in face-centered cubic (fcc) metals. The operative mode of plastic deformation
is determined by loading conditions and intrinsic properties of materials. The stacking
fault energy (SFE) is one of the most important parameters governing the twinnability
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(a)

(b) (c)

Figure 3.2. (a) Potential energy map calculated for a P impurity in Cu in the (110)
cross-section. The black dots indicate Cu lattice sites; the crosses and trian-
gles indicate, respectively, octahedral and tetrahedral interstitial positions.
(b) Mixed P–Cu dumbbell and (c) Cu–Cu dumbbell defect configurations
in the Cu lattice. Cu(P) atoms are shown as yellow(pink) balls. The [001]-
oriented dumbbells are encircled by the blue dashed contours; a (111) crys-
tal plane is indicated by red shading. Configuration (b) is lower in energy
than configuration (c) by 1.25 eV.

of fcc metals. Copper has a relatively low SFE value, which renders Cu more twinnable
than, for example, Al [53]. The SFE of copper is known to be sensitive to alloying and
strain [53, 58], which also change the dissociation of dislocations associated with low
SFE. In this section, we investigate the temperature dependence of the SFE of copper
and the influence of point defects, and try to relate them to macroscopic twinning be-
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havior of copper.

3.3.1 Temperature dependence

The experimentally obtained SFE of copper shows a considerable scatter. Discrepancies
exist even for measurements employing the same technique (see the review by Gal-
lagher [53]). The accepted values range from 30 to 80 mJ/m2; these values are low com-
pared to other fcc metals like aluminium. The intrinsic stacking fault energy (ISFE) has
been calculated using the supercell approach and the ANNNI mode as described in Pa-
per I. As shown in Table 3.1, the axial next-nearest-neighbor Ising (ANNNI) model gives
41 mJ/m2, which compares well with other ab initio calculated values, and is within the
accepted range of experimental data. Supercell approach gives a value of 40 mJ/m2,
and the difference with the ANNNI model is negligible. It has been shown in Paper
I that the ISFE and extrinsic SFE (ESFE) are nearly the same for copper, and the twin
boundary energy is one half of the ESFE. So, we can just focus on the ISFE of copper.

Our results in Paper I show the ISFE decreases with increasing temperature at an ap-
proximate rate of 0.027 mJ/(m2·K). The dominant contribution comes from the entropic
term, indicating that the phonon entropy increases upon formation of a stacking fault.
Previously it was thought the finite-temperature effect is not so pronounced for copper
and the temperature information was neglected in the measurements on SFE.

3.3.2 Interaction with point defects

The influence of point defects on the ISFE in copper was investigated via supercell ap-
proach. The same point defect was created at a certain distance to the SF plane (SFP, the
virtual plane separating the ideal stacking and the faulted stacking) in the faulted super-
cell and at a corresponding site in the perfect supercell. Several identified stable point
defects were considered: a single hydrogen impurity at an octahedral interstitial site
(H), a monovacancy (V), a monovacancy containing one interstitial hydrogen at an oc-
tahedral site (VH), a monovacancy containing a hydroxyl group (VOH), a substitutional
phosphorus, and a Cu–P dumbbell. In order to eliminate the influence of pressure, the
cells were also allowed to relax in the fault plane. Visible differences in geometry were
only found when calculating the effect of a monovacancy on ISFE.

The results are shown in Figure 3.3. Monovacancy at the first- and next-nearest-neighboring
plane slightly decreases the ISFE. At a longer distance, the monovacancy has no effect
according to the data calculated using the xy-relaxed cell. The H, VH and VOH also
decrease the ISFE; among them the effect produced by VOH is the strongest.

Substitutional phosphorus obviously decreases ISFE when located at a short distance
to the SFP. The ISFE decreases by as much as 50% in the presence of a substitutional
phosphorus at the SF region. However, the dumbbell-like phosphorus dramatically
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increases the ISFE at the shortest distance to the SFP, where the Cu-P dumbbell cannot
accommodate freely. So, the P atom is shifted from the most favorable site by stacking
fault and the ISFE is increased. This makes Cu-P dumbbell different from the other
considered point defects that can keep their favorite sites and are better accommodated
by the SF. For example, a H impurity occupies an octahedral interstitial site in the perfect
Cu lattice as well as near a SF.

These results show that the creation of a SF can be favored by all the examined point
defects except for the Cu-P dumbbell. The generation of a SF around a Cu-P dumbbell is
more difficult. Taking another perspective, the stacking faulted region facilitates the for-
mation of all the examined point defects except for the dumbbell-like P. The formation
(solution) energy of a substitutional P is lowered by about 0.12 eV, but the formation
energy of a Cu-P dumbbell at the faulted plane is increased by 0.21 eV.

Figure 3.3. Variations of intrinsic stacking-fault energy of copper due to the exis-
tences of point defects at different distances.

3.3.3 GSFE and twinnability

The generalized stacking-fault energy (GSFE) and its variation in the presence of point
defects were calculated along the pathway from Burgers vector [000] to 1

6 [2̄11], and the
results are in Figure 3.4. Contrary to the observations on the ISFE, the point defects have
different effects on the unstable stacking fault energy (USFE) γusf . The calculated γusf
is 158 mJ/m2, which is close to other DFT calculations [59, 60]. An octahedral H and a
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Figure 3.4. Generalized stacking-fault energy of copper and its changes in the pres-
ences of point defects.

monovacancy decrease γusf , but a VH cluster has no impact on the γusf . At the same
time, a VOH cluster and a substutional P increase the γusf by 21 and 16 mJ/m2, respec-
tively. A Cu-P dumbbell, centered at the next-nearest plane to the SFP, also increases the
γusf .

The γusf is an important parameter for evaluating the deformation behavior since it
corresponds to the energy barrier for splitting a full dislocation into two partials. Asaro
and Suresh [61] have developed a model that accurately illustrates the important role of
both γisf and γusf on the twinnability of fcc metals. They proposed a twinning tendency
parameter T

T =
-
(3γusf − 2γisf )/γisf . (3.1)

Twinning tendency is increased with higher T , and twinning is favored over full dislo-
cation slip when T > 1. Its value is 1.58 for pure copper, and the value can be increased
in the presence of point defects in SF region, as calculated from the data in Figure 3.4.
All the examined point defects increase the value of T , and the substitutional P yields
the biggest change, to a new value of 1.67. This suggests that all these defects promote
the twinnability of copper and the substitutional P has the strongest effect. The find-
ings are consistent with and can explain the increase of the flow stress of copper single
crystal and changes of the density after hydrogen charging [56]. The results also show
that P has the strongest effect for decreasing SFE and increasing twinning tendency of
copper among the examined defects. This can remarkably impede the cross-slip and
movement of dislocations, which is consistent with the fact that P remarkably retards
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the recovery and recrystallization of heavily cold-worked copper [62].

Besides, we also investigated the influence of the other 3sp elements together with P on
the SFE. The results are summarized in Table 3.2

Table 3.2. Computed ISFEs γisf and USFEs γusf of copper, with the substitutional
impurities at the closest distance to the stacking fault plane.

Impurity Mg Al Si P S Pure Cu
γisf (mJ/m2) 32 31 24 20 20 40
γusf (mJ/m2) 155 160 155 176 157 158

3.4 Grain boundary

The mechanical behavior of copper can be dramatically changed by trace amount of
impurities, which is connected with the segregation of these impurities to the grain
boundaries (GBs). Single crystalline copper is exempt from the intermediate temper-
ature embrittlement that is a common problem for polycrystalline copper and copper
alloys [36, 63]. In this section, we try to estimate the segregation tendency of 3sp impu-
rities (Mg, Al, Si, P, and S) to a representative grain boundary (GB) in pure copper.

3.4.1 Employed models

Coincidence site lattice (CSL) orientations are found for most of the grain boundaries in
copper [64]. The GB energy strongly depends on the tilt axis and inclination angle [65,
66]. While the energy of a random grain boundary does not have strong correspondence
with the grain misorientation to high misorientation angles [67], and the impurities
prefer to segregate at high-energy random grain boundaries. Therefore, we choose to
study the Σ5(310)[001] symmetrical tilt GB, since it has a relatively high energy similar
to the energy of random GBs and is abundant in polycrystalline copper.

The structure of Σ5(310)[001] GB in copper has been investigated in several studies. We
build a periodic supercell with two identical grain boundaries separated by nineteen
(310) layers. Several GB models are considered, containing 76 (Figure 3.5(a,e)), 72 (Fig-
ure 3.5(d)) or 80 (Figure 3.5(c)) atoms, respectively, based on the local structure at GB.
We denote them as GB1, GB2, GB3 and GB4 for the structure in Figure 3.5(a), (c), (d)
and (e), respectively. To minimize the systematic errors, we used a similar (310)[001]
supercell without GB as the reference bulk-like atomic configuration. The GB energy
and surface energy are calculated in standard procedure where chemical potentials of
the components are taken from bulk calculations [68, 69]. GB1 is similar to the structure
observed by scanning transmission electron microscopy [70], and is the same to the one
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used in Ref. 69. GB2 and GB3 are less stable than GB1. But the energy of GB4 (which
is reported to be the most stable structure in Ref. 71) is not bigger than GB1. However,
the atom labeled as site nine (GBS9) is not in equilibrium state in GB4 structure at zero
kelvin. Relaxation of the GB4 always leads to the GB1 structure. Table 3.3 tabulates the
properties of these structures.

Table 3.3. Computed GBs’ energies σ, (310) surface energy γs(310), work of separa-
tion Wsep and the GB effective width ∆ω, in comparison with other data.

∆ωa σ (J/m2) Wsep (J/m2) γs(310) (J/m2)
GB1 0.5 0.871 2.25

1.56GB2 0.78 1.678 1.44
GB3 0.80 1.323 1.80
GB4 0.46 0.869 2.25
Exp. – – 1.99∼2.63b 1.77c

Other Calc. 0.5d 0.888e , 0.98f , 1.07d 3.35d 2.21d

Notes:
a: The effective GB width ∆ω= excess volume/(areagb*2d(310))
b: Ref.72, EAM potential, Σ9(22̄1), Σ3(11̄1), Σ9(11̄4), Σ11(33̄2), Σ11(11̄3)
c: Ref.73
d: Ref.69, LMTO + LDA
e: Ref.74, EAM potential
f : Ref.75, Finnis-Sinclair many-body potentials

The segregation energy by definition can be expressed as

∆ε = Ed(HN−yIdx)− [Ed(HN)− yµ(H)]− xµ(I) (3.2)

where Ed is the total energy of a supercell modeling the GB or surface structure. H and
I indicates the host and impurity atom, respectively. µ refers to the chemical potential.
µ(H) is the chemical potential of the host atom in the perfect structure. The superscript
in Idx indicates that the impurity is situated in the defective region. For substitutional
impurities, y = x, while y = 0 for interstitial impurities. For mixed cases, y < x.

The treatment of µ(I) will categorize the segregation treatments. If we calculate it by

µ(I) =
.
Ed(HN−yIbx)− Ed(HN) + yµp(H)

/
/x, (3.3)

where y = 0 for interstitial impurities and y = x for substitutional impurities, and
Ed(HN−y Ibx) is the total energy of the defective structure with x impurities in the bulk-
like environment. The superscript in Ibx indicates that the impurity is at bulk-like envi-
ronment. Then the segregation energy becomes

∆ε = Ed(HN−yIdx)− Ed(HN−yIbx), (3.4)
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Figure 3.5. The GB models. The model GB1 contains 152 atoms is shown in (a) and
(b). The inequivalent sites are labeled by numbers. In GB2 shown in (c),
the vacancy sites labeled as GBS10 are occupied. In GB3 shown in (d), the
GBS1 atoms are removed. In GB4 shown in (e), GBS9 atoms are shifted
from the middle of the GB region.

which corresponds to the picture where the impurities move from the bulk-like environ-
ment to the defective region in the same supercell structure. The segregation energy can
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be directly obtained from two separate calculations. Because the impurity concentration
does not change after segregation, we call this treatment of segregation the concentrated
segregation.

If we calculate the chemical potential of impurities as

µ(I) = E(HN−yI1)− E(HN) + yµp(H), (3.5)

where, similarly, y = 0 for interstitial case and y = 1 for substitutional case. Here
E(HN) is the total energy of an ideal big enough supercell modeling perfect fcc lattice
of copper. The segregation energy is then

∆ε = Ed(HN−xIdx)− Ed(HN)− x
.
E(HN−1Ib1)− E(HN)

/
(3.6)

for substitutional impurities, and

∆ε = Ed(HN Idx)− Ed(HN)− x
.
E(HN Ii1)− E(HN)

/
(3.7)

for interstitial impurities, where the superscript i indicates interstitial sites. It can be
referenced to the substitutional impurities by

∆ε = Ed(HN Idx)− Ed(HN)− x
.
E(HN−1Ib1)− E(HN−1)

/
(3.8)

This conveys a simple picture in which the impurities constantly segregate to the defec-
tive region (either GB or surface) from the bulk with dilute impurities. This segregation
process collects the impurities from the dilute solution to the impurity-enriched defec-
tive region. Therefore, we call this case the dilute segregation.

Lozovoi et. al. [69, 76] developed a scheme by which the effects of the impurities on GB
strength can be analyzed. We find that this scheme is also applicable for the analysis of
other planar defects such as stacking faults. A number of hypothetical reference systems
need to be defined, which are denoted as A, B, C and D. These systems are illustrated
in Figure 3.6 and defined as:

A type: The relaxed defective structure (GB, SF or surface) of the pure host;

B type: The relaxed defective structure (GB, SF or surface) with segregated impurities;

C type: The same atomic structure as B type, but the impurities are removed and no
relaxation for the left structures.

D type: The same atomic structure as A type, with host atoms removed from the impu-
rity sites defined in B.

For more details, we refer readers to the original Refs. [69, 76]. In brief, the chemical
effect or contribution (of impurity) to the physical quantity like Wsep is

CC = Wsep(B)−Wsep(C), (3.9)
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and the size effect or contribution (of impurity) is

SC = Wsep(C)−Wsep(A), (3.10)

which works for both the interstitial impurity and the substitutional impurity. For the
substitutional impurity, this conatins two parts: the host removal part

HR = Wsep(D)−Wsep(A), (3.11)

and the part due to the distortion of the sustitutional structure

SS = Wsep(C)−Wsep(D). (3.12)

3.4.2 Grain boundary segregation

In the GB1 supercell, there are 11 inequivalent sites including a vacancy site as shown
in Figure 3.5 (a) and (b). We denote them as GBS1, GBS2, ... GBS11. The GBS6 already
recovers the bulk character, so this site is taken as the bulk site in the GB1 supercell.
The GBS1, GBS2, GBS3, GBS7, GBS9 and GBS10 are close to GB. We invesigated the
segregation tendency of 3sp elements to these sites.

Table 3.4. The segregation energies of the 3sp elements at the Σ = 5(310)[001]
GB and (310) surface of copper, calculated using PBE functional. Negative
value means the tendency to segregate. The segregation energies of inter-
stitial atoms are not given in the concentrated case, because the interstitial
atoms induce considerable strain in the GB supercell. The strain effect can
not be properly evaluated.

Site
Segregation Energy (eV/atom)

Concentrated Case Dilute Case
Mg Al Si P S Mg Al Si P S

GBS1 0.05 -0.04 -0.38 -0.72 -0.82 -0.25 -0.29 -0.58 -0.90 -1.03
GBS2 -0.12 -0.05 -0.09 -0.25 -0.36 -0.42 -0.29 -0.29 -0.43 -0.58
GBS3 -0.02 -0.06 -0.37 -0.74 -0.96 -0.32 -0.30 -0.57 -0.92 -1.18
GBS7 -0.32 -0.04 -0.12 -0.18 -0.47 -0.62 -0.28 -0.32 -0.35 -0.69
GBS9 -0.83 -0.15 0.15 -0.07 -0.46 -1.13 -0.40 -0.05 -0.25 -0.68
GBS10 – – – – – 0.33 0.01 -0.54 -0.93 -0.76
(310) -0.72 -0.01 -0.39 -1.30 -2.14 -0.63 0.14 -0.22 -1.13 -2.01

Table 3.4 shows the calculated segregation energies of the considered 3sp impurities
to GB1 and (310) surface (negative value means that the impurity tends to segregate).
The trend is very clear from Mg to S with the increasing number of valence electrons.
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Figure 3.6. Systems used for the analysis of the effects of impurities on the defec-
tive region replicated from Ref. 76. A and B are real systems in their equi-
librium configurations, designating the pure defective structure and the
defective structure with segregated impurity, respectively. C and D are fic-
titious systems. C is created by substituting impurities in B (filled black
spheres) with vacancies (vacant black spheres) without further atomic re-
laxation. Configuration D is A in which the host atom site preferred by
impurity in B is removed and a vacancy (vacant blue sphere) is left.

The segregation energies at either GB or surface show a minimum at Al and increase
to either side. For the preferred substitutional segregation site at GB, Mg and Al prefer
the GBS9, Si and P prefers the GBS1 and GBS3, and S prefers the GBS3. Dilute case
presents much higher segregation tendency, while the site preference is the same as in
the concentrated case. Interstitial segregation is only preferred by P.

Since P is of our special interest, we explored explicitly the configuration of two P atoms
(and more) in one GB. Figure 3.7 shows the results for the segregation of more P atoms in
GB. In the concentrated case, the segregation energy per atom changes slightly with the
increasing number of impurity atoms. Different interactions depending on the relative
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positions cause the fluctuation of the averaged segregation energy. In the dilute case,
such fluctuations are still present but are difficult to see due to the larger segregation
energies.
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Figure 3.7. The averaged segregation energy per P atom at GB of copper: the con-
centrated case and the dilute case.

In Table 3.5 we present the binding energies for the preferred dimer configurations of
the examined 3sp elements at either far (by far we mean the distances are 5.3–7.3 Å) or
close (by close we mean the distances are 2.4–3.1 Å) distances. Then we calculate the
dimer binding energy at GB region by standard formula Eb = ∆εdimer−∆εisingle−∆εjsingle
(superscripts i, j indicate the sites where impurities sit). We collect the strongest binding
pairs at either far or close distances, respectively, which are shown in Figure 3.8
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Table 3.5. The segregation energies per pair for the preferred dimer configurations
of the exmained 3sp elements at either far or close distances, calculated from
the concentrated model.

Single Dimer

Mg GBS9 GBS9+GBS9 GBS9+GBS7
far close far close

-0.83 -1.67 -1.72 -1.11 -1.11

Al GBS9 GBS9+GBS9 GBS9+GBS3(7)
far close far close

-0.15 -0.46 -0.37 -0.30 (-0.33) -0.17 (-0.27)

Si GBS1 GBS1+GBS1 GBS1+GBS3
far close far close

-0.38 -0.89 -0.89 -0.86 -0.67

P GBS3 GBS3+GBS1 GBS3+GBS3
far close far close

-0.74 -1.40 -1.48 -1.65 -0.88

S GBS3 GBS3+GBS3 GBS3+GBS1
far close far close

-0.96 -1.86 -1.57 -1.61 -2.05

3.4.3 Work of separation

Cavitaty nucleation and growth determine the creep behavior of polycrystalline metals.
Brittle intergranular creep failure is identified with cavity coalescence at GBs normal to
the maximum stress direction. GBs can be either ductile or brittle depending on how
the crack propagates, which in trun is the result of competition between brittle cleavage
and dislocation emission associated with an atomically sharp crack tip [72, 77, 78, 79, 80,
81, 82, 83]. This leads to the models of Rice, Thomson, and Wang [79, 84], which claim
that the propagation of an atomically sharp crack at GB goes either in brittle or ductile
fashion determined by whether the specific energy release rate required to emit a single
dislocation, is higher or lower than that associated with the brittle GB decohesion.

The energy release rate associated with GB decohesion, or the work of separation of GB
is

Wsep = 2γs − σ (3.13)

according to Griffith’s theory of fracture [85]. With the segregation data of impurities,
we can deduce the changes of the GB energy and the corresponding surface energy. The
work of separation of GB1 with segregated 3sp impurities is tabulated in Table 3.6.

According to Rice’s model [81], the energy release rate of dislocation nucleation from
an atomically sharp crack tip under Mode-I loading is

Gdisl = 8γusf [1 + (1− ν)tan2φ]/[(1 + cosθ)sin2θ], (3.14)
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Figure 3.8. The strongest binding energy for dimers at GB of copper at either far
(5.3–7.3 Å) or close (2.4–3.1 Å) distances, calculated from the concentrated
model.

where ν is the Poisson’s ratio, θ is the inclination angle of slip plane with respect to
the crack and φ is the angle between the Burgers vector and the crack front at the slip
plane. Let us now recall the γusf values of copper with 3sp impurities. Mg, Si, Al and
S have very lettle effect on the γusf copper, however, P significantly increases the γusf .
In pure Cu GBs, the Gdisl is about 1–2 J/m2 [86]. The GB energy value for Σ5(310)[001]
is 1.13 J/m2 (see Table 3.7), which is less than the work of separation of Σ5(310)[001].
The occurrence of Mg, Si and Al segregation at the GB will not change the Gdisl, but Mg
and Si impurities have GB considerable segregation energies and their segregation will
increase the Wsep. P at GB increases the Gdisl but slightly reduces the Wsep, however, the
Gdisl will not becomes bigger than the Wsep since P impurities do not tend to be closer
to each other. Surfur does not change the γusf at all, but it has a very strong tendency
to cluster at GB and reduces the Wsep. This may change the crack propagation behavior
and lead to a brittle failure.

3.5 Phosphorus anomaly

It has been long debated whether and how P can dramatically improve the creep ductil-
ity of copper. The GB energetics is dominated by size effect (of impurities) for elements
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Table 3.6. Computed work of separation of the Σ5(310)[001] GB with the 3sp impu-
rities segregated at different GB sites, based on data in Table 3.4.

Site
Work of separation (J/m2)

Concentrated Case Dilute Case
Mg Al Si P S Mg Al Si P S

GBS1 2.10 2.26 2.25 2.14 2.00 2.18 2.33 2.32 2.21 2.06
GBS2 2.14 2.26 2.19 2.05 1.91 2.21 2.33 2.26 2.12 1.98
GBS3 2.12 2.26 2.25 2.14 2.03 2.19 2.34 2.32 2.21 2.09
GBS7 2.17 2.26 2.20 2.03 1.93 2.25 2.33 2.27 2.10 2.00
GBS9 2.27 2.28 2.15 2.01 1.93 2.34 2.35 2.22 2.08 2.00
GBS10 – – – – – 2.06 2.28 2.31 2.21 2.01

Table 3.7. Computed Gdisl (J/m2) of the GB Σ5(310)[001] for dislocation nucleation
on various slip systems defined by the Burgers vector orientation angle φ
and the slip plane inclination angle θ in Rice’s model (Eq. 3.14).

Slip Plane (111) (11̄1) (111̄) (11̄1̄)
θ 43.09◦ 137.91◦ 68.58◦ 111.42◦ 43.09◦ 137.91◦ 68.58◦ 111.42◦

φ
49.11◦ 43.90◦ 49.11◦ 43.90◦

10.89◦ 16.10◦ 10.89◦ 16.10◦

70.89◦ 76.10◦ 70.89◦ 76.10◦

Gdisl (J/m2)
2.98 20.74 1.74 3.74 2.98 20.74 1.74 3.74
1.60 11.18 1.13 2.43 1.60 11.18 1.13 2.43

10.38 72.33 12.86 27.66 10.38 72.33 12.86 27.66

like Bi, Na and Ag [69], so it is difficult to understand that P is a GB cohesion enhancer
while the next element S is a strong embrittler of Cu. For 3sp elements, Mg is thought to
be an enhancer, and S is identified to be an embrittler [36, 87]. In this sense, P should be
at most not an enhancer. Nevertheless, P also shows anomalous diffusion behavior in
copper, as seen in Figure 3.9. P shows exceptionally small activation energy of diffusion
in comparison to the other 3sp elements. This could be attributed to the tendency of P
to spread evenly along GBs.

To understand the underlying principles, we further split the work of separation in
Table 3.4 into surface and grain boundary contributions in terms of the segregation en-
ergies in Table 3.9, by using Wsep of the intermediate configurations in Table 3.8. The
striking feature is that, though the size effects (especially HR) dominate in the cases of
Si, P and S, the change of Wsep follows the change of the chemical contribution CC for
the 3sp impurities. The impurity is a GB enhancer when the chemical effects dominate,
and an embrittler when the size effects dominate. P is not an exception from the 3sp
elements for the influences on the GB strength.

When we look at the change of γusf in Table 3.10 that controls Gdisl, we can not find any
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Figure 3.9. Semilogarithmic plot of impurity diffusion coefficients in copper vs. re-
ciprocal temperature for various fast diffusing impurities [88]. Copyright
1990 Springer.

Table 3.8. Computed work of separation for the configurations in Figure 3.6.

Impurity
Work of separation (J/m2)

Concentrated case Dilute case
A B C D A B C D

Mg 2.25 2.27 2.05 2.05 2.25 2.34 2.10 2.11
Al 2.25 2.28 2.07 2.05 2.25 2.35 2.12 2.11
Si 2.25 2.25 2.13 2.10 2.25 2.32 2.18 2.15
P 2.25 2.14 2.14 2.11 2.25 2.21 2.20 2.16
S 2.25 2.03 2.14 2.11 2.25 2.09 2.18 2.16

rule that governs the change of γusf . However, the SS effect is extremly large for P, which
leads to the exceptional improvement of γusf and Gdisl. So, the exceptional behavior of
P in the improvement of creep ductility of copper is due to its peculiar influences on
GB decohesion and dislocation nucleation. P strongly segregates to GBs and distributes
there evenly, which makes it effective in impeding dislocation nucleation and lowers
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Table 3.9. The changes of the work of separation with contributions from SS, HR
and CC mechanisms.

Impurity
∆Wsep (mJ/m2)

Concentrated case Dilute case
Total SS HR CC Total SS HR CC

Mg 21 -3 -198 222 94 -10 -143 247
Al 28 19 -198 208 104 13 -143 234
Si -3 28 -152 121 68 25 -97 141
P -107 38 -143 -2 -40 34 -88 13
S -225 35 -143 -116 -158 22 -88 -92

Table 3.10. The changes of the USFE with contributions from SS, HR and CC mech-
anisms.

Impurity ∆γusf (mJ/m2)
Total SS HR CC

Mg -3.6 8.0 -4.3 -7.3
Al 1.8 3.5 -4.3 2.6
Si -2.8 3.0 -4.3 -1.6
P 17.6 27.2 -4.3 -5.4
S -2.5 -1.3 -4.3 3.0

its moderate damage to the cohesion of GBs. This may effectively improve the creep
ductility of copper.

3.6 Conclusions

We have systematically investigated the defects in copper metal based on ab initio cal-
culations. The point defects, point defects interactions, and their influence on stacking-
fault energies and GB energies have been revealed. Efforts were made to relate the
atomistic information to the macroscopic mechanical behavior of copper metal with de-
fects.

We identified the stable configurations of point defects in copper. The divacancy bind-
ing is weak and negligible at room temperature, and the binding terminates at the third
nearest-neighbor distance. Phosphorous is found to prefer a substitutional position
to any interstitial position in defect-free copper. The calculated potential energy map
suggests that an octahedral interstitial phosphorous transforms into a Cu-P dumbbell
around a neighboring lattice site and can readily recombine with a vacancy.

The stacking-fault energy can be significantly changed with the temperature or exis-
tences of defects. The effect of P on the unstable stacking-fault energy of copper is
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exceptionally significant among the 3sp impurities. The change of Wsep with impurities
follows the change of the chemical contribution. The chemical effect is the most im-
portant point for determing whether the impurity is an enhancer or an embrittler of GB
cohesion. When the chemical effect dominates, the impurity is expected be an enhancer,
and vice versa. Combining these atomistic information in the framework of deforma-
tion mechanics, the anomalous behavior of phosphorous in copper can be explained.
The uniformity of segregation of phosphorous to grain boundary also makes the fast
diffusion interpretable.



Chapter 4

Monovalent copper compounds with
oxygen and/or hydrogen

4.1 Introduction

Monovalent copper compounds (Cu(I)-O-H) containing oxygen and/or hydrogen are
a series of metastable compounds. They are not only technologically relevant to many
applications [89, 90, 91, 92, 93], but also show peculiar phenomena triggering the in-
terests of scientists of various fields. For instance, cuprous oxide, Cu2O is the one in
which many experimental observations were made and semiconductor device applica-
tions have been demonstrated for the first time [94, 95].

The Cu(I)-O-H compounds are also important for the applications where copper metal
is exposed to oxygen and water. These compounds are the possible products of anoxic
corrosion of copper and are involved in the hydrogen embrittlement of copper. Accu-
rate knowledge of their structures and properties is strongly needed for understanding
and controlling the behavior of copper under these applications. Many Cu(I)-O-H com-
pounds show limited stability and are difficult to characterize compared to divalent cop-
per compounds [96, 97]. Experimental characterization of the structures and properties
of the Cu(I)-O-H compounds is difficult mainly due to two reasons: first, the hydrogen
atoms are difficult to locate using X-ray techniques since hydrogen only weakly scatters
X-rays; second, the neutron diffraction techniques can be used to locate hydrogen, but
unfortunately the cuprous hydride and hydroxide can only be stabilized in the pres-
ence of water. Therefore, thes structure and properties of Cu(I)-O-H compounds were
rarely studied except for the cuprous oxide. In this chapter, we will explore the struc-
tures of these monovalent copper compounds using DFT calculations and subsequent
statistical-mechanical modeling in combination with available experimental data.

44
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4.2 Structures of cuprous hydroxide

4.2.1 Cation disorder in hydroxide

The structure of a solid form of cuprous hydroxide is unknown and is often referred
to as CuOH amorphous [98, 99]. The principles of atomic coordination in solid-state
CuOH were established in a recent theoretical study [96] and the structure proposed
there was named ”cuprice”, to address its structural resemblance to Cu2O cuprite and
H2O ice.

The proposed structure of cuprice is intermediate between the crystal structures of
cuprite and ice-VII (the latter consists of two interpenetrating lattices of cubic ice IC).
The coordination of cuprous cations and protons in cuprice CuOH is found to be sim-
ilar to the coordination of these ions in cuprous oxide Cu2O (cuprite) and ice H2O, re-
spectively [96]. The coordination of oxygen is illustrated in Figure 4.1 for cuprite, ice
and cupricr. The mixture between the Cu2O and H2O structures may be viewed as a
more-or-less random cation substitution of H for Cu in Cu2O to form CuOH, which
also explains why it is so difficult to experimentally distinguish cuprice from cuprite or
from the structures of possible hydrated forms of cuprous oxide or hydroxide (all these
compounds can generally be denoted as Cu2O·nH2O, 0 ≤ n ≤ 3) [97].

Figure 4.1. The coordination of oxygen in cuprite, cuprice and ice H2O.

A high degree of cation disorder can be expected in CuOH, if all the configurations not
breaking the so-called Pauling ice rules were strictly, or nearly, degenerate in energy.
This assumed degeneracy was not proved for CuOH, so it is necessary to investigate
whether the bonding topology has an effect on the total energy of cuprice. Similarly, the
hydrogen bond (HB) topology in water ice has for a long time been assumed to have
no effect on the total energy. Recent studies have revealed that the ice structures with
different HB topology are not strictly degenerate, but differ at most by about 1 kJ/mol
per H2O [100, 101, 102, 103]. In spin ice systems, which generally obey the Pauling ice
rule [104], the degeneracy can be lifted due to magnetic dipole interactions [105].



46 CHAPTER 4. MONOVALENT COPPER COMPOUNDS

4.2.2 Graph theory based structural enumeration

To investigate the effect of the HB topology on the stability of CuOH, we carried out
graph theory based structural enumeration detailed in Paper III. In brief, we doubled
the size of the simplest unit cell of cuprice [96] along the three spatial directions and
explored all possible arrangements (allowed by the Pauling ice rule) of cuprous cations
and protons in the so-obtained 2×2×2 supercell of CuOH. Out of the 82944 possible con-
figurations of Cu and H cations in the supercell comprised of 16 CuOH molecules, only
40 symmetry-distinct configurations needed to be considered in ab initio calculations.
The total energies of the 40 configurations of the CuOH supercell were then computed
in the framework of DFT.

4.2.3 Antiferroelectric ordering of cations

The calculated energies of all 40 symmetry-distinct configurations of cuprice are plotted
in Figure 4.2 as a function of the displacement between the two lattices, where the zero
of energy is set to the energy of the most stable structure (Figure 4.3). The general trend
obtained is that the total energy of cuprice decreases as the displacement increases. An-
other feature is the gap separating the data, due to which the configurations can be clas-
sified into two groups according to their energies. A close inspection reveals that the
configurations belonging to the lower energy group share a common feature not typical
of the other group, namely, that the low-energy configurations have a clear-cut layered
structure with intra-layer and inter-layer hydrogen bonding. The three-dimensional HB
network contributes to the mechanical stability of the structures imparting stiffness to
the material. It is known that metal hydroxides tend to form layered structures. Our
results show that CuOH cuprice is not an exception from this rule.

As seen in Figure 4.2, the structures are not degenerate. An energy difference between
the most and the least stable configurations as high as 7.49 kJ per mole of CuOH has
been calculated with PBE. Even though the PBE functional usually describes hydrogen
bonding and electrostatic interactions quite well, it fails to describe correlated electron
fluctuations and dispersion forces [106]. Given this, we also employed different DFT
methods that include van der Waals (vdW) corrections. The calculated energy differ-
ence between the most and the least stable configurations of cuprice is shown in Table
4.1, in comparison with that of ice VII/VIII. The semi-empirical vdW corrected method
DFT-D2 [26] yields a slightly smaller energy difference when compared to the value
obtained with PBE. The non-local embedded vdW correction method of the vdW-DF
functional [28, 29] gives a much lower energy difference since it adopts a more repul-
sive exchange term. The improved non-local vdW correction method of optB86b [107]
with a less repulsive exchange term gives a higher energy difference. Overall, the PBE
functional gives a similar energy difference to that obtained using more sophisticated
vdW functionals for the cuprice system as well as for the ice VII/VIII system. There-
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Figure 4.2. Energy (in kJ per 16 moles of CuOH) of cuprice as a function of the rel-
ative displacement (Å) of the two interpenetrating lattices. The energies
are calculated by pure DFT at the PBE level and the displacement is es-
timated by taking the difference between the centers of mass of the two
cubic diamond sublattices of oxygen in the optimized geometry.

fore, the ordering in both systems is more likely to be caused by electrostatic rather than
dispersion interactions.

Table 4.1. Energy difference (in kJ per mole of CuOH or H2O) between the most
and the least stable configurations of cuprice and ice VII/VIII, obtained with
PBE as well as with three dispersion-corrected DFT functionals.

Material PBE DFT-D2 vdW-DF optB86b
CuOH 7.49 6.51 4.91 7.70
H2O 1.27 1.04 1.18 1.26

Figure 4.3 shows the antiferroelectric ground-state configuration of cuprice. The struc-
ture is composed of triple layers (trilayers): a plane of copper atoms sandwiched be-
tween two almost flat layers containing rows of copper, hydrogen and oxygen atoms.
Despite the fact that the inner part of each trilayer is entirely composed of metal atoms,
the compound is a semiconductor. Our calculations using the PBE0 hybrid functional
[21] yield a band gap value of 3.03 eV. Different ordering of the cations in CuOH af-
fects only slightly the bandgap (narrowing it down to 2.73 eV in the cation-disordered
cuprice) but never leads to a metallicity as long as the Pauling ice rule is obeyed. This
feature makes cuprice similar to such materials as topological insulators or graphane-
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Figure 4.3. Ball-and-stick representation (a) and stick representation (b) of the
ground-state structure of cuprice. In the ball-and-stick model, the red,
yellow and black balls represent O, Cu and H ions, respectively. The
blue frame indicates the supercell. In figure (b), one CuOH molecule
is shown using the ball-and-stick representation, while the surrounding
CuOH molecules are colored according to a scheme where the cyan and
purple colors indicate different lattices.

like materials.

The cuprice synthesized via the wet chemical route exhibits a layered morphology. XRD
patterns both from the yellow precipitate (upper panel) and simulated using the ab initio
derived ground-state structure (lower panels) are shown in Figure 4.4. The experimen-
tal X-ray diffraction (XRD) pattern in in Figure 4.4(a) exhibits two peaks at low 2θ an-
gles (of about 12.5 and 25◦), which is indicative of a layered structure with an interlayer
distance of about 7.1 Å. The positions of other peaks at higher angles (starting from
2θ ≈ 29◦) almost coincide with the peak positions from the Cu2O reference sample. The
simulated XRD patterns of the ground-state structure of cuprice, see Figures 4.4(b) and
(c), exhibit generally the same features as those found in the experimental XRD pattern.
However, the simulated patterns are slightly shifted towards higher angels (lower inter-
layer distance) as compared to the experimental one, which can be attributed to the fact
that the lengths of HBs are extremely sensitive to temperature and pressure [108] (the
simulated pattern corresponds to T = 0 K). The expansion of the HBs with increasing
temperature will constantly increase the volume and especially the interlayer distance
since the layers of the ground-state structure are bonded by relatively weak HBs. As
shown in Figure 4.4(b), the simulated XRD pattern corresponding to a larger cell vol-
ume matches better with the experimental pattern. The spacing between trilayers in the
ab initio calculations is about 1 Å smaller than the experimental interlayer distance. This
difference may partly be attributed to thermal expansion of the cuprice lattice at room
temperature. Besides, there will be some other low-energy conformations in the exper-
imental product, since several structures are very close to the ground state in energy
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as shown in Figure 4.2. Mixture with less ordered structures will remove some of the
peaks seen in the simulated XRD of the ground-state structure. Experimental specimen
can also contain disorder of other type, for instance, broken chains.

Figure 4.4. Experimental (a) and simulated (b-c) (based on the structure optimized
by vdW-DF functional) XRD patterns of the cuprice. The XRD simulation
was conducted in GDIS code [109].

4.2.4 Mechanism of ordering

Interactions between the formally closed-shell Cu cations have been argued to be im-
portant for the structural stability of cuprite Cu2O [110, 111, 112, 113, 114, 115]. Could
these interactions be at the origin of the attractive forces between the two lattices also
in CuOH? The differential charge density (which is obtained by subtracting the super-
imposed electron densities of Cu+ and O2− ions from the self-consistent or measured
charge density of Cu2O crystal) suggests the existence of an incomplete d-shell and on-
site 3d–4sp hybridization. Filippeti and Fiorentini [115] showed that the weak Cu–Cu
interaction originates from the excessive delocalized charge on Cu, and that the incom-
pleteness of the 3d-shell is not a direct cause of Cu–Cu interactions. By comparing the
cases of Cu2O, CuOH, and ice-VII/VIII, we have shown that closed-shell interactions
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do contribute to the bonding between the two lattices present in each of these materials,
but they do not produce significant energy differences between the structures of CuOH.
These interactions act to reduce the repulsive force due to the Pauli exclusion principle
between closed shells by charge redistribution.

The symmetry of local atomic configurations is generally lower in cuprice than in cuprite,
which induces lower-order multipole (dipole) moments on the ions in CuOH and makes
the electrostatic attraction (between lattices) much stronger than that in Cu2O. Further-
more, the interaction is extremely sensitive to the cation arrangements around the oxy-
gen cations and this drives the cation ordering in cuprice. As shown in Figure 4.3(b) and
Figure 4.5(a), the CuOH molecules in the ground-state structure of cuprice are antiferro-
electrically ordered into the same configuration as water molecules in ice-VIII. The axis
of antiferroelectric ordering in CuOH lies in-plane to minimize the electrostatic interac-
tion between different trilayers but also to maximize the interaction among the CuOH
chains within each trilayer, thereby gluing them together.

Figure 4.5. Stick model representations of the configurations of CuOH molecules in
the most stable antiferroelectric (a), ferroelectric (b) and the least stable (c)
structure of cuprice. In the most stable antiferroelectric configuration, the
dipole moments of molecules belonging to the two lattices are antiparallel.
Panel (d) shows the two crossing arrays of CuOH molecular chains that are
woven together into a trilayer of the most stable structure. Color scheme
is the same as in Figure 4.3.
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This interaction, which by nature is a collective electrostatic phenomenon, is also re-
sponsible for the lifting of the structural degeneracy both in cuprice and ice VII/VIII.
The interaction is much stronger in cuprice where it induces a noticeable attraction be-
tween the two lattices. In the ground-state cuprice configuration, the centers of mass of
the cations belonging to the two lattices are located as far as possible to minimize their
mutual repulsion. The two lattices become strongly polarized as a result of antiferro-
electric ordering (as can be seen from the displacement in Figure 4.2), to increase the
attraction between the cations and anions belonging to different lattices. Interestingly,
the least stable structure of cuprice is not the ferroelectric configuration. In the ferroelec-
tric case, the centers of mass of the anions and cations are superimposed when viewed
from the axis perpendicular to their main plane of symmetry. This disposition gives
rise to an eclipsed arrangement and weakens the Coulomb repulsion with the adjacent
lattice. In the least stable configuration the centers of mass of the cations belonging to
the two lattices are no longer eclipsed (Figure 4.5(c)), but staggered, which maximizes
their repulsion.

4.3 Metastable hydrides

Copper hydrides in the Cu—H system are not stable at atmospheric pressure [116].
However, metastable hexagonal CuH (the wurtzite) can be synthesized chemically or
electrochemically [117, 118]. There are two other hydride structures mentioned in liter-
ature: the cubic CuH hydride with hydrogen in tetrahedral positions (the sphalerite),
and the cubic CuH with hydrogen in octahedral positions (the halite NaCl structure)
[96, 119, 120].

The crystal structure of copper hydride observed in experiments [117, 118] is the hexag-
onal wurtzite CuH (space group P63mc), as shown in Figrue 4.6. The sphalerite (space
group F 4̄3m) with hydrogen in tetrahedral positions is reported to be slightly less stable
[119] than the hexagonal structure and less observed in experiments. Both the wurtzite
and the sphalerite structures are dynamically stable in the examined pressure range.
The halite (space group Fm3̄m) with hydrogen in octahedral interstitial positions cor-
responds to the structure of fcc copper with all octahedral sites filled with hydrogen.
This structure is dynamically unstable when the pressure is below 32 GPa (the volume
of unit cell less than 50 Å3). The corresponding phonon spectra are shown in Figure 4.7.
Table 4.2 shows the crystallographic data of copper hydrides.
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Figure 4.6. The three different structures of CuH are shown in sequence: the hexag-
onal CuH (wurtzite type), cubic CuH hydride with hydrogen in tetrahe-
dral positions (sphalerite type), and cubic CuH with hydrogen in octahe-
dral positions (halite type).

Table 4.2. Computed lattice parameters (in Å) for CuH using PBE and PBE0 func-
tionals. The bandgap Eg (in eV) are also listed.

Material Space Group Lattice Parameters (Å) Band Gap (eV)
PBE PBE0 PBE PBE0

CuH
P63mc

a = 2.887 a = 2.867 0.53 1.26(indirect)
c = 4.572 c = 4.576

F 4̄3m a = 4.023 a = 4.021 0.54 1.48(indirect)
Fm3̄m a = 3.90 a = 3.895 0 0

(a) wurtzite (b) sphalerite (c) halite

Figure 4.7. Calculated phonon specra of CuH in three different crystal structures.
The halite structure corresponds to the volume of 50 Å3. The wurtzite and
sphalerite structures are at their equilibrium volumes.

4.4 Phase transitions

4.4.1 Anoxic corrosion of copper

If copper reacts with pure water (anoxic corrosion), then a new copper compound
would have to form. It should be stable and can be the driving force for the process. Hy-
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drogen gas evolution has been reported by several experiments, though there are also
many reports that deny the gas evolution. If hydrogen gas evolution is true in anoxic
corrosion of copper, we have to find explanation for the process. One explanation that
has been suggested is that the cuprous hydroxide would be formed.

We have obtained the ground-state structure of cuprous hydroxide. Thermodynamics
of formation of solid CuOH via reactions of Cu or Cu2O with liquid water can be calcu-
lated.

The free energy changes for the following reactions were evaluated:

Cu2O+H2O −→ 2CuOH; (4.1)
∆H(298.15 K) = 35.9 kJ/mol

∆G(298.15K) = 46.7 kJ/mol

and

Cu + H2O −→ CuOH +
1

2
H2; (4.2)

∆H(298.15 K) = 80.0 kJ/mol

∆G(298.15K) = 71.4 kJ/mol.

Thus, the reaction to form the most stable structure of cuprice from Cu2O and water has
calculated to require 17.9 kJ per mole of CuOH. The formation of CuOH from Cu and
water at room temperature requires 80.0 kJ of energy per mole of CuOH. Subtracting
reaction 4.1 from reaction 4.2 multiplied by two, we get:

2Cu + H2O −→ Cu2O+H2; (4.3)
∆H(298.15 K) = 62.1 kJ/mol

∆G(298.15 K) = 48.1 kJ/mol.

By comparing the calculated free energy of reaction (4.3) with experimental data,[121]
∆H(298.15 K) = 57.6 kJ/mol and ∆G(298.15 K) = 44.6 kJ/mol, we conclude that the
accuracy of the present thermodynamic evaluation is within 8%.

The obtained instability of bulk CuOH relative to Cu and water provides additional
evidence that the reaction of copper with water is a surface phenomenon. Indeed, the
hydroxylation at some copper surfaces is spontaneous [122, 123]. Water adsorption via
a dissociative pathway was observed on Cu(110) and Cu(100).[124, 125] Computational
studies indicate that stepped copper surfaces have a high affinity for water [126].

Studies on the Cu(110) surface by Forster et al. have provided us a picture of the H
bonding motifs that occur at that surface [122, 127]. A study on the pure hydroxyl phase
has shown that the OH dimers are often present as pairs or short chains with one dimer
pointing in-plane and the next protruding out-of-plane [122, 123]. We also note that an
outer layer of each trilayer in the cation-ordered configuration of cuprice is structurally
similar to a hydroxylated, missing-row reconstructed Cu(110) surface.
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Hydrated cuprous oxide is another possible form of CuOH that has the same average
composition as the hydroxide, but where the Cu and H cations occupy different lat-
tices, Cu2O·H2O. The crystal structure of hydrated cuprous oxide is depicted in Figure
4.8. The figure shows two interpenetrating lattices, one is the anti-cristobalite lattice of
cuprous oxide and the other is the lattice of cubic ice IC . The order of protons in the IC
lattice of Cu2O·H2O is corresponds to a ferroelectric configuration, which is the ground-
state of IC ice. The electronic energy of the hydrated cuprous oxide is calculated to be
higher than that of the cuprous hydroxide CuOH by 9.86 kJ/mol. The configurational
entropy (see Paper III), may additionally contribute with 1.36 kJ/mol to the difference
at room temperature. This makes the hydrated oxide form less likely to occur in com-
parison with cuprous hydroxide.

Figure 4.8. The ball-and-stick model of the crystal structure of the hydrated
cuprous oxide.

4.4.2 Competing hydrides

Hydrogen atoms fill in the octahedral sites of fcc copper in the halite, while they fill
in the tetrahedral sites in the sphalerite. The thermodynamic information of CuH is
important for the purpose of thermodynamic description of solid solution of hydrogen
in copper. Besides, hydrogen concentrations are present in areas with high hydrostatic
stress that gives cracking at stresses well below the yield strength, leading to the “inter-
nal hydrogen embrittlement”(IHE) [128]. The presence of brittle copper hydride is one
possible reason for the “hydride embrittlement”of copper. Accurate thermodynamic
information helps clarify this problem.

The free energies from our calculations are shown in Figure 4.9. At high pressure range
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(higher than 32 GPa), the halite is the most stable one. At low pressure range, the
wurtzite is thermodynamically favored. The sphalerite is not thermodynamically fa-
vored in the examined presesure range. However, it is very close to the wurtzite in
stability. These results conform well with the previous calculations of hydrogen impu-
rities in copper. Hydrogen prefers the octahedral sites in fcc copper, so the halite with
octahedral hydrogen is more preferred to the sphalerite with tetrahedral hydrogen.

Figure 4.9. The Helmholtz free energies F (V,T0) of the three CuH structures.

4.5 Electronic structure

The caluculated equilibrium lattice parameters and bandgaps of the Cu(I)–O–H com-
pounds by using PBE and PBE0 functionals are given in Table 4.3. The electronic den-
sities of states (DOS) are shown in Figure 4.10. Cu2O is the only semiconductor with
direct band gap among the examined Cu(I)–O–H compounds. Figure 4.10(a) shows the
DOS of Cu2O with a clear gap between the Cu-3d and O-2p states. The PBE0-calculated
band gap of cuprous oxide is 2.17 eV, in good agreement with the experimental data
(2.0−2.2 eV) [129, 130]. The upper valence band is dominated by Cu-3d states, with two
peaks centered at about −1.0 eV and −2.5 eV. The two O-2p peaks are centered at −6.5
eV and −7.5 eV. The lower valence band has one sharp O-2s peak at −21.3 eV.
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Table 4.3. Computed lattice parameters (in Å) for Cu2O, CuOH, and CuH using
PBE and PBE0 functionals. The bandgap Eg (in eV) are also listed.

Material Space Group Lattice Parameters (Å) Band Gap (eV)
PBE PBE0 PBE PBE0

Cu2O Pn3̄m a = 4.31 a = 4.30 0.48 2.17(direct)

CuOH Cm2a
a = 5.70 a = 5.73

0.80 2.73(indirect)b = 5.30 b = 5.33
c = 4.21 c = 4.14

CuH
P63mc

a = 2.887 a = 2.867 0.53 1.26(indirect)
c = 4.572 c = 4.576

F 4̄3m a = 4.023 a = 4.021 0.54 1.48(indirect)
Fm3̄m a = 3.90 a = 3.895 0 0

Table 4.4. Computed Bader charges (in |e|) for Cu2O, CuOH, and CuH using PBE
and PBE0 functionals.

Material
Bader Charge (|e|)

PBE PBE0
Cu O H Cu O H

Cu2O +0.538 −1.075 − +0.566 −1.133 −
CuOH +0.549 −1.175 +0.374 +0.577 −1.232 +0.345

CuH (wurtzite) −0.339 − +0.339 −0.326 − +0.326
CuH (sphalerite) −0.385 − +0.385 +0.374 − −0.374

CuH (halite) −0.238 − +0.238 +0.231 − −0.231

The atomic structure of CuOH resembles that of Cu2O but with half of the Cu+ re-
placed by protons [96]. The two protons bound to each O2− lay at different distances
from the O2− anion: one is closer (0.973 Å) while the other is further away (2.204 Å).
It is therefore interesting to investigate how the electronic structure of CuOH is related
to Cu2O. Figure 4.10(b) shows the DOS of cuprice CuOH. The O-p states in the upper
valence band are split into two peaks, centered at about −6.5 eV and −9.0 eV. The peak
around −6.5 eV is contributed by O-px, O-py and O-pz, while the other is by O-px and
O-py states. The O−H bonding can be speculated to be a hybrid of H-s and O-pz states,
which forms the bonding and antibonding states. The antibonding peak contains some
contribution from Cu states. This is manifested by the computed Bader charges for
cuprous oxide and hydroxide in Table 4.4: the copper cation loses more charge in hy-
droxide. The hybridization with H-s states lowers the occupied states and also widens
the band gap. As can be seen from Table ??, the band gap of CuOH is larger than that
of Cu2O. The collective dipole interactions in CuOH can be so prominent that the en-
ergy of the ground-state structure is lower than that of the least-stable structure by 7.49
kJ/mol CuOH (cf. Paper II). This projects its influences on the DOS of CuOH. The band
gap spans from 2.73 eV (the least stable) to 3.03 eV (the ground-state structure). The
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reason behind is that the electric dipole interaction can slightly redistribute charge. The
occupation of Cu-4s of the ground-state structure (0.203) is lower that of the least-stable
structure (0.210). When the occupation of Cu-4s is lowered, the charge transferred to
the O−H antibonding will be increased and the level of occupied states will be lowered,
so the band gap will slightly open.

As can be seen from Figure 4.10(c) and (d), Cu-4s and H-1s are strongly mixed. Three
main peaks of d band lie between −2.9 eV and −5.9 eV for the wurtzite and the spha-
lerite. Two more weak peaks of d character appear at higher energies, which are also
mixed with Cu-4s and H-1s states. This is probably due to the d self-depletion and s-d
hybridization. The other structure of CuH, the halite with hydrogen in octahedral posi-
tions, is a metal of Dirac-cone type as shown by the band structure in Figure 4.10(e). The
DOS and band structure shown in Figure 4.10(e) correspond to the compressed halite
with volume of unit cell being 50 Å3. All the occupied states are shifted downwards
when pressure is applied. The net charge on copper ions of the halite CuH is the low-
est among hydrides (see Table 4.4), and the corresponding Cu—H bond length is the
longest.

4.6 Chemical bonding

Ionic bonding is prevailing in Cuprous oxide [110, 111, 112, 113, 114, 115, 131], as can
be seen from the electron localization function (ELF) plots shown in Figure 4.11(a). The
scale of the ELF is encoded using a color scheme in which values corresponding to
higher probabilities of finding like-spin electrons are shown in red while lower proba-
bility regions are shown in blue. At the Cu cation sites the ELF has very low values;
whereas at the sites of O anions, spherical regions of high probability (0.85) can be seen.
Such large difference in the ELF is a signature of the strong ionic character of Cu—O
bonding. Besides, there is a weak halo of ELF around Cu+ in the plane perpendicular
to Cu—O bond.

The ELF of cuprice CuOH shown in Figure 4.11(b) suggests a covalent character of
bonding between O and the closest H, while the Cu sites are still characterized by low
values of ELF. Around Cu sites there is no lobe protruding towards O, suggesting that
the Cu—O bond is still ionic in CuOH. Besides, the weak halo of ELF around Cu+ as
in Cu2O is also found in CuOH. Such feature was attributed to 3d-shell depletion and
s-d hybridization of Cu+, which leads to a weak interaction between Cu cations that
stabilizes the cuprite structure of Cu2O [110, 111, 112, 115].

Figure 4.12 shows the differential charge densities of the cuprite Cu2O and the cuprice
CuOH. Both the cuprous oxide and the hydroxide are constructed by interpenetrating
two identical sublattices. So, the differential charge density is calculated by substracting
from the charge density of the crystal the supercomposed charge densities of the sub-
lattices calculated separately. In both materials, the major charge redistribution due to
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Figure 4.10. The PBE0-calculated DOS for cuprite Cu2O, cuprice CuOH and three
CuH hydrides: (a-e). The corresponding DOS are projected from the
Kohn-Sham wave functions onto atomic Bader volumes and calculated
within these volumes. The inset in (e) is the PBE0-calculated band struc-
ture of halite CuH.
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Figure 4.11. ELF contour plots of (a) the cuprite Cu2O, (b) the cuprice CuOH and
(c-f) the three CuH.

lattice correlation occur around Cu cations. In oxide, the charge depletes from the Cu—
O bond and accumulates in the doughnut around the Cu cation oriented perpendicular
to Cu—O bond. In hydroxide, the charge redistribution is more complex. For the su-
percell of 2×2×2 of the primitive cell and the least stable structure, the major charge
depletion and accumulation arise along the direction of the chains of Cu cations. The
shape of the accumulated charge around Cu cations becomes dumbbell-like rather than
doughnut shaped as in Cu2O. The difference is related to the coordination of Cu. For
each Cu cation in oxide, there are six nearest neighbours of Cu from the other sublat-
tice and they are in one plane. The number of such coordination for each Cu cation
in hydroxide is two for the structure of 2×2×2 of the primitive cell and the least sta-
ble structure, but two or four for the most stable structure. As seen in Figure 4.12(c),
the shape of the accumulated charge around Cu cations of the most stable structure is
either more spherical (when the coordination number is four) or more dumbbell-like
(when the coordination number is two). The calculated total amount of charge transfer
(shown in the caption of Figure 4.12) is proportional to this coordination number. The
larger the number, the stronger is the charge transfer. However, in the case of no Cu
cations, e.g., the ice VIII, there is still charge transfer with the total amount to be 0.15 e
per cell. Apparently, Cu cations are more adaptable to such interaction as they generate
substantial charge transfer. Meanwhile, the effect of such interaction can either stabilize
the interpenetrating structure or destabilize it, which depends on the ions inside.

Figure 4.11(c-f) show the ELF plots for the examined structures of CuH. For the wurtzite
(Figure 4.11(c)) and the sphalerite (Figure 4.11(d)), valence electrons strongly localize
around H, and at the Cu sites the ELF has very low values. The shape of ELF around H
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is not spherical but tetrahedral since the electrons feel repulsion from the closed shells
of neighbouring Cu. So, the Cu—H bonding in wurtzite and sphalerite CuH has pre-
vailling ionic character. The shape of ELF around H in halite CuH (Figure 4.11(e) and
(f)) is cubic as H is at the octahedral center. The length of the Cu—H bond (1.95 Å
when the volume of unit cell is 59 Å3) is much longer than that in the wurtzite and the
sphalerite structures (both are 1.74 Å) , so H is not well confined and the halite CuH is
dynamically unstable until the bond length decreases to 1.84 Å(when the volume of unit
cell is 50 Å3). Besides, there is weak value of ELF between neighbouring H as seen in
Figure 4.11(e) and (f), and it becomes stronger when the halite structure is compressed.
This suggests a weak tendency of covalency. It is speculated that the H-H interaction
also contributes to the stabilization of the halite structure.

(a) Cu2O, 2×2×2 of the primi-
tive cell

(b) CuOH, 2×2×2 of the primi-
tive cell

(c) most stable CuOH (d) least stable CuOH

Figure 4.12. Differential charge density plots (yellow: charge accumulation, cyan:
charge depletion): (a) the cuprite Cu2O, (b) CuOH, 2×2×2 of the primi-
tive cell CuOH, (c) the most stable CuOH, and (d) the least stable CuOH.
The isosurface value is 0.003 eV/Å3. The total charge transfer per cell for
(a-d) are 1.74 e, 1.03 e, 1.12 e, and 1.02 e, respectively.
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4.7 Optical properties

As mentioned above, the PBE0 functional can accurately describe the electronic struc-
ture of cuprous oxide and hydroxide. Therefore, we use the calculated electronic spec-
tra to derive the optical properties. Figure 4.13(a) shows the complex dielectric func-
tion, complex refractive index, and reflectivity coefficient for cuprous oxide. The upper
panel shows the real and imaginary parts of the dielectric function. The static dielectric
constant ε1(0) of Cu2O is calculated to be 8.1, which falls into the upper end of the ex-
perimental value 7.6±0.4 [132]. The imaginary part ε2(ω) is smooth at low energies and
reaches a maximum at 5.0 eV, with a shallow shoulder to the left. Although cuprous
oxide is a direct band gap semiconductor, the dipole transition matrix element is zero
between the valence band maximum (VBM) and conduction band minimum (CBM). So
the optical band gap derived by extrapolation from the ε2(ω) curve, 2.8 eV, is larger than
the band gap. The highest peak corresponds to the transition between CBM and Cu-3d
peaks below the VBM, as can be seen from the DOS of Figure 4.10. The peak at 5.8 eV in
the ε2(ω) curve also corresponds to the transition from Cu-3d states to CBM. Two more
peaks located at 7.2 eV and 9.4 eV correspond to the transition from O-2p states to CBM.
In the lower panel of Figure 4.13(a), the maximum of k is 2.6, indicating strong light
absorption at around 6.0 eV. The static refractive index is 2.8. The reflectivity coefficient
is smooth within the whole energy range.

Figure 4.13. Optical properties of cuprous oxide (a) and hydroxide (b) calculated
using the PBE0 functional. Upper panels show the real part (Re) and
imaginary (Im) part of dynamic dielectric function. Lower panels show
the real part n and imaginary part k of refractive function, as well as the
reflectivity coefficient R

The complex dielectric function, complex refractive index, and reflectivity coefficient
of cuprous hydroxide are shown in Figure 4.13(b). The real and imaginary parts of
the dynamic dielectric function are depicted in the upper panel. The obtained static
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dielectric constant ε1(0) is 4.9 for the hydroxide, which is much lower than for cuprous
oxide. This may be due to the fact that replacing Cu with H decreases the polarity of the
unit cell. The ε2(ω) has a little plateau before reaching the highest peak at 6.2 eV. This
is because cuprous hydroxide is an indirect semiconductor and the direct transition
from VBM to CBM requires a contribution from lattice vibrations. The highest peak
corresponds to the transition between CBM and Cu-3d peaks lying below Fermi level,
similarly to cuprous oxide. The two peaks located at 9.1 and 11.6 eV are due to the
transitions from Cu-3d states and O-2p states to CBM, respectively. The optical band
gap is equal to the indirect band gap for CuOH. In the lower panel of Figure 4.13(b), the
static refractive index is 2.4. The real and imaginary parts of the static refractive index
are smaller than those of cuprous oxide, indicating better light permittivity of cuprous
hydroxide. The imaginary part k has a maximum of 1.5, and vanishes at 25 eV. When
the energy of the photon is higher than 25 eV, the frequency of incident light exceeds
the inherent oscillation frequency of cuprous hydroxide. Beyond this energy, all the
quantities responsible for absorption will extinct.

0 5 10 15 20 25 30
Energy Loss (eV)

CuOH
Cu2O

Figure 4.14. Energy-loss function for Cu2O and CuOH.

The energy-loss function has been deduced from the dynamic dielectric constant. This
function can be compared with experimental spectroscopic data (e.g. EELS, EXELF),
which provide information about the interactions of the material with an incident elec-
tron beam. The derived energy-loss spectra for both cuprous oxide and hydroxide pre-
sented in Figure 4.14 clearly show the energy ranges corresponding to the electronic
excitations of the different orbitals in the low-loss region. The broad spectra appear in
the range 2.8–22.5 eV for Cu2O and 2.9–27.5 eV for CuOH, respectively. The highest
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peak in the low-loss spectrum is the bulk plasmon peak, corresponding to the collective
oscillation frequency of the loosely bound electrons. The calculated plasmon energy is
14.7 eV for cuprite and 18.3 eV for cuprice.

4.8 Conclusions

In this chapter, we have explored the structures and properties of monovalent copper
compounds with oxygen and/or hydrogen. The lowest-energy cation configuration in
cuprice–CuOH(s) was identified using a combined theoretical-experimental effort. The
competing structures of hydrides were investigated. Structure–property relationships
were analyzed on this series of materials to gain an fundamental understanding of their
behaviour.

We scanned through 40 symmetry-distinct structures of CuOH that represent the 82944
possible cation configurations in a 48-atom supercell and determined the ground state
configuration. The structure determined with DFT was validated by comparison with
the X-ray diffraction data obtained from the synthesized material. The ground-state
CuOH(s) has a layered structure that is stabilized by antiferroelectric cation ordering
which, in turn, is caused by collective electrostatic interactions. We calculated the elec-
tronic and thermodynamic properties of the cation-ordered CuOH(s) and found that
these properties are intimately linked to the bonding topology in the material, which
is composed of one-dimensional (folded and interlocked chains) and two-dimensional
(layers) structural units. The solid CuOH is an indirect band gap semiconductor. The
disorder of cations in CuOH can make its band gap vary between 2.73 eV and 3.03 eV.
The hydrogen in CuOH has little effect on the ionic nature of the Cu—O bonding rel-
ative to that in Cu2O, but lowers the energy levels of the occupied states by giving a
covalent character to the O-H bond. The weak bonding between the layers of CuOH(s)
indicates that exfoliation of individual layers is possible. The compound is a semicon-
ductor and is capable of forming nanosheets that are stable in water. These properties
may render this material interesting for technological applications.

The halite structure of CuH is stable only at high pressure (beyond 32 GPa). The
wurtzite and sphalerite structures of CuH are more stable at low pressure, with the
wurtzite being slightly lower in energy. The wurtzite and sphalerite structures are
semiconductors with small band gaps, while the halite structure is a Dirac-cone type
of metal. The H–H interaction contributes to the dynamical stabilization of the halite
structure.



Chapter 5

The nature of hydrogen in γ-alumina

5.1 Introduction

Figure 5.1. Schematic illustration of the relations between aluminium oxides and
hydroxides, depending on the initial hydroxide and temperature.

Al2O3 also known as alumina, is a series of oxides that have been widely used in indus-
try [133, 134]. These aluminium oxides can be obtained by thermal decomposition of
aluminum hydroxides or oxyhydroxides [135, 136], as shown in Figure 5.1. The most
stable form of alumina, corundum or α-alumina, takes a form with hexagonal close-

64
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packed oxygen atoms and aluminium atoms filling two-thirds of the octahedral inter-
stices (space group R-3c, No. 167). Its hardness makes it suitable for applications of
friction, cutting and protection. The thickness of the oxide layer on aluminium can be
enhanced using a process called anodizing. The ultimate product of the anodization
after annealing contains mostly α-alumina, however, the badly-crystalized metastable
phase γ-alumina is the dominant phase formed in anodization. The crystal structure of
γ-alumina is ambiguous [135, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147], though
it has been widely used as a catalyst or catalyst support [138, 148, 149, 150, 151, 152].

The problem mostly comes from the inherent poor crystallinity of γ-alumina. What’s
more, it is still not stictly determined whether hydrogen is a natural (then γ-alumina is
actually an oxyhydroxide) or foreign element in γ-alumina [135, 138, 139, 140, 141, 142,
143, 144, 145, 146]. There are mainly two points of view in what concerns the structure
of γ-alumina. These points of view differ mostly with regard to the content of hydrogen
in the structure. Both of these two models involve the disorder of cations.

The clarification of the structural and physical-chemical properties of γ-alumina helps
to understand the catalytic properties of this material. The catalytic properties of γ-
alumina are related with its Lewis acidic surface due to the presence of hydroxyl groups.[153,
154] This is because water molecules can undergo dissociative adsorption at the surface
of γ-alumina.[153] However, this feature alone cannot be responsible for the differences
in catalytic properties of γ-alumina and α-alumina; because hydroxylated α-alumina
also has Lewis acidic surface sites due to dissociative water adsorption [155]. The hy-
drogenation of γ-alumina was suggested to be the possible reason for the catalytic dif-
ferences between this and the other aluminas [156]. The cation vacancies of γ-alumina
are possible traps for protons, and it was found that the penetration of protons from the
surface into the Al vacancies of the subsurface is very likely to occur and the energy
barrier for this process is 1.05 eV/proton [141, 157].

To enable for a careful analysis of relative stabilities for the competing structures it is
necessary to make the expression for the free energy model as complete as possible.
Worth of notice is the fact that, none of the previous ab initio studies of γ-alumina has
taken into consideration the vibrational contribution to the Gibbs free energy. The vi-
brational and thermal properties of alumina are of great interest to many industrial
processes. Data on the thermal properties of γ-alumina are scarce due to its structural
complexity. Furthermore, configurational entropy was never considered and evaluated
in previous ab initio studies of this system. A part of configurational entropy associated
with frozen-in disorder, referred to as residual entropy, originates from the degeneracy
or near degeneracy in energy of a manifold of atomic configurations in the structures of
some aluminum oxides and hydroxides. The disordered distribution of vacancies and
hydrogen may be present in these compounds even at low temperatures and give rise
to significant residual entropy contributions which may be important for the determi-
nation of relative phase stabilities.

In this chapter, we first introduce the structural disorder of γ-alumina and the employed
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model in our calculations. Then the dynamic stability and phase transition will be pre-
sented. At last, we present the electrical and thermal properties of γ-alumina.

5.2 Structural disorder in γ-alumina

One point of view is that γ-alumina is a stoichiometric transition alumina with a de-
fective spinel structure (with disorder of cation occupancy). This model has its origins
in X-ray diffraction studies and dates back to 1935 [158]. The proposed structure is
closely related to the MgAl2O4 magnesium aluminate spinel structure which contains
tetrahedral cation sites (Mg sites) and octahedral cation sites (Al sites). The cubic unit
cell of this magnesium aluminum spinel comprises 8 Mg cations (at 8a sites), 16 Al
cations (at 16d sites) and 32 close-packed O anions (at 32e sites). The cation sites are
not fully occupied in order to meet the stoichiometry of γ-alumina, and 22

3 cation sites
per cell have to be vacant. Conventionally, the formula is designated as !2 2

3
Al21 1

3
O32,

where ! stands for the vacancy. It is still a matter of debate which cation sites are pre-
ferred by the vacancies. It has been reported that the vacancies are formed preferably at
the octahedral sites, but other observations indicate the preference for tetrahedral sites
[158, 159, 160]. The fraction of tetrahedrally coordinated Al should be limited between
25% and 37.5%. Early experiments by Verwey and Jagodszinski suggested the presence
of vacancies at octahedral positions, with tetrahedrally coordinated Al amounting to
37.5% [158, 159, 161, 162]. However, a later experimental work by Saalfeld reported
a different result with tetrahedrally coordinated Al amounting to 25% [158, 163]. The
fraction of tetrahedrally coordinated Al in γ-alumina determined by solid-state NMR
is around 21∼31% [164, 165, 166]. A computational study based on density functional
theory (DFT) by Mo et al., suggested that the octahedral sites are more favorable for
the formation of vacancies by 3.7 eV/vacancy [167]. Additionally, other studies point
towards the preference for vacancy formation at octahedral sites. In a recent work, Sun
et al. performed DFT calculations and Rietveld simulations to confirm the energetic
preference for vacancies at octahedral sites [168]. Nevertheless, it has also been shown
that the defective spinel structure with cation vacancies distributed between the two
types of sites is in better agreement with experimental X-ray powder diffraction pattern
[168, 169, 170]. Overall there are discrepancies between theoretical and experimental
results in what concerns the location of vacancies. The results of Knözinger and Rat-
nasamy have shown a considerably disordered occupancy of tetrahedrally coordinated
Al. This would make γ-alumina similar to η-alumina [138]. Zhou and Snyder have also
shown evidence for disordered occupancy of tetrahedrally coordinated Al [135]. The
classical molecular dynamics simulation based on pairwise additive empirical poten-
tial functions performed by Alvarez confirmed the occupancy of non-spinel sites [171].
Overall, the computational data point towards the preference for vacancies at octahe-
dral sites. The disorder has its origins in temperature effects and synthetic factors.
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Another type of suggested structures are the hydrogenated models of γ-alumina. The
first model was introduced by Dowden in 1950 [156]. It was proposed that, in the pres-
ence of water, hydrogen can occupy the cation vacancies in γ-alumina. Later, de Boer
and Houben conducted an X-ray diffraction (XRD) study and suggested a hydrogenated
spinel structure denoted as Al2O3 ·nH2O to account for the mass balance by variable wa-
ter content n < 1 [172]. Such notation often leads people to take γ-alumina as a hydrated
crystal. In the cited work, it was also suggested that the stoichiometry Al2O3·(1/5)H2O
with n = 1/5 corresponds to a perfect hydrogenated spinel HAl5O8. This conclusion
was based on the analysis of several types of γ-alumina crystals with different hydrogen
content.[172] The presence of hydrogen in bulk γ-alumina was independently observed
by Maciver and Lénoard [173, 174]. In a NMR investigation by Pearson, the measured
fraction of hydrogen in the bulk (rather than on the surface) was n = 0.18 which very
close to the value n = 0.2 of the perfect hydrogenated spinel structure [175]. Another
hydrogenated spinel model proposed by Soled consisted in replacing O2− by two sur-
face OH− groups [176]. However, the growth of γ-alumina by ion implantation and the
annealing of α-alumina ruled out this assumption [177, 178]. Other studies using di-
verse techniques have pointed towards the existence of hydrogenated structures. Using
the XRD technique, Ushakov and Moroz found that only the structure containing resid-
ual bulk hydrogen could account for the experimentally recorded XRD patterns [139].
Tsyganenko et al. observed OH− peaks in the infrared spectrum which were assigned
to bulk OH− rather than surface OH− groups [140]. In recent studies, DFT calcula-
tions were used to investigate the role of hydrogen in bulk γ-alumina. Sohlberg et al.
found that the hydrogenated spinel structures described as H3mAl2−mO3 are consider-
ably lower in energy than the defective spinel structures (with the perfect hydrogenated
spinel structure HAl5O8 to be the lowest in energy). Furthermore, the calculated vibra-
tional frequencies of bulk OH bonds agree well with experiments [141]. However, the
calculated volume of α-alumina has a large deviation from experimental data, which
raises questions about the accuracy of the calculations. In a study by Wolverton and
Hass, it has been shown that the hydrogenated spinel structure (HAl5O8) is thermo-
dynamically unstable with respect to the decomposition into Boehmite and defective
spinel structure of γ-alumina [142]. Yet, the studies of Sun et al. suggest that the hydro-
genated spinel structure is more stable than the defective spinel structure at T < 550 K,
and the opposite for T > 550 K [168].

5.3 Employed models

5.3.1 Structural model

Although the location of the vacancies is not yet fully understood from experimental
data, previous theoretical studies have pointed towards the preference for formation of
vacancies at octahedral sites [167, 168]. In Ref. 168, Sun et al., using a model proposed by
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Gutiérrez, Taga and Johansson [179], have done a detailed study on vacancy distribution
energies. Structures with all possible vacancy distributions within the chosen supercell
were considered and compared. It was found that the supercell structure with two
vacancies located at two octahedral sites about 8.2 Å away from each other, is the lowest
in energy, and is in good agreement with experimental X-ray power diffraction data.
Therefore we have chosen this structure as the defective spinel model for this study.

A different study by Maglia and Gennari [180] produced results that are consistent with
the calculations in Ref. 168. The hydrogenated spinel structure of γ-alumina proposed
by de Boer and Houben [172] was confirmed by Sohlberg [141], which corresponds to
a stable and perfect hydrogenated spinel structure. The primitive cell contains eight O
atoms, five Al atoms and one H atom.

Figure 5.2. Two structural models of γ-alumina: (a) the defective spinel model; (b)
the hydrogenated spinel model with three primitive cells. For clarity, the
Al atoms are shown larger than the O atoms.

Figure 5.2 shows the two structural models of γ-alumina. In the defective spinel model
(Figure 5.2(a)), there are 24 oxygen atoms that constitute the 6 tetrahedron cages and
12 octahedron cages, in which 16 aluminum atoms are located. Besides, there are two
vacancies located inside two octahedron cages. The primitive cell of a hydrogenated
structure contains 14 atoms: 8 oxygen atoms, 5 aluminum atoms and 1 hydrogen atom.
There are two choices for positioning the hydrogen atoms when constructing the struc-
ture of the hydrogenated model from the Mg2Al4O8 primitive cell. The model can be
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built up either by replacing half of the Mg with Al and the other half with H, or by sub-
stituting one of the Al atoms with an H atom and also replacing all of the Mg by Al. In
the first case, the hydrogen is tetrahedrally (TETRA) coordinated , while in the second
case, the hydrogen is octahedrally (OCT) coordinated. However, during relaxation the
hydrogen will deflect from the center of the oxygen cage to form a hydroxyl group with
one of the neighboring oxygen atoms. We have found that the two structures (TETRA
and OCT) are nearly isoenergetic (the calculated difference is less than 0.06 eV). Building
a supercell by tripling the primitive cell of the hydrogenated model can slightly lower
the total energy of the system due to the independent relaxation of the three hydrogens.
However, the energy lowering is less than 0.1 eV. Figure 5.2(b) shows the supercell of
the hydrogenated spinel structure. The supercell was used to calculate the energy, but
other properties were computed using a primitive cell.

5.3.2 Statistical model

The configurational (residual) entropy stems from the intrinsic disorder of the geomet-
rically frustrated crystal lattice. The presence of structural vacancies in a crystal can
increase the disorder and bring in considerable configurational entropy. The residual
configurational entropies were evaluated using Pauling’s approach [181]. The proce-
dure is described for the two models of γ-alumina and for Boehmite in the paper pub-
lished.

The calculations were based on DFT and used a plane-wave basis set, as implemented
in VASP [32, 182]. The details are also decribed in the paper published. The calculated
equlibrium volumes in comparison with experimental data are shown in Table 5.1.

Table 5.1. Computed equilibrium volume Ω0 (per formula) and bandgap Eg for de-
fective and hydrogenated spinel γ-alumina and Boehmite.

Phase Method Ω0, Å3 Eg, eV

Al2O3

PBE 47.373 3.91
PBE0 45.885 5.96

(Defective) Exp. 46.416−46.982 [135, 183, 184] 2.5−8.7[185, 186, 187]

Al2O3 · 1
5H2O

PBE 47.499 4.23
PBE0 45.991 6.35

(Hydrogenated) Exp. 46.416−46.982[135, 183, 184] 2.5−8.7[185, 186, 187]

AlOOH
PBE 32.848 5.24
PBE0 31.560 7.59

(Boehmite) Exp. 32.650[188] −

The expression for the Gibbs free energy is

G(P, T ) = E + PV − TS (5.1)
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Here E is the internal (total) energy, P is the pressure, and V is the volume. Under
the Born-Oppenheimer approximation, the internal energy decomposes into two parts:
the electronic energy Eel(V, T ) and vibrational energy Evib(V, T ). As the compounds
of our interest here are insulators, the electronic entropy contribution can be neglected
in the considered temperature range. For the considered compounds, the entropy also
contains considerable amount of the configurational entropy Scnf . For condensed phases
at low pressure, or for systems without noticeable PV change, the term PV can be
neglected. Then the Gibbs free energy expression for the considered compounds of
aluminum becomes

G(0, T ) = Eel(V0) + Evib(V0, T )− T · (Svib + Scnf) (5.2)

where the ground-state total electronic energy Eel(V0) is calculated for the optimized
volume V0 using VASP within the framework of DFT using the PBE or PBE0 func-
tionals. The vibrational energy Evib(V0, T ) and vibrational entropy Svib were calcu-
lated using the PHONONPY code within the quasi-harmonic approximation (QHA).
The Gibbs free energy of H2O, in the gas and liquid state, was evaluated starting from
the PBE calculated electronic and zero-point energy of an H2O molecule, and adding
temperature-dependent contributions (including the translational, vibrational and rota-
tional free energy, vaporization energy, and the PV term) retrieved from the NIST online
database.[121] The entropy of solid-state H2O was extrapolated based on the data at 0
K and the data above 273.15 K by means of polynomial fitting.

5.4 Dynamic stability and phase transition
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Figure 5.3. Phonon dispersion and phonon DOS of (a) the defective spinel γ-
alumina; (b) the hydrogenated spinel γ-alumina; (c) Boehmite AlOOH. The
orange dots and marks in are indicating calculated Raman-active modes
and peaks.
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We have checked the dynamic stability of the employed structural models. Previously
proposed structures of γ-alumina were not confirmed by full-spectrum phonon calcula-
tions [141, 142, 168], except for the defective spinel phase proposed by Gutiérrez, Taga
and Johansson [143, 179]. In Ref. 143, Ching and coworkers used ultrasoft pseudopoten-
tials and a finite-displacement method for phonon calculations. Loyola have employed
classical force field methods to calculate the phonon DOS of several models includ-
ing the defective spinel phase in Ref. 189, and compared the result with that of Ref.
143. Some differences between the classical and ab initio calculated phonon DOS have
been found for frequencies higher than 200 cm−1. It has been suggested that the ab
initio results are less accurate due to the limitations imposed by the usage of the finite-
displacement method [189].

The phonon spectra and the phonon DOS of the defective spinel model and of the hy-
drogenated model calculated by using PAW potentials and the DFPT method are shown
in Figure 5.3. The phonon dispersion curves display no imaginary frequencies, suggest-
ing the dynamic stability of the considered structures. For the structures of γ-alumina,
the acoustic modes range from 0 to 200 cm−1, and have equivalent contributions of Al
and O in both models. The optical branches are rather flat, and the O atoms contribute
more than Al for frequencies above 350 cm−1. The O atom is lighter in mass than Al,
so it makes a larger contribution in the higher frequency range. The most prominent
peak at 500 cm−1 is attributed to the stretching mode of the Al-O bond in the octahedral
AlO6 unit. The noticeable differences between the two models are well evident for fre-
quencies over 700 cm−1. Between 700 and 1000 cm−1, the defective model gives rise to 5
peaks, while only four peaks are visible for the hydrogenated model. Besides, only two
peaks that are located at 750 and 770 cm−1 coincide with each other. In both models,
these two peaks can be attributed to the Al-O bonds in the tetrahedral AlO4 unit. The
peaks of the hydrogenated model at 900 and 3330 cm−1 are attributed to the vibrational
modes of the hydroxyl groups, where the proton contribution is more significant than
that of O atoms.

The calculated phonon DOS for the defective spinel is in good agreement with the data
of Ref. 143. The phonon DOS extinguishes at 880 cm−1 in the ab initio calculations of
Ching and coworkers [143]. According to our results, the phonon DOS is also termi-
nated at the same frequency. We note that, in Ref. 189, the phonon DOS gradually
extinguishes and eventually vanishes at 980 cm−1.

The calculated Raman-active modes are marked by filled circles and streaks in Figure
5.3. Due to the poor crystallinity, Raman spectrum of γ-alumina with clear features is
difficult to obtain experimentally [190, 190, 191, 192, 193, 194]. In contrast, experimental
Raman spectra of Boehmite are quite clear [190, 191]. For this material, there are three
peaks at 360 cm−1, 497 cm−1 and 677 cm−1, as reported by Roy and Sood [190]. Three
additional peaks at 228 cm−1, 451 cm−1 and 732 cm−1 were observed by Ruan et al.
The frequencies of Raman-active modes obtained in our calculations are at 220 cm−1,
357 cm−1, 460 cm−1, 497 cm−1, 680 cm−1 and 730 cm−1. These values agree well with
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experimental Raman peak frequencies [191]. As regard to the γ-alumina, the defective
spinel phase shows more features than the hydrogenated phase. The Raman-active
modes calculated for the hydrogenated spinel phase can find corresponding modes in
the defective spinel phase.

The relative thermal stability of the defective spinel model and the hydrogenated model
can be derived through three ways.

First, it can be judged by the temperature at which the decomposition of Boehmite oc-
curs. The reactions are

2AlOOH −→ Al2O3 +H2O (5.3)

and

5AlOOH −→ HAl5O8 + 2H2O. (5.4)

As plotted in Figure 5.4, the decomposition of Boehmite into the defective γ-alumina
and water occurs at 678 K, in good agreement with the reaction temperature range
from 673.15 to 723.15 K determined experimentally. Previous theoretical values sys-
tematically overestimated this critical temperature by 100 K [168, 183]. The underlying
reason is that the previous calculations did not take into account the vibrational and
configurational contributions to the free energy. Neglecting these two terms will sta-
bilize Boehmite. The decomposition of Boehmite into the hydrogenated spinel phase
occurs at 753 K. This result shows that the defective spinel phase, rather than the hy-
drogenated spinel phase, is the lowest free energy state of γ-alumina. Furthermore, the
Gibbs free energy of the decomposition reaction of Boehmite never becomes positive in
the whole temperature range of interest, and beyond. It suggests the instability of the
hydrogenated spinel phase in comparison with the defective spinel phase. As such, the
hydrogenated-spinel alumina phase will spontaneously decompose into the defective
spinel phase and water.

Second, the relative thermal stability of the two models can be evaluated without in-
volving Boehmite, via the reaction

2HAl5O8 −→ 5Al2O3 +H2O. (5.5)

This comparison excludes the Boehmite phase and can be more direct. As shown in Fig-
ure 5.4, the Gibbs free energy change of reaction 5.6 is always negative, though it is quite
close to zero below room temperature. This shows the instability of the hydrogenated
model in comparison to the defective spinel model.

The above analyses involved the experimental thermochemical data for H2O, and, there-
fore, were not fully ab initio. The assessment of relative stabilities of these materials
without involving H2O can be made by the third method. The composition of hydro-
genated spinel γ-alumina can be expressed as the mixture of Boehmite and defective
spinel γ-alumina

HAl5O8 −→ 2Al2O3 +AlOOH. (5.6)
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Then the Gibbs free energy of hydrogenated spinel γ-alumina can be compared with
that of the mixture of Boehmite and defective spinel γ-alumina. This excludes the
strongly temperature dependent contribution from H2O. The result is shown in Fig-
ure 5.4. The Gibbs free energy of hydrogenated γ-alumina is always higher than that
of the mixture of Boehmite and defective γ-alumina, which confirms the instability of
the hydrogenated γ-alumina in comparison with the defective spinel phase. Worth of
notice is that we stick to the lower bound of the residual configurational entropy of
Boehmite (zero at low temperatures). However, if one takes into account the config-
urational disorder in Boehmite at high temperatures, the Gibbs free energy change of
reaction 5.6 would be more negative and the hydrogenated spinel phase more unstable.
So, it is clearly confirmed that the hydrogenated spinel phase is not the ground state of
γ-alumina.

Figure 5.4. Calculated Gibbs free energy changes: ∆G1 (green line) for the decom-
position of Boehmite into defective γ-alumina and H2O; ∆G2 (red line) for
the decomposition of Boehmite into hydrogenated γ-alumina and H2O;
∆G3 (blue line) for the decomposition of hydrogenated γ-alumina into
defective γ-alumina and H2O; and ∆G4 (yellow line) for the formation
of Boehmite and defective γ-alumina from hydrogenated γ-alumina. The
dotted parts of lines show extrapolated data.

5.5 Locked-in hydrogen

Nevertheless, it is likely that the hydrogenated spinel phase will not fully transform
into the defective spinel phase above 753 K. The hydrogen atoms stay strongly trapped
in cation positions and hard to diffuse out.
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Sohlberg et al. [141] calculated the potential energy profile for hydrogen in γ-alumina
to obtain a migration battier of about 1.4 eV. The diffusion coefficient of H in the hydro-
genated γ-alumina can be estimated using a classical expression

D =
ρ2 · ν
2kBT

" ∞

Em

e−ε/kBTdε =
ρ2 · ν
2

· e−Em/kBT (5.7)

where ν (3330 cm−1)is the frequency of stretching motion of hydrogen in a hydroxyl
group, ρ (1.5 Å) is the hopping distance, and Em is the migration barrier. Figure 5.5
shows the estimated diffusion coefficient of H in the hydrogenated spinel phase. It
should be noted that the diffusion of hydrogen only becomes significant at tempera-
tures above 900 K. For lower temperatures, the diffusion rate of H is extremely slow.
Therefore, the bulk H detected in experimental investigations of γ-alumina is not in-
trinsic in nature.

Figure 5.5. Hydrogen diffusion coefficient in the hydrogenated spinel phase of γ-
alumina.

5.6 Electrical and thermal properties

In this section, we report the electrical and thermal properties of the γ-alumina The γ-
alumina is an insulator with a wide bandgap, of about 6.8 eV, which is smaller than
the bandgap of α-alumina.[186] Due to the complexity of its bulk and surface struc-
tures, the bandgap of γ-alumina poses a challenge for its experimental determination
[185, 186, 187]. Thus, the experimentally obtained bandgap values vary considerably
from 2.5 to 8.7 eV. The bandgap of γ-alumina and Boehmite calculated in this work



76 CHAPTER 5. THE NATURE OF HYDROGEN IN γ-ALUMINA

are also summarized in Table 5.1. The PBE0 gives higher and more accurate bangaps
for these three structures and has almost the same level of accuracy as that of G0W0

approximation [152].

Figure 5.6. Density of electron states of γ-alumina: (a) PBE-calculated and PBE0-
calculated TDOS; (b) PBE-calculated PDOS compared with data from X-
ray emission spectroscopy experiments [186].

As can be seen in Figure 5.6(a), the two used functionals present similar total density of
states (TDOS) for γ-alumina. The peaks are almost coincident within the whole energy
range for the two structural models. As expected, the valence band region is separated
into two parts: the upper valence band (UVB) ranging from the Fermi level down to
−9 eV below this, and the lower valence band (LVB) in the energy range from −16
eV to −21 eV. The calculated TDOS is in good agreement with previously published
experimental and calculated data [143, 184, 185, 186]. Figure 5.6 (b) shows the projected
density of states (PDOS) (calculated using PBE) in comparison with experimental data.
The corresponding densities of states are projected from the Kohn-Sham wave functions
onto atomic Bader volumes and calculated within these volumes. The calculated UVB of
PDOS matches very well with the data retrieved from Ref. 186, but the calculated LVB
deviates slightly from the experimental data. The LVB obtained with PBE0 matches
better with the experimental data than that obtained with PBE. The UVB is dominated
by the 2p orbitals of O and has small contributions from Al 3s and Al 3p orbitals, which
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has also been confirmed experimentally by Ealet et al. [185] In UVB, the calculated data
has two peaks centered at −3 eV and −7 eV which reflect the overall contributions of
orbitals of Al and O. The two-peak structure is not visible in the experimental data of
Ref. 186. However, it is stated in Ref. 185 that these two peaks in UVB are separated
and correspond to the O 2p bonding orbital (−7 eV) and O 2p non-bonding orbital (−3
eV). Therefore, it can be seen that there is extensive hybridization between the O 2p and
Al 3p orbitals. This is a result of the covalent bonding between Al and O in γ-alumina.
In LVB, the main contribution comes from the O 2s orbitals. This has been also verified
in Ref. 185.

Figure 5.7. PBE-calculated PDOS on Al in γ-alumina for: (a) the defective spinel
model; (b) the hydrogenated spinel model.

As one can see from Figures 5.7 (a) and (b), the Al 3s and Al 3p orbitals are extensively
hybridized due to the polycoordination. The Al 3s and 3p orbitals hybridize over the
whole valence band and beyond. By comparing Figure 5.7 (a) and Figure 5.7 (b), it is
visible that such hybridization is more extensive in the defective spinel phase than in
the hydrogenated spinel phase. Another noticeable feature in the data shown in Figure
5.7 is that the hybridization is more extensive on tetrahedrally coordinated Al atoms
than in octahedrally coordinated Al.

Figure 5.8 shows the calculated temperature dependency of the specific heat and en-
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tropy for γ-alumina and Boehmite from 0 K to 1000 K, and the comparison with ex-
perimental data for α-alumina.[195] It is expected that the specific heat of γ-alumina
lies in between those of Boehmite and α-alumina, since γ-alumina is a transient phase
during the decomposition of Boehmite into α-alumina. As can be seen from Figure 5.8,
Boehmite has a higher specific heat than any alumina. This is due to the hydrogena-
tion, as hydrogenation can increase the specific heat and entropy of materials.[196] The
hydrogenated spinel γ-alumina has a specific heat which lies in between that of the
Boehmite and alumina. This can also be attributed to the hydrogenation. Generally,
the α-alumina has the lowest specific heat and entropy. Worth of notice is the fact that
the defective spinel phase of γ-alumina has higher entropy than α-alumina, but lower
specific heat at temperatures above 500 K. This is because of the intrinsic vacancies in
γ-alumina. These vacancies increase the disorder but also decrease the density of the
material, resulting in higher entropy and lower specific heat values for γ-alumina in
comparison to α-alumina. To our knowledge, this is the first time that these differences
in specific heat and entropy for γ-alumina and α-alumina are reported. Such differ-
ences also distinguish the defective spinel phase from the hydrogenated spinel phase of
γ-alumina
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Figure 5.8. Specific heat and entropy of γ-alumina and Boehmite in comparison
with experimental data (symbols) for α-alumina. Residual entropy of the
spinel phases is included in panel (b).

5.7 Conclusions

In this chapter, we have finally confirmed the lowest-energy structure of γ-alumina and
the nature of hydrogen in it. The defective spinel phase with cation vacancies and dis-
order is found to be the ground state of γ-alumina. The hydrogenated spinel phase is
also dynamically stable, but thermodynamically unstable with respect to the defective
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spinel phase and H2O, as well as relative to defective spinel phase and Boehmite. This
is in spite of the high entropy content of hydrogenated γ-alumina. The hydrogenated
spinel structure is only a metastable phase during the decomposition of Boehmite above
753 K. However, dehydration of the metastable phase into the ground state is expected
to be slow due to the slow diffusion rate of H, which leaves hydrogen as a locked-in
impurity in γ-alumina under conditions of normal temperature and pressure.

We have also investigated the electronic structure, dynamical stabilities, and thermal
properties of γ-alumina and Boehmite. The two γ-alumina phases exhibit similarities in
electronic structure and the obtained crystalline parameters show good agreement with
experimental data. Overall, the calculated equilibrium volume and bandgap of the hy-
drogenated spinel phase are close to the experimental data. The calculated temperature
for decomposition of Boehmite is in excellent agreement with experimental data.



Chapter 6

Conclusions and outlook

In this thesis, we look into the problems of defects and disorder in copper metal, copper
compounds and aluminium compounds with oxygen and/or hydrogen. Using ab initio
based modeling in combination with experimental data, we successfully explained and
predicted the properties of these materials associated with defects and disorder.

Defects have profund influence on the mechanical properties of copper. We have iden-
tified point defects, of which the coupling strength with extended defects leads to dra-
matic change of the mechanical properties of copper. The improvement of grain bound-
ary cohesion always comes from the chemical effect of impurity elements. When the
chemical effect is not dominant, impurities will weaken the grain boundary. The rule
doesn’t apply to stacking faults. The induced dramatic change of unstable stacking-
fault energy by impurities is usually due to the atomic size effect. These findings can
explain well experimental observations. Further study on the evolution of point defects
inside crystal and around defective regions (stacking faults, twin boundaries and grain
boundaries) is interesting.

Cation disorder and interaction is important for the structure of examined hydroxide
and oxide. Cation-cation interaction contributes to the stability of cuprous hydroxide
and hydrides, which also leads to the significant change of physico-chemical properties.
The cation ordering was found in cuprous hydroxide, which is strongly related to the
anoxic corrosin of copper. Order-diorder transition is worth to explore. Mont Carlo and
force field methods are necessary for the study of the dynamic and thermodynamic pro-
cesses like phase transition, self assembly, and corrosion. Defects, surface phenomena,
and new structure searching in cuprous hydroxide are also worth for a study.
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Chapter 7

Sammanfattning på svenska

Att studera defekter och oordning i kondenserad materia förblir ett centralt ändamål
inom materialvetenskapen. Nyligen utvecklade experimentella och teoretiska metoder
främjar vår förstå else inom detta område, och avslöjar många intressanta fenomen där
atombilden spelar en avgörande roll. I denna avhandling presenterar vi en undersökning
av grundläggande och tillämpbara aspekter hos defekter och oordning i industriella
material.

Vi undersöker de grundläggande aspekterna hos defekta och oordnade kristaller, och
diskuterar de strukturella, elektroniska, termodynamiska och mekaniska egenskaperna
hos sådana material. Framför allt har vi systematiskt undersökt defekter i kopparmetall
baserat på ab initio beräkningar. Punktdefekter, punktdefektsinteraktioner, stacknings-
fel, och korngränser har studerats. Ansträngningar görs också för att relatera atomistisk
information till makroskopiska mekaniska beteenden hos kopparmetaller med defekter.

Koppars stackningsfelsenergi visar sig vara känslig för temperaturförändringar och förekomst
av punktdefekter. Atomstorlekseffekten för fosfor är viktigare för förändringen av stack-
ningsfelsenergin hos koppar för 3sp föroreningar. Medan förändringen av separationsar-
betet för korngränsen visar sig följa mönstret för den kemiska effekten. När den kemiska
effekten dominerar, förbättrar defekten korngränsens hållfasthet, och vice versa. Stu-
dien förklarar väl de olika sätt som defekter påverkar de makroskopiska mekaniska
egenskaperna hos koppar, inklusive avvikande beteende för fosfor i koppar.

Strukturen och egenskaperna hos monovalenta kopparföreningar med syre och/eller
väte undersöks också. Grundtillståndet cuprice–CuOH identifierades med hjälp av en
kombination av en teoretisk och experimentell metod. Strukturen bestämdes med DFT
och validerades genom jämförelse med röntgendiffraktionsdata från det syntetiserade
materialet. Grundtillståndsstrukturen för CuOH är en skiktad struktur som stabilis-
eras genom antiferroelektrisk katjonordning, vilken i sin tur orsakas av kollektiva elek-
trostatiska interaktioner. De elektroniska och termodynamiska egenskaperna hos de
katjonordnade CuOH är intimt kopplade till bindningstopologin i detta material, som
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består av endimensionella (vikta och sammankopplade kedjor) och två dimensionella
(skikt) strukturella enheter. Det fasta CuOH är en indirekt bandgapshalvledare, medan
bandgapet varierar mellan 2,73 eV och 3,03 eV beroende på katjonoordningen. Vätet i
CuOH har liten effekt på den joniska naturen för Cu–O bindning i förhållande till den
i Cu2O, men sänker energinivåerna hos de ockuperade nivåerna genom att ge en ko-
valent karaktär till O–H bindningen. De konkurrerande strukturerna för kopparhydrid
undersöktes också. Strukturegenskapsförhållanden analyserades på denna serie av ma-
terial för att få grundläggande förståelse för deras beteende.

Defekter och oordning är också viktiga för att förstå strukturen hos γ-aluminiumoxid.
Våra beräkningar har bekräftat att den mest stabila strukturen gör γ-aluminiumoxid
är den defekta spinellfasen med oordnade katjonvakanser. Den hydrerade spinellfasen
är även dynamiskt stabil, men termodynamiskt instabil med avseende på den defekta
spinellfasen och H2O, liksom i förhållande till den defekta spinellfasen och böhmit (γ-
AlO(OH)). Detta trots den höga entropihalten hos hydrerad γ-aluminiumoxid. Våra
beräkningar och analyser leder oss till slutsatsen att den hydrerade spinellstrukturen
endast är en metastabil fas som bildas under nedbrytningen av böhmit över 753 K. Men
uttorkning av den metastabila fasen till grundtillståndet förväntas vara en långsam
process på grund av låg diffusionshastighet för H, vilket lämnar väte som en inlåst
förorening i γ-aluminiumoxid under förhållanden med normal temperatur och normalt
tryck.
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[34] P. Henderson, J. Österberg and B. Ivarsson, Low temperature creep of copper intended
for nuclear waste containers, Swedish Nuclear Fuel and Waste Management Co
Technical Report TR-92-04, 1992.

[35] R. Sandström, The role of phosphorus for mechanical properties in copper, Strålsäker-
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