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1. Introduction

This chapter lays out the bird’s-eye view of the scheme of scientific research which
has motivated the investigations described in this thesis.

4

1.1 The Materials’ Quantum World

Our surroundings are replete with marvellous materials which have shaped the
course of our technological advances. Organic polymers which make up plastics,
cesium-based atomic clocks, and silicon-driven electronics, are a few, but illustra-
tive examples. These advances were possible only by testing the underlying chemical
and physical principles, and exploring the material properties. In fact, in some mon-
umental times, it even required revisiting the notion of matter, in general. The first
half of the 20th century was one of those times, when our framework of physical
laws witnessed a paradigm shift. New phenomena of matter and its emitted radi-
ations, gave way to the notion of energy stored and released in small packets, of
quanta, rather than in a continuum flux. In combination with other revolutionary
ideas of those times [1], this notion developed into an extraordinary theory detail-
ing the quantum nature of matter, which was successfully formulated theoretically
and contested in experiments. It had soon become clear, that the physical intuition
developed from everyday experiences, when applied to the atomic world, can be full
of surprises; so such an extent that its interrelation with some other domains of
physics remains puzzling till date.

1.2 Quantum Theory of Electronic Density

This thesis uses a first-principles approach in determining material properties, in the
sense, that an approximate solution of the many electrons and nuclei comprising the
matter is mainly solved for the non-relativistic quantum equation by Schrödinger [2],
Heisenberg [3], and others, as will be explained in Chapter 2. This equation com-
pletely describes the materials system, using a function of particle positions and
momenta – the wavefunction, as its basic variable. Although the definition of this
function is exact in theory, its analytical form (for many-body systems) and physi-
cal interpretation is intractable. The field of theoretical quantum chemistry, which
numerically attempts to solve this equation for the energy spectrum of atoms and
molecules, was brought to the forefront by the works of Hartree [4], Fock [5], Slater
[6], and others [7]. Numerical demands on quantum chemistry methods (also known
as wavefunction methods) are high; a computational “exponential wall” [8] is en-
countered when applying these methods to larger systems (i.e., systems constituting
of more than about O(10) interacting electrons). In terms of physical intuition, the
norm of the wavefunction can be interpreted as the probability density function
of the electron density. This probabilistic measure provides a means to visualize
atomic or molecular orbitals, and underpins the mathematical formulation of quan-
tum theory. This thesis primarily applies methods having the electron density as
the central variable, known as density functional theory (DFT) methods, which not
only facilitate a density representation of the quantum equation, but also remark-

5
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Figure 1.1: On the left, a schematic is shown of a rod-shaped CdS-
nanoheterostructure with metal depositions. These depositions are studied in the
form of clustered and epitaxial depositions in Chapter 6 and Chapter 7, respectively.
On the right, a schematic of the interfaces formed by a single metal atom (M1), and
by 13-atom (M13) and 55-atom (M55) metal clusters, with the CdS (1010) surface is
shown. These metal clusters and their interface models were studied for the metals
Ni, Pd, Pt and Au, in Chapter 5 and Chapter 6.

ably speeds up the numerical computing time.

As the name suggests, DFT uses the electron density as the basic variable of
an energy functional to describe the ground-state of the quantum system. Here,
the best solution to the ground-state energy of the system is sought starting from
a set of trial electron densities. Chapter 2 of this thesis provides further details on
the quantum equation, the quantum chemistry methodology of Hartree and Fock,
and lays down the DFT formalism. Over the past half century, the seminal works
of Thomas and Fermi [9], Kohn [10, 11], Ceperly and Alder [12], Perdew [13, 14],
Becke [15, 16], and many others [17],1 along with the upscale in computing power and
better algorithms, have established DFT as one of the most widely used theories for
fundamental materials research. The framework of the electronic structure methods
is discussed in relation to its workhorse, DFT.

1.3 Material in Focus: CdS Interfaces with Single

Atoms, Molecules and Sub-nanosized Metals

The materials systems which are the focus of this thesis’s work are CdS-based
nanoheterostructures used to generate hydrogen gas by photocatalytic splitting of
water molecules. A schematic of these structures is shown in Fig. 1.1, along with the

1A timeline of DFT development is given in Ref. [17]

6

sub-nanometer clustered interface models studied in Chapter 6 of this thesis. Ow-
ing to their visible-range band gaps and suitable band-edges, CdS-based materials
are widely used for efficiently carrying out the reduction part of the water-splitting
redox reaction, i.e. the hydrogen evolution reaction (HER). To photocatalytically
carry out the oxidation part of the redox reaction still remains a challenge, where
the CdS-based materials have proven to be inadequate. This is mainly due to the
degradation of the photocatalyst brought about by the photogenerated holes. Sev-
eral experimental efforts have focussed on optimizing the hydrogen reduction part of
the water-splitting reaction on these CdS-based nanoheterostructures, thereby ad-
dressing the grand objective of photocatalytically generating hydrogen that can be
used as a fuel. To circumvent the difficulty of oxidizing the water-hydroxyl species
in the experiments, hole-scavengers like methanol and sulfates are added to the solu-
tion, to consume the photogenerated holes. In this scheme of scientific research, the
CdS-based nanoheterostructures are currently one of the most efficient materials to
photocatalytically generate hydrogen. This thesis specifically focuses on the inter-
faces of CdS-water (molecule), and CdS-metal (deposited atom, cluster, or epitaxial
layer), which are likely to thermodynamically and kinetically affect the catalytic
pathways leading to hydrogen production. Using DFT, our work investigates few
thermodynamically stable interfaces of perfect and defected CdS-water and CdS-
metal depositions. With a focus on these CdS interfaces we pose and address the
following questions which provide the scope of the subsequent Chapters:2

• Chapter 3: Are metastable states possible for a simple vacancy in bulk CdS?
Are the cationic vacancies on CdS surfaces always non-magnetic? What is the
effect of the cell-size in modelling these defects?

• Chapter 4: What are the differences in the simulated adsorption of a water
molecule brought about by including the van Der Waals dispersion interaction?
What is the effect of vacancy defects on the water interaction with the CdS
surface? Is there concurrence of the simulated results with any experimental
reports?

• Chapter 5: What are the intermetallic differences for the adsorption of single-
atoms of different transition metals? Do different adsorption sites result in
significantly different interface characteristics?

• Chapter 6: How can one systematically select stable and reactive clusters for
different metals? Does metallicity emerge for 55-atom metal clusters? Do rel-
ativistic corrections significantly change the structural or electronic properties
for Au clusters? How do these similarities or differences among different met-
als change with an increase in atomicity of metal aggregates? Do the adhesion
energies always scale inversely with the isolated cluster binding energy? What

2Understanding these requires some basic knowledge of terminology used in materials science.

7
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2Understanding these requires some basic knowledge of terminology used in materials science.
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are the effects of spin-orbit coupling effects on the electronic characteristics of
Au depositions? Does the metallicity emerge in the deposited metal clusters?

• Chapter 7: Are epitaxial interfaces in agreement with the understanding of
clustered interfaces? Which overlayer orientation is thermodynamically more
stable for forming an interface with the CdS (1010) surface? What factors con-
tribute in stablizing the stable interfaces? Are there any dislocations, caused
by interfacial strains?

These intriguing questions form the motivation for this thesis and will be ad-
dressed in the subsequent Chapters. Before directly delving into these material
systems, the next chapter will discuss the theoretical background of the methods
used in this first-principles study.

8

2. Methods

The chapter outlines the theory underlying the electronic structure methods used
in this thesis. Starting with a revision of the non-relativistic Schrödinger equation
and its numerical pursuit, the density functional theory along with the league of
its approximations are discussed. Readers interested in an extensive treatment of
electronic structure methods are referred to several excellent books and reviews
[18, 19, 20, 21, 22] where most of the contents of this chapter is discussed at length.
For a reader with an undergraduate training in physics, this chapter serves as a
prelude to the terminology, approximations and leaps made in the domain of ab
initio modelling of nanomaterials.
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2.1 Stationary Schrödinger Equation

The basic postulates of non-relativistic quantum theory, as in classical mechanics,
make use of the Hamiltonian (H) description of a system: H = T + V , where T
is the kinetic energy and V is the potential energy of the system. In quantum
mechanics, a complete description of the state of a system is given by the overall
wavefunction Ψ(r, t), where the independent variable r is the spatial and spin de-
gree of freedom and t is the time. When measuring a physical observable in the
general quantum state Ψ(r) of the system, say the total energy E, one only mea-
sures particular values, in this case particular energies within the energy spectrum
that can be derived from the general Hamiltonian H of the system. This finding is
accommodated in our theoretical understanding by using the properties of Hermi-
tian operators, which represent physical observables. We say that any state Ψ(r)
can be expressed using a set of functions which satisfy the Stationary Schrödinger
Eq. (SSE) [2]: an eigenvalue Eq., Hψi = εiψi, where T and V are represented by
their respective quantum operators, while εi is the scalar eigenvalue (i.e, the total
energy) corresponding to the wavefunction ψi. Now, for a single-particle alone, the
SSE is a second-order differential Eq. which may or may not have analytical so-
lutions, depending on the complexity of V . Nonetheless, given the critical role of
the Hamiltonian’s eigenfunctions, finding these functions (i.e., solving the SSE) be-
comes the central problem for quantum solid-state physicists and quantum chemists.

When knowing the one-dimensional operators for momentum (−i� ∂
∂x
) and posi-

tion (x), and the functional dependence of V , one can write down H for any system.
For a many-particle system of M nuclei, with Z the nuclear charge of the nuclei, N
the total number of electrons, and with the Hamiltonian H expressed in CGS units,
the SSE can be written as in Eq. (2.1):

H = −
∑
M

∇2
I

2MI

−
∑
N

∇2
i

2mi

+
∑

M,I<J

e2Z2

|RI −RJ |
+

∑
M,N

e2Zi

|RI − rj|
+

∑
N,i<j

e2

|ri − rj|
(2.1)

Here, MI and mi represent the masses, RI and ri represent the position vectors,
where the variable in bigger cases correspond to the nuclei and those in the smaller
cases to the electrons. The e is the electronic charge, ∇2 is the Laplacian operator,
and Z is the nuclear charge. For only solving the electronic problem, the H can be
simplified to Eq. (2.2):

H = Telec. + νi−e + νe−e. (2.2)

10

where, Telec. is the kinetic energy of electrons, νi−e is the ion-electron Coulomb
interaction (also known as external potential), νe−e is the electron-electron Coulomb
interaction.

In this thesis we have only considered Eq. (2.2), which is a simplified form for the
electronic Hamiltonian. Here, we have assumed the Born-Oppenheimer or adiabatic
approximation where the nuclear and electronic degrees of freedom have been de-
coupled. Such a decoupling is justified when the dynamics of the nuclei takes place
at a much larger timescale in comparison to that of electrons, so that nuclei can be
considered to be fixed when solving the many-body SSE for the electrons. Therefore,
while solving for the electronic problem, the first term in Eq. (2.1) representing the
kinetic energy of nuclei is considered zero. The second term is the kinetic energy
operator of electrons, Telec., which remains in the electronic Hamiltonian H of Eq.
(2.2). The third term is the ion-ion Coulomb interaction term which is constant
for a fixed geometry (where the nuclei are not moving), and effectively leaves the
solutions of the electronic SSE unchanged. This only shifts the eigenenergies by
a constant and can be added in the end. The fourth and the fifth terms are ion-
electron and electron-electron interaction terms, respectively. The ion-electron term
(νi−e), is also called the external potential (encountered by the electronic density)
when no other external field is present. For the electronic problem, the simplified
version of Eq. (2.1) is Eq. (2.2), which is given as a sum of three contributions.
The total number of electrons and the external potential completely determines the
electronic Hamiltonian (and hence, also its ground-state total energy), up to an
additive constant. After setting up this electronic H of Eq. (2.2), the electronic
wavefunction ψi is obtained by solving the eigenvalue equation for the electronic H
as shown in Eq. (2.3).

Hψi = εiψi (2.3)

where, εi are the eigenenergies, and ψi are the eigenfunctions of the electronic H.

2.2 Advances in Solving the Many-Particle SSE

Before discussing the key strategies employed in solving Eq. (2.3), we will quickly
recap some realistic aspects of quantum systems. We already know, that the only
measured values of the system are eigenvalues of physical observables. This ob-
servation for quantum systems is theoretically explained by exploiting the spectral
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decomposition or completeness property of Hermitian operators, that is Eq. (2.4)
can be used for all the eigenfunctions {ψi(r)} of H.

∑
i

|ψi〉 〈ψi| = 1 (2.4)

Using this, for a general state |Ψ(r)〉 of the system (normalized to unity), one can
write Eq. (2.5). The terms 〈Ψ|ψi〉 〈ψi|Ψ〉 are positive definite, and add up to
the total norm of the wavefunction. One can interpret Eq. (2.5) as the sum of
probabilities of all possible measurements for |Ψ(r)〉, adding up to unity.

〈Ψ|Ψ〉 = 1 =⇒
∑
i

〈Ψ|ψi〉 〈ψi|Ψ〉 = 1 (2.5)

In combination with the quantum operator of a physical observable, also the prob-
ability distribution function for the entire eigenspectrum of this physical observable
can be found. One way to verify this in experiments is using a mean value of an
observable, as defined in Eq. (2.6), for the mean energy E. This is equivalent to the
mean of a large number of measurements for the same quantum state, also called
the expectation value. Using again the spectral decomposition property, one sees
that in Eq. (2.6), E is a weighted sum of eigenenergies of the operator.

E = 〈Ψ|H|Ψ〉 =⇒ E =
∑
i

εi 〈Ψ|ψi〉 〈ψi|Ψ〉 (2.6)

After having revisited these empirical aspects of quantum systems, we will discuss
key fundamental strategies which have enabled advances in solving the SSE given
in Eq. (2.3).

2.2.1 Variational Principle

The most classic strategy in physics to approach the calculation of the ground-state
of a system, is to find the extremum of some total energy functional. In the calculus
of variations (which deals with functionals, i.e., functions of functions), this math-
ematical method of extremization of a functional, with a constraint on admissible
functions, is called the Rayleigh-Ritz method [23]. In the quantum physics com-
munity its also called the Variational Principle. Here, the objective is to find the
extremum of the mean energy functional of a trial wavefunction, Ψt, varied within
the constraint of a fixed-norm. Such a functional, G[Ψ∗

t ,Ψt, λ] is shown in Eq. (2.7),
where λ is the Lagrange multiplier for the constraint of 〈Ψt|Ψt〉 = K. The extrem-
ization of the functional shown in Eq. (2.8), results in finding the solution of the
SSE. Solutions of the SSE extremize the functional G[Ψ∗

t ,Ψt, λ], and in search of the
eigenspectrum ofH, one could also use the Variational Principle for the mean energy
of a trial wavefunction. This is non-trivial, as it says that the total energy of the
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ground-state of H is not only lower or equal to that of other eigenfunctions (which
is valid, by the definition of a ground-state), but also for any trial wavefunction.

G[Ψ∗
t ,Ψt, λ] = 〈Ψt|H|Ψt〉 − λ{〈Ψt|Ψt〉 −K} (2.7)

Extremum of G given by : δG[ψ∗
t ,Ψt, λ] = 0

=⇒ 〈δΨt|H|Ψt〉+ 〈Ψt|H|δΨt〉 − λ 〈Ψt〉 δΨt + 〈Ψt〉 δΨt = 0

=⇒ 〈δΨt|[H − λ|Ψt〉+ 〈Ψt|H − λ|δΨt〉 = 0

=⇒ HΨt = λΨt (2.8)

Furthermore, in practice, a trial wave-function can be expressed as Ψt =
∑

cnφn,
where {φn} are a given, finite, orthonormal basis-set and cn are the scalar-coefficients.
The variable parameters of this linear expansion are the coefficients cn, admissible
within a fixed-norm of Ψt. With the virtue of Variation Principle, it can be shown
that the extremization in this finite basis-set leads to the true lowest-energy eigen-
function of H; however, only in the sub-space spanned by {φn} and not the entire
Hilbert space. This property can also be used to systematically improve over the
estimate of the true wavefunction by extending the basis-set by choosing another
trial function Ψt2 which is orthogonal to Ψt1, and by again minimizing the concerned
functional of Ψt2, and so forth.

2.2.2 Self-Consistent-Field Method

There has been a long historical search to find adequate mathematical formulations
of the wavefunctions. In the simplest case of non-interacting electrons, a natural
Ansatz for the many-particle wavefunction Ψt is the product of single-particle wave-
functions (also known as the Hartree product). Such a simple product is one of the
eigenfunctions of a Hamiltonian of non-interacting electrons, with its eigenenergies
as the sum of single-particle energies [18]. The probability density of such a system
of electrons is a product of probability densities of individual electrons, and said to
be the independent-electron wavefunction. What this product does not capture is
the indistinguishability and fermionic nature of electrons. A suitable many-particle
wavefunction is required to be antisymmetric, such that an exchange of any two par-
ticles results in a change of sign of Ψt. A generalized form of such an Ansatz is the
Slater-determinant [6], used for Hartree-Fock methods, and extensively discussed in
several textbooks [18, 19, 20]. This determinant Ansatz ensures the indistinguisha-
bility of electrons such that the probability density of the wavefunction for a given
set of space and spin coordinates does not change by an exchange of coordinates by
any two electrons. Here, without any further discussion on this important class of
methods, we will briefly put the self-consistent-field scheme, in the context of the
SSE and the variational principle.
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Figure 2.1: A schematic of the SCF-method used for the Hartree-Fock method. This
iterative scheme is commonly used by different approaches for solving the SSE.

In 1930, upon having an antisymmetrized Ansatz for Ψt, Fock and Slater [4,
5, 6, 24] showed that upon using the variational principle on such a determinant,
one obtains single-electron equations, where the effective potential is expressed in
the form of single-particle functions themselves, which one had initially set out to
find. This results in a nonlinear equation, which needs to be iteratively solved
for consistency. A schematic of this self-consistent-field (SCF) scheme is shown
schematically in Figure 2.1. For the Slater-like Ansatz this set of equations is known
as the Hartree-Fock equations. As the SCF procedure results from applying the
variational principle on a many-particle wavefunction Ansatz (which is a Slater
determinant for the Hartree-Fock scheme), it guarantees the solution of the SSE
within the subspace spanned by the chosen Ansatz. However, the Slater determinant
does not include any correlational effects in the many-body wavefunction, which is
the biggest drawback of Hartree-Fock methods.

For a more accurate Ansatz of many-particle wavefunctions, not just single-
electron basis functions but general N-electron basis functions can be used. The
method of Configuration Interaction (CI) takes forward this approach of including
the basis functions used to construct multiple determinants that also take into ac-
count excited states. For each of the basis function types, their corresponding Slater
functions are used, leading to a large number of determinants (even millions!)[18].
Theoretically, this method could be exact if all possibilities of the N-electron ba-
sis functions are included. However, the CPU and memory requirements of the CI
approach are massive, limiting their application to systems of O(10) atoms.
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2.2.3 Density Functional Theory

In the years 1964-65, about four decades from Thomas and Fermi’s original work to
base a electronic structure theory entirely on the electron density [9], Walter Kohn
and co-workers made two landmark findings in representing the SSE in terms of
the electron density n(r) instead of the wavefunction. The electron density is the
probability of finding an electron at a particular position r in space, and is defined
in terms of the overall wavefunction as in Eq. (2.9) and (2.10):

n(r) = N

∫
. . .

∫
|Ψ(r1, . . . , rN)|2dr1 . . . dri−1dri+1 . . . drN (2.9)

=⇒
∫

n(r)dr = N, (2.10)

where, the prefactor N (= total number of electrons) emerges by adding up the
probabilities for all the N electrons of finding it at position r to give the total
electron density at r (Detailed in Ref. [17])

.

First, in 1964 [10], Hohenberg and Kohn showed that the external potential νi−e

is a unique functional of the ground-state density n(r), and vice-versa, up to an
additive constant (known as the first Hohenberg-Kohn theorem) [10] This means
that they bear a one-to-one relationship. With a simple proof of contradiction, but
an intriguing construction of density functionals, they showed that n(r) determines
νi−e, and all the ground-state properties. That meant, that the problem of solving
the Schrödinger Eq. had been drastically reduced in the dimensionality of the Eq..
Instead of searching for Ψ, which is at least a 3N -variable function, the ground-
state electron density (a function of three spatial coordinates, and hence, a more
visualizable quantity), can itself give the complete description of the ground-state of
the system. In the same article, with their incisive foresight of what this could lead
to, Kohn and Hohenberg derived a variational principle equivalent for a density-
based description of the SSE. They showed that a total energy functional E[n(r)]
exists, shown in Eq. (2.12), which is minimized using a trial electronic density
nt(r), for the true ground-state density of the system (the second Hohenberg-Kohn
theorem).

Variational Functional : E[n(r)] =

∫
νi−en(r)dr+ F [n(r)] (2.11)

where, a universal functional not depending on the νi−e is defined:

F [n(r)] = (Ψ, (Te + νe−e)Ψ) (2.12)
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Figure 2.1: A schematic of the SCF-method used for the Hartree-Fock method. This
iterative scheme is commonly used by different approaches for solving the SSE.
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2.2.3 Density Functional Theory

In the years 1964-65, about four decades from Thomas and Fermi’s original work to
base a electronic structure theory entirely on the electron density [9], Walter Kohn
and co-workers made two landmark findings in representing the SSE in terms of
the electron density n(r) instead of the wavefunction. The electron density is the
probability of finding an electron at a particular position r in space, and is defined
in terms of the overall wavefunction as in Eq. (2.9) and (2.10):

n(r) = N

∫
. . .
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∫
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The total energy functional comprises of the external potential part (νi−en(r))
and a ingeniously constructed functional, F [n(r)], of the density n(r). The F [n(r)]
is called a universal functional as it does not depend on the external potential
νi−en(r) and truly encapsulates all the terms of the many-body effects of electronic
Hamiltonian H. The variational space of trial electronic density in extremizing the
functional E[n(r)] is varied within the constraint of a fixed number of electrons N,
incorporated using the method of Lagrange multipliers in Eq. (2.12).

δ
{
E[n(r)]− λ

[ ∫
n(r)dr−N

]}
= 0 (2.13)

The glaring question which was left open, was to estimate or approximate the uni-
versal functional F [n(r)]. Nevertheless, with the reduction in dimensionality of the
SSE problem and its possible variational principle analogue, the 1964 paper renewed
the interest of taking on the SSE by using the electron density as the basic variable.

In a seminal paper of 1965, Kohn and Sham [11], suggested an ingenious way
to exactly address this universal functional. The part which was most problematic
in constructing F [n(r)] was expressing the kinetic energy part of the many-body
system, Te, as a functional of density. For tackling this, they took inspiration from
the non-interacting Thomas-Fermi model, and conjured up a reference system of
fictitious non-interacting particles having the same n(r) as the true density of the
system of real interacting particles, while moving in an effective potential. This
approach is called the Kohn-Sham Ansatz. The advantage of such an auxiliary
system is that the kinetic energy operator Ts is relatively tractable and expressed
as a functional of single-particle functions. Hence, Ts can be written as an indirect
functional of density n(r) alone. Here, the auxiliary system is non-interacting in the
sense, that the particles have only Coulomb-type self-interaction of n(r) and n(r′)
through the operator 1/(2|r−r′)|, captured in the term EH [n(r)] in Eq. 2.14. Such a
non-interacting system would not have any correlational effects and its wavefunction
can be exactly expressed with a Slater-determinant. Consequently, n(r) can be
simply written as in Eq. (2.17), where {φn} represents the set of single-particle
functions (also called the Kohn-Sham orbitals). Exploiting these extra simplicities
brought in by the reference (non-interacting) system, Kohn and Sham proposed to
restrict all the many-body effects in a term called the exchange-correlation energy
functional, Exc[n(r)], as given in Eq. (2.15). It represents the differences in the
description of the kinetic energy and e-e interaction between the real and auxiliary
reference systems. In this way, the 1965 paper separated the terms of the electronic
total energy E[n(r)], into terms of the auxiliary electron system and their differences
with the real interacting system, where all the terms are functionals of density alone,
as in Eq. (2.11), (2.14) and (2.15). Thereafter, solving the SSE in terms of electronic
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density just needed a minimization of the total energy functional in Eq. (2.13).

F [n(r)] = Ts[n(r)] + EH [n(r)] + Exc[n(r)] (2.14)

where, Exc[n(r)] = T [n(r)]− Ts[n(r)] + νe−e − EH [n(r)] (2.15)

As shown in the schematic of Figure 2.1, this leads to their corresponding N
single-particle equations governed by νKS, the effective KS-potential, in Eq. 2.2.3.
The single-particle potentials are shown in Eq. (2.2.3), as a sum of external, Hartree
and exchange-correlational (xc) potentials. This form of the KS-potential is derived
using the constraint that electronic density n(r) (used to derive the potential terms)
is determined by the single-particle functions ψi, as in Eq. 2.17. These resulting
set of equations are the Kohn-Sham (KS) equations, given in Eq. (2.18). In this
way, by using a fictitious, tractable reference system, Kohn and Sham made a rea-
sonable estimation of Te to Ts, of and νe−e to the Hartree contribution (EH), by
adding another term in the effective potential through Exc[n(r)] which is supposed
to incorporate all residual many-body effects.

νKS = νi−e + νH +
δExc[n(r)]

δn(r)
(2.16)

n(r) =
∑
N

|ψi(r)|2 (2.17)

{
∇2

i

2m2
i

+ νKS

}
ψi = εiψi (2.18)

Even after the KS-formulation was introduced, it still took a couple of decades
for theoretical DFT to have a more robust theoretical and mathematical basis.
Several excellent reviews [21, 22] and books [18, 19, 20] are available to the reader
for a more detailed exposition of this research field. More sophisticated approaches
to treat relativistic effects like magnetism, time-dependence for studying excited
states, ab initio molecular dynamics, came to the fore. This, along with continuously
improving diagonalization algorithms, parallelized codes, and increasing computing
power, has made DFT programs widely accessible. In a study in 2004 [25], twelve out
of hundred most cited scientific articles of all-time were on theoretical developments
of DFT methods, which asserted the applicability of ab initio modelling of materials
across the natural sciences.

2.3 DFT Programs for O(103) electrons

In this thesis we have used the DFT-implementation of the Vienna Ab initio Simu-
lation Package (VASP) [26, 27], which is a widely used commercially available code
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in the electronic-structure community. The capability of today’s DFT-codes scale
very reasonably for O(102)−O(103) electrons, depending on the level of exchange-
correlation (xc)-functionals used in the calculations. Due to the feasibility of time or
computational power, the numerical implementation requires a reasonable density
of the charge-density grid, the number of basis-functions to describe the effective
potential, an effective sampling of the reciprocal space points, et cetera. In this
section, we will outline the practical aspects of these calculations relevant to the
work of this thesis and how they relate with the theoretical formulation discussed
up till now.

2.3.1 Plane-wave Basis Set and K-point sampling

In describing solids, it was realized by Bloch that the eigenstates of a periodic
lattice can be expressed as a sum of a product of two functions: one having the
same lattice-periodicity as the solid and the other a plane-wave, as shown in Eq.
(2.19). Furthermore, the lattice-periodic function can be expanded in terms of a
discrete sum of plane waves, thereby forming a plane wave basis set, which have
the wavevectors as the reciprocal space lattice vectors (G) of the solid. Using this
property, one can expand each electronic eigenfunction of the solid as a sum of plane
waves, as in (2.19).

ψi(r) = φi(r) exp[ik · r] (2.19)

=
∑
G

ci,k+G exp[i(k+G) · r]
(
∵ φi(r) =

∑
G

ci,G exp[iG · r]
)

This was the stepping stone in describing wavefunctions of solid-state systems,
which make the plane-wave basis set a natural choice for physicists. In practice,
periodic solids are described by using periodic boundary conditions imposed on
the unit cell or on supercells. For simulating point defects in solids, or isolated
clusters/molecules, one uses a sufficiently large supercell with periodic boundary
conditions, so as to retain the boundary conditions for application of the Bloch
theorem.

The expansion of the periodic wavefunctions in the plane-wave basis set can also
be seen as a Fourier-series. In Fourier-series theory, the Riemann-Lebesgue lemma
tells us that an expansion can be truncated after a reasonable cut-off on plane-
waves, because the moduli of the coefficients of higher frequency components tend
to become zero upon increasing the frequency. A physical interpretation is that upon
increasing the frequency the kinetic energy |k+G|2 increases, and their contributions
in describing the periodic function become increasingly small. In practice, for these
reasons and for reasons of computational efficiency, there is a kinetic energy cut-off
for a plane-wave expansion, which is always stated for the system under study.
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The k-points of the Bloch theorem are the k-points of the reciprocal space of the
solid. However, these k-points could be just restricted to those in the first Brillouin-
zone, as any k’ not in the first Brillouin-zone can be written as k+G [28]. Moreover,
the contributions in describing a well-behaved wavefunction from nearby k-points is
almost identical. In practice, k-sampling schemes such as that of Monkhorst-Pack
[29], when aided with the cell symmetries, lead to a few selected k-points to sample
the wavefunction in the first Brillouin zone.

2.3.2 Partial-occupancies for Metallic Systems

The orbital or band occupancies in the semiconductors or insulators converge even
with a relatively low number of k-points. However, for metals the occupation func-
tion at T = 0 changes abruptly (owing to the Fermi distribution) and is extremely
slow in convergence with respect to k-points. Partial occupancies are used to obtain
a smoother occupation function of electrons, instead of the step function encoun-
tered in the density of states (DOS). This results in a better convergence of the
band-structure energies with respect to the number of k-points, where their occu-
pation function is said to be smeared. We have used a Gaussian smearing scheme to
obtain the occupation function, and hence the total energy. These are further ex-
trapolated to obtain the total energies at T = 0 K. Tests were performed to optimize
the parameter, σ, which determines the width of the Gaussian smearing function.

2.3.3 Ion-Electron

The νi−e term in the KS-Hamiltonian is expressed by using a smoother function (i.e.,
less wiggly, easier to describe by basis-functions) in the core region of the atoms.
This is very reasonable as it is well-known that the most important properties of
compounds depend only on the valence electrons of the respective atoms, and not
the core region. In our calculations we have used the Projected augmented-wave
method (PAW) [30] as implemented in VASP, which is an excellent combination
of the highly accurate linearized augmented plane wave method (LAPW) and the
flexible pseudopotential method.

2.3.4 Electron-Electron

According to the KS formalism, the difference between the real many-body system
and the auxiliary-KS system are completely captured in the exchange-correlational
functional Exc(n). Developing a well-performing Exc functional is a cumbersome
task, and has indeed taken decades of work to arrive at the currently available
functionals. These xc-functionals fall under a hierarchy, the so-called Jacob’s ladder
[31], where the lowest at the ladder is the simplest approximation of local density
approximation (LDA), while going up the ladder of more sophisticated methods, the
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description of the functionals includes the dependence of higher order derivatives of
n(r), or hybrid xc-functionals with an empirical mixing of Hartree exchange energies,
et cetera - often leading to a better description of properties at the cost of increasing
computational requirements.

PBE: This xc-functional [14], introduced by Perdew, Burke and Erzenhof in
1996, is a type of generalized gradient approximation (GGA) functional which has
an explicit dependence of density gradients. It is one of the most commonly used
functionals for solid-state systems, since it gives reasonably good lattice constants
(usually, within 2%) and excellent atomization energies. The success of this xc-
functional contributed to the forthcoming impact of DFT in the chemical physics
community. For Chapters 3–6, we have used the PBE xc-functional.

PBEsol: The xc-functional [32] is a revised PBE for solids, which is known to
predict excellent lattice constants and bulk moduli for solids. The surface properties
of this xc-functional are known to be among the best functionals in use. We have
used it in Chapter 7, where the metal overlayers of experimental-quality lattice
constants were used to study the epitaxies of metal-CdS interfaces.

opt-B88-vdW: The most commonly used xc-functionals fail to describe the
long-range attraction caused by van der Waals forces. The interactions of standard
xc-functionals fall off exponentially instead of scaling as R−6, with distance R [33].
These attractions are amongst others caused by fluctuations in the dipoles in the
charge density. We used this xc-functional [34] in Chapter 4, where we compared
the results with and without vdW interaction in the adsorption configurations and
energies of a single water molecule over clean CdS surfaces.

2.3.5 Beyond SCF-cycle: The Hellman-Feynman Theorem

Often one is interested in studying not only the electronic ground-state of a sys-
tem with a given set of atomic coordinates (hereafter, referred to as the system’s
geometry), but also to capture a more realistic geometry of the system where the
forces on all atoms become zero. According to Hellman-Feynman theorem [35], for a
given geometry with nuclei at positions RI one can compute the forces on all nuclei
FI when the electronic eigenfunction (Ψ) is known for that geometry. By taking a
partial derivative of total energy with respect to nuclear positions RI , one obtains
the force on the ion: FI = -∂〈Ψ|H|Ψ〉

∂RI
. In the parlance of ab initio electronic structure

calculations, optimizing or relaxing a geometry means evolving the ions according
to the Hellman-Feynman forces, towards a local minimum of the total energy.

2.3.6 Magnetism in DFT

The scalar-relativistic calculations allow two degrees of spin freedom: up and down
spin-densities. The basic variables of spin-polarized DFT formalism are electronic
density, n(r) = nα(r) + nβ(r), and magnetic moment, m(r) = nα(r) − nβ(r)
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(Bohr magneton units), where nα(r) and nβ(r) correspond to the two spin den-
sities. The universal density functional discussed in the previous sections is of the
form: F [nα(r)), nβ(r)] = Ts[nα(r), nβ(r)] + EH [nα(r) + nβ(r)] + Exc[nα(r), nβ(r)]
These are also referred as spin-polarized DFT in Chapters 3–6. On the other hand,
fully relativistic (i.e. non-collinear) calculations consider spin as a spinor, which are
functions defined as a linear combination of the products of spin-up orbital wave-
functions and the spin-up spin function, as well as the products of spin-down orbital
wavefunctions and spin-down spin function. These calculations were mainly used to
investigate full-relativistic effects in Au, in Chapter 6.

2.3.7 Limitations in DFT

The theoretical framework of DFT used in this thesis, although has grown into
a widely used method in materials science, still has several limitations in its im-
plementation. The approximation of exchange-correlational functional comes with
its shortcomings. The spurious self-interactions of electrons or the localization/de-
localization error of the exchange-correlational functionals often mislead the DFT
predictions for systems with correlated and localized electrons, bandgap predictions,
excited states and reaction energies. In this thesis, we have used DFT+U method
to partially circumvent the problem with electron localization, which will be subse-
quently discussed.

2.3.8 Reference Levels: Vacuum and Bulk-average

In electronic structure methods, often the energies from the pseudopotentials-PAW-
sets used for the various elements are given with respect to a particular atomic
reference state. Hence, the absolute energies are not meaningful, only the energy-
differences are.

In a surface or interface model of a slab, it is however possible to define a ref-
erence level. The vacuum level is defined as the level just outside the slab, where
the potential energy is constant in the direction perpendicular to the surface or in-
terface. This is used to estimate the ionization potentials and electron affinities of
semiconductor or insulator surfaces. Another relevant energy level is the average
bulk energy level of a system, which could be used as a reference level. Especially
for cases, when bulk bands-edges are to be compared with the surface-band edges,
the use of such reference levels is exploited.

2.3.9 Electrostatic and Chemical Corrections:
Dipole-Correction, Surface-Passivation and DFT+U

Some ad hoc corrections are also required due to the limitations in the structural
slab model of a surface. The first example of this is a dipole-correction in a slab
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model. When a slab is exposed to adsorbates on one side of the slab it leads to a
dipole-moment in the cell. Given the periodic boundary conditions of the calcula-
tions, the fields caused by this unphysical dipole needs to be cancelled. In our work,
we use a dipole-correction scheme which measures and applies an opposite dipole
to nullify its effect. Adding such a correction allows one to use smaller slab thick-
nesses. Another example of the slab model’s deficiency is the side of the slab which
is unexposed. Due to an abrupt termination, dangling bonds may show up in the
gap region of the semiconductor, or lead to states near the edges. To weed out these
erratic states, we passivate the bottom of our slabs with fictitious H-atoms which
have an electronic charge deficit or excess, in comparison to their nuclear charge.
Such atoms were used as passivating agents to complete the valency requirement of
the non-reacting end of the slab.

Other types of corrections are due to exchange-correlational deficiency: For tran-
sition metal atoms, standard DFT xc-functionals have known to be problematic, as
they tend to over-delocalize the electron density. One ad hoc way to correct this
is by mixing a Hubbard-like correction in the KS-Hamiltonian, within the DFT+U
scheme [36, 37]. In this scheme, an energy penalty is selectively applied to the bands
of a specific angular quantum number so as to improve their localization. In its most
common usage, this correction renders the calculations empirical and no longer based
on first-principles, however within reasonable requirements of computational power.

2.3.10 Charge Analysis

The electronic charge density is stored in a three-dimensional grid for a DFT cal-
culation, where the grid unit size is ∼0.08 Å. As electronic charge density is the
central quantity of interest in a DFT calculation, it is important to visualize or ex-
tract this quantity for practical purposes. One way to visualize the bonding patterns
in a system is using the concept of charge density difference. This is calculated as
nAB − nA − nB, where the nAB is the charge density of a composite system AB and
nA and nB are the charge densities of individual components in the same geometry
as in the composite system. Such a difference of charge densities highlights the
regions in space which have undergone an accumulation or depletion of electrons.
These regions can be visualized through isosurfaces with a cutoff threshold (given
in e−/Å3).

For a single-atom in its ground-state, n(r) decreases monotonically from the nu-
cleus [19]. However, for molecules and other composite systems, one finds depletion
and accumulations in the bonding regions. So, when a chemical understanding is
sought in a composite system, it is imperative to deduce an atom-wise partitioning
of the overall cell charge. However, such a partitioning is far from straightforward.
In our analysis of atom-wise charge redistribution, we have used the Bader scheme
of charge partitioning [38] which identifies critical points of charge density as the
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loci of points for partitioning into Bader volumes. The partitioned charge is then
integrated in these volumes to assign charge for every atom in the calculation.

2.3.11 Other Auxiliary Tools

Below are listed the programs which were routinely used in this thesis:

• Visualization for Electronic and Structural Analysis (VESTA): used to create
the semiconductor surfaces, to visualize a system’s geometry, and charge/spin
densities [39].

• Atomic Simulation Environment (ASE): used to create clusters and extended
surfaces of metals [40].

The following chapters will further highlight the practice of the above-mentioned
methods, and tackle some questions of interest with regard to the nature of CdS
surfaces and interfaces with water and different sub-nanoscale aggregates.
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3. Vacancy Defects in Bulk CdS and Non-
polar CdS Surfaces

Using spin-polarized density functional theory, we studied vacancy defects in the
bulk CdS and prominent (1010) and (1120) CdS surfaces. The cationic vacancy in
bulk has a magnetic ground-state with a small magnetization energy of 85 meV. On
the surfaces, we observed that , unlike in bulk, most cationic vacancies did not show
any spin-polarization, owing to surface reconstructions caused by displaced S-atoms.
This suggests that cationic vacancies on these surfaces may not be the leading cause
of the experimentally observed magnetism in CdS nanostructures. We also found
that the surface cationic vacancies are predominantly non-magnetic except for one
case (1010) surface, which is thermodynamically stable with a magnetic moment of
1.62 µB. The anion vacancies are non-magnetic both in bulk and on surfaces.
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3.1 Introduction

Over the past decade, experimentalists have observed an unusual ferromagnetic-like
(FM) ordering in nanostructures of semiconductors and insulators, over a wide range
of temperatures. This has been a subject of wide scientific interest (HfO2 [41, 42],
In2O3 [42], ZnO [43, 44], CdS [45, 46]). Such an origin of magnetism in materials,
having no magnetic host ions or possible magnetic impurities, is also known as
d0-magnetism [47]. Hong et al. [42] showed that the bulk counterparts for HfO2,
In2O3 and TiO2 are diamagnetic and the FM ordering is characteristic for thin films.
Later, Madhu et al. [46] reported that the saturated FM ordering increases with the
decrease in nanoparticle size, suggesting that surface effects may play a direct role
in this phenomenon. Similar speculation that the FM mass could be concentrated
at the surface, was made by studying the magnetization hysteresis loop per volume
[48]. In most of these studies, it was speculated that surface vacancies (cationic
or anionic), or vacancy clusters, to be the cause of this widely observed FM-like
behavior.

Theoretical DFT studies using local [49] and semi-local exchange correlational
functionals [50, 51, 52] have discussed the possibility of these magnetic cationic va-
cancies to be responsible for the experimentally observed FM ordering. On inclusion
of more accurate theoretical treatments, like hybrid functionals [53, 54], occupation-
dependent potentials [55] and other self-interaction schemes [56], it is seen that the
coupling strength of such magnetic vacancies is too weak to explain the experimen-
tally observed FM ordering. It is because the theoretical studies by Zunger and
co-workers [55] observed that the holes are more localized at the defect sites than
predicted by the local and semi-local functionals. Apart from vacancy defects as a
possible cause, studies have also proposed that it could be under-coordinated polar
surfaces that cause the surface magnetism [57, 58]. Coey and co-workers recently
made a radically different proposition, suggesting that the magnetic response of
CeO2 nanoparticles could be due to giant orbital paramagnetism emerging from the
collective response of electrons in the coherent domains due to its interaction with
the zero-point fluctuations of the vacuum electromagnetic field [59]. The validity
of this theoretical model still remains under-discussed in the nanoscience commu-
nity. Clearly, the understanding regarding the underlying mechanism of this FM-like
behavior had shown many twists and turns and is still awaiting new developments.

In this study we do not focus on the macroscopic origin of magnetism, but, rather
on the local magnetic sites which could be important interaction motifs for a water-
interface (Chapter 4). In our work, we find that most of the magnetic cationic
vacancies on the studied surfaces are energetically unfavorable in comparison to
their non-magnetic counterparts, and may not solely be the cause of the poorly
understood magnetic response of the nanostructures.

In the current study, we investigate all the stable and metastable vacancies on
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nonpolar wurtzite CdS (w-CdS) surfaces (1010) and (1120), using spin-polarized
density functional theory [11] with a semi-local exchange correlational functional.
These w-CdS surfaces are the most stable and abundantly formed crystal facets,
owing to their in-plane net charge neutrality.

3.2 Computational Methods

All the calculations were performed using the VASP package [26, 27]. The equilib-
rium lattice parameters of the CdS unit cell were determined using the total energy
minimum for a range of unit cell volumes. For each of these fixed volumes, the atoms
and the cell shape were relaxed. The obtained lattice parameters (a = 4.205 Å, c/a
= 1.63, u = 0.376) are in agreement with previous theoretical studies [60, 61] and
within 2% of the experimental value [62]. The main exchange-correlation functional
used in our study is the generalized gradient approximation (GGA)-PBE [14].

For II-VI semiconductors it is known that considering d -states in the valence
band is important for a reasonable prediction of valence band properties [63]. How-
ever, due to the localized nature of d -electrons, the standard-DFT can only erro-
neously predict their binding energies. To correct for this, we included the DFT+U
scheme [37] by fitting the binding energies of the d -bands to the ultraviolet and
X-ray photoelectron spectroscopy data [64]. Using this fit, we employed Ueff = 6.0
eV for the d -bands of Cd (in CdS) for the rest of the study. For the bulk supercells
and surfaces the cutoff for the kinetic energy of the plane-wave basis was 400 eV,
and for the augmentation charges, it was 580 eV. The Brillouin-zone integrations
were performed using a Monkhorst-Pack k-mesh [29] with an electronic temperature
of 0.05 eV for a Gaussian smearing at the Fermi level. Vacancy-defected bulk calcu-
lations were performed in a 128-atom wurtzite supercell with a Γ-centered k-point
mesh of 27 irreducible k-points.

We modeled the nonpolar (1010) and (1120) surfaces with 96-atom slabs, and
a vacuum spacing of ∼20 Å. The k-point sampling for the (1010) and (1120) de-
fected surfaces used 9 and 10 irreducible k-points, respectively. The (1010) surface
comprised of 4×3 unit cells, with a thickness of 4 bilayers (two bottom layers were
fixed). The (1120) surface comprised of 2×4 unit cells with a thickness of 6 atomic
layers, out of which bottom four layers were fixed. Such a fixing of bottom layers is
suitable to have a physical bulk-like termination. However, as the fixed layers are
chemically non-inert, this leads to undesired mid-gap states. For preventing these
states, we passivated the fixed side of the slabs by pseudohydrogens. We used H1.5

(Z=1.5) and H0.5 (Z=0.5) pseudoatoms to passivate the fixed bottom layer of Cd
and S atoms, respectively. The Cd-H1.5 and S-H0.5 bonds lengths were determined
by CdH1.5

4 and SH0.5
4 in a tetrahedral geometry. The relaxation of the surface atoms

takes place in such a way that the surface anions relax outwards and the cations
relax inwards, with respect to bulk. This is known to occur so as to donate the
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dangling bond electrons from surface cations to anions.

3.3 Results and Discussion

Figure 3.1: (a) and (b) show the spin-resolved density of states for the VCd in bulk
CdS, for the two cases of C3v and Td configurations respectively (M = magnetic,
NM = non-magnetic). In (c) the net spin-density is shown for the C3v case, with

an isosurface of 1×10−3e/Å
3
. The Cd-atoms are plotted in magenta and S-atoms in

yellow.

3.3.1 Bulk VCd and VS

Depending on the growth conditions, charged and neutral defects occur in semi-
conductor nanostructures. In this study, we restrict our focus to neutral vacancy
defects within spin-polarized calculations, since an adsorption study on charged de-
fects would be numerically prohibitive. The w-CdS cell has a lower point group
symmetry than Td, where one of the tetragonally coordinated Cd-S bonds (along
c-axis) is longer than the other three equivalent bonds (by 0.007Å for GGA-PBE).Å for GGA-PBE).˚

For the calculations in bulk, all the atoms were relaxed, whereas the cell volume
was kept constant.

The most stable state of the cation vacancy has a local magnetic moment of 2
µB (Bohr magnetons), due to the localization of the holes at the neighboring S-sites.
For this magnetic (M) configuration, the S-bond parallel to the c-axis is still longer
than the other three equivalent S-bonds (by 0.004Å); having a CÅ); having a C˚ 3v point group
symmetry. Moreover, we also identified a metastable configuration for the cation
vacancy, which is non-magnetic (NM). In this NM case, all the four neighboring S-
atoms relax towards the defect such that they are equidistantly located around the
defect site, into a Td point group symmetry. Such locally stable symmetric vacancy
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Figure 3.2: (a), (b) and (c) are the top views of cation defected (1010) surface
(and subsurface); (d), (e) and (f) are the same for (1120) surface. The colored

isosurfaces are net spin-densities with an isosurface of 1×10−3e/Å
3
for the magnetic

(M) cases. In the non-magnetic (NM) cases, we can see the formation of S-dimers
which stabilize the surface. The layer below (in white) is the atomic layer below the
first subsurface.
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the crystal. It also shows the C3v nature of the spin-density symmetry, and is in
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agreement with anisotropic spin-density seen for analogous semiconductor wurtzite
crystals [52]. The semi-metallic character seen in the DOS of Fig. 3.1(a) and (b)
has also been reported in other studies [50, 51, 52] using local or semi-local exchange
correlational functionals. Indeed, later more accurate calculations have shown that
the holes are more localized than the predictions by local or semi-local functionals
[53, 55, 56]; however, the local magnetic moments of the vacancy defects is often
retained. Therefore, we study the adsorption on these defected surfaces within the
semi-local, GGA-PBE functional-level.

The sulfur vacancy in bulk-CdS is found to be non-magnetic, where the neigh-
boring Cd-atoms relax towards the defect site. The Cd-bond parallel to the c-axis
is 0.04 Å longer than the other three equivalent bonds, acquiring a C3v symmetry.

After studying these vacancies in bulk, it is important to know whether they are
relatively stable on the surfaces. The low magnetization energy Emag for the cation
vacancy in bulk-CdS makes it interesting to study these defects on the nonpolar
surfaces. Further, as it is believed that the experimentally observed magnetism is a
surface effect, we test whether magnetism at these defect sites also persists at the
surfaces.

3.3.2 Surface VCd and VS

Vacancies were created on these surfaces by removing one cation/anion atom. Like
in bulk-CdS, we find a variety of metastable magnetic and non-magnetic vacancies
on these surfaces. In our study, we test all possibilities by starting with different
magnetic configurations as an initial condition for our calculations. Apart from the
magnetic and non-magnetic defect possibilities, there are two types of Cd and S
atoms that can be accessed by an adsorbate (surface + subsurface). We thus study
both such types of vacancies: the surface atoms i.e. having coordination three are
referred to as VCd1 and VS1 , and the subsurface atoms with coordination four are
referred to as VCd2 and VS2 .

(1010) surface

For the (1010) surface the only stable VCd1 configuration is found to exhibit a net
local spin, with magnetic moment of 1.62 µB. The net spin at this VCd site was
also previously reported by Giacopetti et al. [61] The net spin-density of VCd1 is
shown in Fig. 3.2(a). At the subsurface, the VCd2 converges to two locally stable
configurations: a M (1.96 µB, Fig. 3.2(a)) and a NM solution (Fig. 3.2(b)). Fig.
3.2(a) and (b) show that for M VCd1 and M VCd2 the surface relaxations near the
defect sites are insignificant. On the other hand, the NM VCd2 is shown in Fig.
3.2(c), which is accompanied by the formation of S-dimers. Our results repeatedly
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show that the surface relaxations of the neighboring anions lead to formation of
S-dimers and stabilize most of the VCd-defected surfaces; resulting into no net spin-
polarization at the defect site. Such relaxations of the neighboring anions are known
to cause rehybridization of the hole states, leading to redistribution of the net spin-
density [49]. The VS1 and VS2 on this surface, just like in bulk-CdS, are found to
be NM.

(a) (b)

Figure 3.3: (a) and (b) summarizes the relative stability for the vacancies with the
same-stoichiometry on the (1010) and (1120) surfaces. The most stable Cd-type
and S-type defects are placed lowest (set to zero on the vertical axis). Magnetic
vacancies are displayed in green and non-magnetic vacancies in black.

To understand the relative likelihood of formation of the above vacancies we
compared their total energies in Fig. 3.3(a). Here, our objective is to compare
the stability of defects within the same stoichiometry (i.e., VCd-type or VS-type).
Therefore, it should be clear that a comparison of the relative stability of a VCd with
a VS is not made; since that would require one to calculate chemical potentials of
elemental crystals which are not reliable for DFT+U calculations [65]. In Fig. 3.3(a)
the most stable VCd’s and VS’s for each of the surfaces are placed lowest. Other
vacancies (with the same stoichiometry) are placed in the same quadrant, with
increasing energy difference from the most stable one. The M defect configurations
are marked in green and the NM in black. In Fig. 3.3(a), we observe that the
magnetic VCd2 is 0.59 eV less stable than its NM counterpart VCd2 . Moreover,
this subsurface Cd-vacancy (VCd2) is even more stable than the surface Cd-vacancy
(VCd1) by 85 meV; thus, highlighting the stabilizing role of S-dimers formed on non-
magnetic VCd2 . It should be noted that according to Fig. 3.3(a), VCd1 is the only
magnetic defect site which is relatively stable on these surfaces. The VS1 on (1010)
is easier to be formed by 0.6 eV than the subsurface VS2 , which is in accordance
with their coordination number. Since VS do not occur in a variety of magnetic
states we have discussed them in Chapter 4 along with an adsorption interaction
with a water molecule.
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(1120) surface

As the (1120) surface is more open for relaxations, it favors NM ground states for
cation vacancies. The stable NM configurations are shown in Fig. 3.2(e) and (f)
for VCd1 and VCd2 . A magnetic VCd1 was also observed which is shown in Fig.
3.2(d), with its net spin-density (2 µB). As shown in Fig. 3.2(e) and (f), on VCd1

the dimer is formed with the surface S-atoms, while for VCd2 it forms with the
next sub-surface atomic layer. These dimer-S states have dS−S = 2.12 Å, which is
shorter in comparison to dCd−S for a clean unrelaxed surface is 2.57Å. A relative
thermodynamical stability of these defects is shown in Fig. 3.3(b), where the M
VCd1 is 0.57 eV less stable than NM VCd1 . No metastable magnetic state was found
for VCd2 . The VS’s are again found to be NM. Fig. 3.3(b) shows that the likelihood
of formation for VS’s are again in accordance with their coordination number, where
the VS1 is 0.79 eV more stable than VS2 .

3.4 Conclusions

In summary, we observed that magnetic vacancies do not form stable ground states
on the (1010) and (1120) nonpolar surfaces; except for VCd1 on (1010) surface, which
is relatively stable. This is because for most of the cationic defects on nonpolar
surfaces, neighboring anion relaxations are easier to occur; leading to rehybridiza-
tion of the anion orbitals and consequent vanishing of the local spin-polarization.
This finding indicates that whenever the surface geometry is not structurally con-
strained and relaxation are likely to occur, the stable vacancy configurations would
be non-magnetic. Hence, most of the cationic vacancies (i.e., one out of four) on the
nonpolar CdS surfaces do not exhibit a thermodynamically stable local magnetic
moment, and therefore the vacancies from these surfaces can not solely be the cause
of the experimentally widely observed FM behavior.

3.4.1 Note: Size effects and Magnetic Isomers in Modeling
Magnetic Defects

To our knowledge, our study was the first of its kind on defected CdS surfaces, where
we exhaustively checked different magnetic possibilities of the defects by initializ-
ing the calculations with desired atomic moments – while not constraining them,
but allowing them to evolve in the optimization procedure. It turns out, that for
searching nonmagnetic defect possibilities one should not only initialize with zero
atomic magnetic moments but also begin with a converged charge density for a non-
spin-polarized calculation. After having done that, one can obtain new nonmagnetic
local minima for a particular vacancy site. The energy ordering of these new non-
magnetic cation vacancies are shown in Fig. 3.4, for a larger supercell (discussed
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below).
Furthermore, generally for point defects with structural differences, the relative

formation energies can be well determined for the supercell dimensions used in this
chapter. However, our tests showed that the relative defect formation energies
require larger supercells to predict a correct order of stability if the magnetization
energy of the defects is of the same order of magnitude as the finite-size errors.

We have done these two tests (i.e. supercell size effect and a refined procedure
to search for nonmagnetic states) for (1010) cation defects for supercells having 20Å
× 20Å cell dimensions, shown in Supplementary Information (Fig. 3.4). We seeÅ cell dimensions, shown in Supplementary Information (Fig. 3.4). We see˚

that the magnetic VCd1 defect is the most stable of defects. Also, by using the
charge density of a non-spin-polarized calculation we obtain a NM isomer of VCd1 .
These results highlight the importance the magnetic VCd1 defect, which has been
repeatedly focussed in our study.

Figure 3.4: The relative thermodynamic stability of cation vacancies (of the same
stoichiometry) on the (1010) CdS surface is shown. This was done for a supercell
having dimensions of ∼ 2 nm in each lateral direction, containing 269 atoms. The
sites colored in green are magnetic and the ones in black are nonmagnetic. The
superscripts in V1

Cd2 and V2
Cd2 represent the vacancy isomers which relaxed to

different configurations. As in Fig. 3.3, the colors represent magnetic (green) and
nonmagnetic (black) isomers.

Research Contributions:
The research plan was developed together by Dr. Marijn van Huis (MvH) and Somil
Gupta (SG). The numerical calculations, post-processing and analysis were carried
out by SG. Discussions and interpretation of results were completed by MvH and
SG. The current chapter and the following Chapter 4, are adapted from a published
article [66]: S. S. Gupta and M. A. van Huis, J. Phys. Chem. C, 2017, 121 (18), pp
9815–9824, Adsorption Study of a Water Molecule on Vacancy-Defected Nonpolar
CdS Surfaces.

The following chapter will focus on the adsorption interaction of water molecule
on the clean and vacancy defected CdS (1010) surfaces.
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4. Adsorption of aWater Molecule on Non-
polar CdS Surfaces

A detailed understanding of the water-semiconductor interface is of major impor-
tance for elucidating the molecular interactions at the photocatalyst’s surface. Here,
we studied the effect of vacancy defects on the adsorption of a water molecule on
(1010) and (1120) CdS surfaces. For a particular case of a cationic vacancy site,
which is locally magnetic (from Chapter 3), we found a very strong interaction with
a H2O molecule leading to a case of chemisorption, where the local spin-polarization
vanishes concurrently. Adsorption of an O2 molecule was also simulated at the same
defect site, and the results were found to be consistent with experimental electron
paramagnetic resonance findings for powdered CdS. The anion vacancies on these
surfaces were always found to be non-magnetic, and did not affect the water adsorp-
tion at these surfaces.
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4.1 Introduction

Cadmium chalcogenides (CdX, X= S, Se, Te) are II-VI semiconductors, which are
used to devise solar energy harvesting solutions like thin film photovoltaics [67],
photoelectrochemistry[68] and photocatalysis [69, 70]. Over the past decade, CdS
nano-heterostructures have been investigated and optimized for photocatalytic hy-
drogen production [69]. The interface of water and the CdS nanocrystals is not
well understood yet, which could be vital in deciphering the near-surface dynamics
of water and its influence on surface catalysis. Any theoretical modeling of this
interface should include the key interaction motifs at the surface. Some of these key
surface motifs could be sought by exhaustively studying the interaction of a water
molecule on these surfaces, which forms the main focus of this study.

We did not find any direct experimental reports on water adsorption on CdS
surfaces. However, in the late 1960’s Arizumi et al. had already observed electron
paramagnetic response (EPR) signals from powdered CdS single crystals [45]. They
also observed a strong interaction of H2O on magnetic centres of powdered CdS
single crystals, as they found that on exposing the paramagnetic crystals to air
(water moisture) for two weeks, the EPR signal vanished. This is found to be
qualitatively reconsolidated in our molecular study of H2O adsorption (instead of
water moisture), where we observe that a water molecule can indeed neutralize
the spin-polarization of a surface defect center by chemisorption. To make further
comparisons with Arizumi et al. we also adsorbed an O2 molecule at the same
magnetic defect centre. For a continuity in our exposition, we first discuss in full H2O
adsorption on perfect and defective surfaces, which is then followed by simulation
results of this special case of O2 adsorption and a discussion of its correspondence
with experimental observations.

Previous theoretical studies investigating the effect on water adsorption at these
magnetic vacancies did not find any case of chemisorption. Ahuja and co-workers
studied the water adsorption at defected ZnO (1010) surface [71]; however, the
prevalence of magnetic defect centers was not confirmed. They had found that the
water molecules move away from the Zn vacancies, and adsorb in a similar manner
to the clean surface. Recently, Catellani and co-workers found a stable magnetic
vacancy on the CdS (1010) surface; however, its interaction with water or any other
ligand was not the focus of that study [61]. Another adsorption study of H2O and
O2 molecules on the clean w-CdS (1010) surface was reported by the same group
[72], which we have used to compare with our clean surface adsorption results. In
the current study, we investigate all the stable and metastable vacancies on nonpo-
lar wurtzite CdS (w-CdS) surfaces (1010) and (1120), using spin-polarized density
functional theory [10, 11] with a semi-local exchange correlational functional. These
w-CdS surfaces are the most stable and abundantly formed crystal facets, owing to
their in-plane net charge neutrality. Then, we systematically study the adsorption

34

16002_Somil Gupta_BNW.indd   36 06-12-18   16:03



4.1 Introduction

Cadmium chalcogenides (CdX, X= S, Se, Te) are II-VI semiconductors, which are
used to devise solar energy harvesting solutions like thin film photovoltaics [67],
photoelectrochemistry[68] and photocatalysis [69, 70]. Over the past decade, CdS
nano-heterostructures have been investigated and optimized for photocatalytic hy-
drogen production [69]. The interface of water and the CdS nanocrystals is not
well understood yet, which could be vital in deciphering the near-surface dynamics
of water and its influence on surface catalysis. Any theoretical modeling of this
interface should include the key interaction motifs at the surface. Some of these key
surface motifs could be sought by exhaustively studying the interaction of a water
molecule on these surfaces, which forms the main focus of this study.

We did not find any direct experimental reports on water adsorption on CdS
surfaces. However, in the late 1960’s Arizumi et al. had already observed electron
paramagnetic response (EPR) signals from powdered CdS single crystals [45]. They
also observed a strong interaction of H2O on magnetic centres of powdered CdS
single crystals, as they found that on exposing the paramagnetic crystals to air
(water moisture) for two weeks, the EPR signal vanished. This is found to be
qualitatively reconsolidated in our molecular study of H2O adsorption (instead of
water moisture), where we observe that a water molecule can indeed neutralize
the spin-polarization of a surface defect center by chemisorption. To make further
comparisons with Arizumi et al. we also adsorbed an O2 molecule at the same
magnetic defect centre. For a continuity in our exposition, we first discuss in full H2O
adsorption on perfect and defective surfaces, which is then followed by simulation
results of this special case of O2 adsorption and a discussion of its correspondence
with experimental observations.

Previous theoretical studies investigating the effect on water adsorption at these
magnetic vacancies did not find any case of chemisorption. Ahuja and co-workers
studied the water adsorption at defected ZnO (1010) surface [71]; however, the
prevalence of magnetic defect centers was not confirmed. They had found that the
water molecules move away from the Zn vacancies, and adsorb in a similar manner
to the clean surface. Recently, Catellani and co-workers found a stable magnetic
vacancy on the CdS (1010) surface; however, its interaction with water or any other
ligand was not the focus of that study [61]. Another adsorption study of H2O and
O2 molecules on the clean w-CdS (1010) surface was reported by the same group
[72], which we have used to compare with our clean surface adsorption results. In
the current study, we investigate all the stable and metastable vacancies on nonpo-
lar wurtzite CdS (w-CdS) surfaces (1010) and (1120), using spin-polarized density
functional theory [10, 11] with a semi-local exchange correlational functional. These
w-CdS surfaces are the most stable and abundantly formed crystal facets, owing to
their in-plane net charge neutrality. Then, we systematically study the adsorption

34

of a water molecule on these surfaces, identifying the stable and metastable water
adsorption sites. The adsorption geometries on the clean surfaces were tested by a
van der Waals (vdW) functional; thus, giving a benchmark for differences between
the two exchange-correlational functionals. Finally, we focussed on the effect of
surface vacancies on the adsorption of a water molecule, highlighting the surface
motifs which determine surface stability. From our study, we find that S-dimers
and magnetic cationic defect centers are stabilizing surface motifs which could play
a role in water adsorption; on the other hand, anion vacancies do not significantly
affect it. We do not find any case of spontaneous dissociative adsorption for the
studied case of low coverage.

4.2 Results and Discussion

4.2.1 Adsorption of water molecule on the surfaces

(a) Adsorption on (1010), Eads = 0.62 eV (b) Adsorption on (1120), Eads = 0.53 eV

Figure 4.1: (a) Charge difference density plot of the most stable H2O adsorption
configuration on a clean (1010) surface; (b) same for the (1120) surface. An isosur-

face of charge density of 4.7×10−4e/Å
3
is used where the blue color indicates charge

depletion and green indicates charge accumulation. The inset shows the LDOS for
H2O molecule, which indicates the case of physical adsorption.

The computational settings of this chapter are same as Chapter 3, except that
we used a van Der Waals exchange-correational functional in this work for water
adsorption tests. We began by investigating possible adsorption sites of a single
water molecule on the clean (1010) and (1120) surfaces. Since these surfaces are
nonpolar they have more than one adsorption motifs. We report below the most
stable and metastable adsorption configurations on the two surfaces.
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Figure 4.2: (a), (b), (c) are the charge density difference plots for metastable geome-
tries of adsorption of H2O molecule on (1010) surface; (d) and (e) are the same for

(1120) surface. An isosurface of charge density 4.7×10−4e/Å
3
is used. The inset in

(a), (d) and (e) show the change in geometry upon relaxing with the vdW-optB88
functional; (b) and (c) do not show any changes in their geometry.

(1010) surface

After intializing from several H2O adsorption geometries on this surface, four config-
urations were found to be (meta-/)stable. Among these, the most stable adsorption
configuration is at the hollow site as shown in Fig. 4.1(a), with E ads=0.62 eV.
When the input water geometry was altered by orienting the H-O-H planes parallel
or perpendicular to the surface, the adsorbed molecule relaxed to the same geometry,
within a difference of 5 meV in E ads. At this site both possible bonding interactions
(dCddCdd −O ∼ 2.4Å, dSdSd −H ∼ 2.3Å) took place. The inset shows the LDOS for HÅ) took place. The inset shows the LDOS for H˚ 2O
molecule, where the molecular orbitals of water have remained intact and the 1b1
O-states have become dispersed; indicating a physical adsorption at this surface.
This adsorbed configuration was also seen in an earlier study [72]; however, their
value of E ads=0.33 eV is significantly lower than in our calculations. This could be
the result of small supercell sizes (2×1) used for their study.

The other three metastable adsorption configurations are shown in Fig. 4.2(a),
(b) and (c). These metastable possibilities were not previously reported. These lo-
cally converged configurations were obtained through a rotation of the H-O-H plane
of the molecule, about the neighboring S-atom. By doing this, the Cd-O bonding
interaction increases only slightly (as shown by the charge difference density plots),
leading to a difference in E ads of 50 meV. This indicates that the potential energy
surface for the (1010) is very flat around these geometries. The strength of the S-H
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interactions in physisorption could be estimated to be ∼ 0.1 eV, since the config-
uration (a) is bonded only through these interactions (2 S-H bonds). The insets
represent the converged vdW geometries, which would be discussed later.

(1120) surface

Unlike the (1010) surface, the (1120) is ridged, and far from being flat. The most
stable adsorption configuration on this surface is also at the hollow position as shown
in Fig. 4.1(b), with an E ads = 0.53 eV. The inset shows the LDOS for the adsorbed
water molecule, indicating intact molecular orbitals of water and dispersed 1b1 levels
of the O-atom. Other metastable configurations at this surface are shown with their
charge difference density plots in Fig. 4.2(d) with Eads = 0.40 eV and (e) with Eads

= 0.09 eV. Owing to the ridged surface the difference in their E ads is also significant.

Table 4.1: Effect of vdW functional on the adsorption geometry and energies

EPBE
ads (eV ) E vdW

ads (eV )
(1010)
Fig. 4.1(a) 0.62 0.79
Fig. 4.2(a) 0.21 0.39†

Fig. 4.2(b) 0.23 0.36
Fig. 4.2(c) 0.26 0.39†

(1120)
Fig. 4.1(b) 0.53 0.70
Fig. 4.2(d) 0.40 0.68+

Fig. 4.2(e) 0.09 0.68+

†,+ Converged to the same geometry.

Effect of vdW interaction

Since the H2O molecule and the nonpolar surfaces are likely to have dipole inter-
actions, it is important to estimate the strength of the vdW interactions. For this
purpose, in addition to the GGA-PBE functional, we also used the vdW-optB88
[34, 73] functional for all the adsorption geometries on the clean surface. To inves-
tigate the effect of vdW interaction on E ads and relaxed geometries, we performed
the vdW calculations on the same input geometries that were used for PBE calcu-
lations, keeping the dimensions of the cell constant (while allowing the relaxation
of atoms that were also free to relax in the PBE calculations). Table 4.1 shows the
E ads for the vdW and PBE functionals for the geometries shown in Fig. 4.1 and Fig.
4.2. We found that there is no significant change in geometry for the most stable
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interactions in physisorption could be estimated to be ∼ 0.1 eV, since the config-
uration (a) is bonded only through these interactions (2 S-H bonds). The insets
represent the converged vdW geometries, which would be discussed later.

(1120) surface

Unlike the (1010) surface, the (1120) is ridged, and far from being flat. The most
stable adsorption configuration on this surface is also at the hollow position as shown
in Fig. 4.1(b), with an E ads = 0.53 eV. The inset shows the LDOS for the adsorbed
water molecule, indicating intact molecular orbitals of water and dispersed 1b1 levels
of the O-atom. Other metastable configurations at this surface are shown with their
charge difference density plots in Fig. 4.2(d) with Eads = 0.40 eV and (e) with Eads

= 0.09 eV. Owing to the ridged surface the difference in their E ads is also significant.

Table 4.1: Effect of vdW functional on the adsorption geometry and energies

EPBE
ads (eV ) E vdW

ads (eV )
(1010)
Fig. 4.1(a) 0.62 0.79
Fig. 4.2(a) 0.21 0.39†

Fig. 4.2(b) 0.23 0.36
Fig. 4.2(c) 0.26 0.39†

(1120)
Fig. 4.1(b) 0.53 0.70
Fig. 4.2(d) 0.40 0.68+

Fig. 4.2(e) 0.09 0.68+

†,+ Converged to the same geometry.

Effect of vdW interaction

Since the H2O molecule and the nonpolar surfaces are likely to have dipole inter-
actions, it is important to estimate the strength of the vdW interactions. For this
purpose, in addition to the GGA-PBE functional, we also used the vdW-optB88
[34, 73] functional for all the adsorption geometries on the clean surface. To inves-
tigate the effect of vdW interaction on E ads and relaxed geometries, we performed
the vdW calculations on the same input geometries that were used for PBE calcu-
lations, keeping the dimensions of the cell constant (while allowing the relaxation
of atoms that were also free to relax in the PBE calculations). Table 4.1 shows the
E ads for the vdW and PBE functionals for the geometries shown in Fig. 4.1 and Fig.
4.2. We found that there is no significant change in geometry for the most stable
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configurations of both the surfaces, i.e., configurations Fig. 4.1(a) and (b). When
vdW interactions are taken into account, the E ads increases for both these cases by
0.17 eV.

On including a dispersion interaction the configuration of Fig. 4.2(a) is not the
least stable anymore and it converges to the configuration of Fig. 4.2(c) (as indi-
cated in the inset). As the other two metastable cases of (1010) surface (Fig. 4.2(b)
and (c)) do not show any significant change in the adsorption geometry, we can
infer that the vdW effect on the (1010) surface increases the E ads by ∼ 0.15 eV. For
the ridged (1120) surface, inclusion of dispersion interaction can lead to relaxation
of the H2O molecule towards the hollow site of the surface. In other words, for
the configurations on this surface which were metastable with PBE functional, the
inclusion of vdW interaction can lead to adsorption which is nearly as strong as the
most stable configuration of the (1120) surface i.e. Fig. 4.1(b). This is also what
we observe in our findings, where the final geometry upon vdW relaxation is shown
in the insets of Fig. 4.2(d) and (e). The water molecule in Fig. 4.2(d) is altered
in its geometry by a rotation of the H-O-H plane over the surface ridge to fall into
the hollow site, leading to an enhanced bonding with the surface which explains a
larger increase in the E ads of 0.28 eV. The least stable configuration of Fig. 4.2(e)
was also no longer locally stable, and relaxed to its inset figure, which is similar to
the vdW converged case of Fig. 4.2(d) configuration.

This benchmarking gives an estimate of the possible effect on geometries and
E ads due to vdW interaction; indicating that for the ridged (1120) surface, the
metastable configurations converge to the most stable configurations. Despite the
substantial changes seen in the adsorption on pristine (1120) surface, it should be
noted that we have taken into account the vdW interaction for the clean surface ad-
sorption only. This is because of the fact that the most of the currently used vdW
functionals consider only the total density (spin↑ + spin↓) of the system, and in
this way, are unsuitable for the treatment of spin-polarized systems [73, 74]. All the
results discussed below were obtained for the PBE exchange correlational functional.

One of the main objectives of this study is to investigate the effect of vacancies
on the surface adsorption of H2O, which are discussed below for both the M and
NM vacancies. In addition to this, we have also studied a case of O2 adsorption
at one particularly stable magnetic vacancy site to compare with the observations
of Arizumi et. al. The results and comparison of this set of calculations with
experiments are reported in the last section of Results and Discussion, while we
start with a discussion of the water molecule adsorption results.
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4.2.2 Adsorption on surface VCd and VS

Thess vacancy defected configurations are used from the results of Chapter 3. The
defect terminology and their magnetic or non-magnetic behavior, should be referred
from Chapter 3.

At the magnetic vacancy sites

The three (meta-/)stable magnetic cation vacancies were found for VCd1 and VCd2

on the (1010) surface and for VCd1 on the (1120) surface (Fig. 3.2(a), (b), (d)). We
then initialized the adsorption calculation with the water molecule exactly above
these defect sites.

VCd1 on (1010)
At this site we found two cases of H2O adsorption. The most interesting case was
found for an initial guess of a non-magnetic solution, where the water molecule is
chemisorped as shown in Fig. 4.3. Here, after relaxation the local magnetic moment
of the surface eventually vanished, with significantly higher E ads at 1.48 eV. Fig.
4.3 shows that the H2O molecule became a part of the surface, as a new O-S bond
was formed with bond length dO−S = 1.76 Å, accompanied by an increase in the
water dO−H bonds by 12.8%. The sulfur monoxide bond in the same settings has
a bond-length of dO−S = 1.50 Å, comparable to what we observe for OH2O-SCdS

bond. The adsorbed ∠H-O-H is 103◦, while the surface ∠S-Cd-S is 114.9◦. The
top right inset of Fig. 4.3 shows this good match, where H2O fits well with the
symmetry of the surface. The top left inset of Fig. 4.3 shows the LDOS of H and
O from H2O molecule, and of the surface-S bonded to the molecule. Here, the 1b2
and 3a1 water molecular orbitals undergo splitting, thereby forming new O-S bonds
with these states. New 4a1-like O-states are seen at the valence band edge and the
conduction band edge, where they bond with the surface-S; clearly establishing new
bonding patterns.

It is interesting that the local spin polarization at the surface can be neutralized
by a chemisorption process of a diamagnetic ligand (like water, in this case). This
finding is in qualitative agreement with experimental reports of Arizumi et al. [45]
where it was observed that long exposure to moisture in the air can diminish the EPR
signal from the paramagnetic centers of the CdS single crystals. To compare more
directly with Arizumi et al., we performed additional simulations where an oxygen
molecule was adsorbed over this relatively stable magnetic defect center (VCd1). An
account of our results of O2 adsorption at this stable magnetic defect center are
discussed in the last section of Results and Discussion. Our results are consistent
with the EPR reports by Arizumi et al., where we observe that the adsorption
strength of paramagnetic oxygen molecule is lower (EO2

ads = 0.47 eV, Fig. 4.6 in the
last section) than that of the diamagnetic water molecule at the magnetic centers.

39

16002_Somil Gupta_BNW.indd   40 06-12-18   16:03



configurations of both the surfaces, i.e., configurations Fig. 4.1(a) and (b). When
vdW interactions are taken into account, the E ads increases for both these cases by
0.17 eV.

On including a dispersion interaction the configuration of Fig. 4.2(a) is not the
least stable anymore and it converges to the configuration of Fig. 4.2(c) (as indi-
cated in the inset). As the other two metastable cases of (1010) surface (Fig. 4.2(b)
and (c)) do not show any significant change in the adsorption geometry, we can
infer that the vdW effect on the (1010) surface increases the E ads by ∼ 0.15 eV. For
the ridged (1120) surface, inclusion of dispersion interaction can lead to relaxation
of the H2O molecule towards the hollow site of the surface. In other words, for
the configurations on this surface which were metastable with PBE functional, the
inclusion of vdW interaction can lead to adsorption which is nearly as strong as the
most stable configuration of the (1120) surface i.e. Fig. 4.1(b). This is also what
we observe in our findings, where the final geometry upon vdW relaxation is shown
in the insets of Fig. 4.2(d) and (e). The water molecule in Fig. 4.2(d) is altered
in its geometry by a rotation of the H-O-H plane over the surface ridge to fall into
the hollow site, leading to an enhanced bonding with the surface which explains a
larger increase in the E ads of 0.28 eV. The least stable configuration of Fig. 4.2(e)
was also no longer locally stable, and relaxed to its inset figure, which is similar to
the vdW converged case of Fig. 4.2(d) configuration.

This benchmarking gives an estimate of the possible effect on geometries and
E ads due to vdW interaction; indicating that for the ridged (1120) surface, the
metastable configurations converge to the most stable configurations. Despite the
substantial changes seen in the adsorption on pristine (1120) surface, it should be
noted that we have taken into account the vdW interaction for the clean surface ad-
sorption only. This is because of the fact that the most of the currently used vdW
functionals consider only the total density (spin↑ + spin↓) of the system, and in
this way, are unsuitable for the treatment of spin-polarized systems [73, 74]. All the
results discussed below were obtained for the PBE exchange correlational functional.

One of the main objectives of this study is to investigate the effect of vacancies
on the surface adsorption of H2O, which are discussed below for both the M and
NM vacancies. In addition to this, we have also studied a case of O2 adsorption
at one particularly stable magnetic vacancy site to compare with the observations
of Arizumi et. al. The results and comparison of this set of calculations with
experiments are reported in the last section of Results and Discussion, while we
start with a discussion of the water molecule adsorption results.
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4.2.2 Adsorption on surface VCd and VS

Thess vacancy defected configurations are used from the results of Chapter 3. The
defect terminology and their magnetic or non-magnetic behavior, should be referred
from Chapter 3.

At the magnetic vacancy sites

The three (meta-/)stable magnetic cation vacancies were found for VCd1 and VCd2

on the (1010) surface and for VCd1 on the (1120) surface (Fig. 3.2(a), (b), (d)). We
then initialized the adsorption calculation with the water molecule exactly above
these defect sites.

VCd1 on (1010)
At this site we found two cases of H2O adsorption. The most interesting case was
found for an initial guess of a non-magnetic solution, where the water molecule is
chemisorped as shown in Fig. 4.3. Here, after relaxation the local magnetic moment
of the surface eventually vanished, with significantly higher E ads at 1.48 eV. Fig.
4.3 shows that the H2O molecule became a part of the surface, as a new O-S bond
was formed with bond length dO−S = 1.76 Å, accompanied by an increase in the
water dO−H bonds by 12.8%. The sulfur monoxide bond in the same settings has
a bond-length of dO−S = 1.50 Å, comparable to what we observe for OH2O-SCdS

bond. The adsorbed ∠H-O-H is 103◦, while the surface ∠S-Cd-S is 114.9◦. The
top right inset of Fig. 4.3 shows this good match, where H2O fits well with the
symmetry of the surface. The top left inset of Fig. 4.3 shows the LDOS of H and
O from H2O molecule, and of the surface-S bonded to the molecule. Here, the 1b2
and 3a1 water molecular orbitals undergo splitting, thereby forming new O-S bonds
with these states. New 4a1-like O-states are seen at the valence band edge and the
conduction band edge, where they bond with the surface-S; clearly establishing new
bonding patterns.

It is interesting that the local spin polarization at the surface can be neutralized
by a chemisorption process of a diamagnetic ligand (like water, in this case). This
finding is in qualitative agreement with experimental reports of Arizumi et al. [45]
where it was observed that long exposure to moisture in the air can diminish the EPR
signal from the paramagnetic centers of the CdS single crystals. To compare more
directly with Arizumi et al., we performed additional simulations where an oxygen
molecule was adsorbed over this relatively stable magnetic defect center (VCd1). An
account of our results of O2 adsorption at this stable magnetic defect center are
discussed in the last section of Results and Discussion. Our results are consistent
with the EPR reports by Arizumi et al., where we observe that the adsorption
strength of paramagnetic oxygen molecule is lower (EO2

ads = 0.47 eV, Fig. 4.6 in the
last section) than that of the diamagnetic water molecule at the magnetic centers.
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Figure 4.3: The above configuration represents the interaction of water with the
magnetic cation vacancy site leading to chemisorption (E ads = 1.48 eV), where
water molecule becomes a part of the surface. Chemisorption of H2O at the (1010)
VCd1 site leads to neutralizing of the surface magnetic moment. The inset on the
left shows the local-DOS of the adsorbed H2O and the surface-S site to which the
molecule is bonded, which shows the splitting of H2O molecular orbitals (1b2 and
3a1) and forming of new O-S bonds instead. The inset at the right shows a top view

of the charge density difference plot (isosurface = 10−3e/Å
3
), where it is seen that

the symmetry of the surface assists the H2O to bond.

However, we cannot detailedly compare our specific case of water chemisorption
to the experimental results, since in the latter the interaction with water moisture
(and not the gaseous phase) is considered. Because of this difference, while we find
a clear case of chemisorption of a water molecule, in experiments the EPR signal
gradually appeared on heating at 100◦C, indicating lower adsorption energy of water
moisture. This is reasonable, since liquid water phase would certainly have lower
bonding strengths with the surface than the isolated chemisorped molecule case
which we have studied.

Another metastable adsorption configuration at this site was found, whereby the
net local spin at the defect site persists and allows a very weak adsorption of the
water molecule (E ads = 0.08 eV). Apparently, for this metastable solution the inter-
action between the defect spin-density and an overlying water molecule is repulsive;
since its E ads is much smaller than the least stable adsorption configuration of the
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clean surfaces. To verify this, we rotated the orientation of the H-O-H plane away
from the spin-densities, where we indeed observed an increase in E ads to 0.19 eV.
Such a low E ads of the metastable solution, in comparison to the chemisorped ge-
ometry, ensures that the former would not be occurring in practice.

VCd2 on (1010)
The adsorption process at this magnetic site converges to a stable state (E ads = 0.30
(1.04) eV) where the neighboring S-atoms form dimer-S states with the subsurface
layers, as shown in Fig. 4.4(a). The calculation of E ads = 0.30 eV accounts only for
the interaction strength where the E ads is comparable with the clean surface. The
value in parentheses also includes the surface stabilization energy upon relaxation,
at 1.04 eV. The difference in these two values is the surface stabilizing contribution
of the stable NM state in comparison to the initial metastable M configuration. in
Fig. 4.4(a) H2O is seen to adsorb with the S-dimer states at the surface. It is to be
noted that in the presence of water it does not converge to the NM VCd2 , as observed
earlier in Fig. 3.2(c), but to a new way of forming S-dimers with the subsurface
layer - again, neutralizing the locally polarized spin. This shows that the physical
inclusion of water for adsorption induces relaxations at the surface, which drive the
metastable M VCd2 to a new NM VCd2 .

VCd1 on (1120)
Upon adsorption of a water molecule at this site, the only magnetic metastable site
at the (1120) surface (Fig. 3.2(d)) relaxed to the NM case of VCd1 on (1120), anal-
ogous to Fig. 3.2(e). This will be discussed with the cases of NM defect adsorption
in the following section. Another metastable water adsorption solution at this site
is observed where the local spin moment persists, leading to another case of very
weak adsorption (E ads = 0.12 eV). As expected, this magnetic case did not exhibit
any surface reconstruction.

At non-magnetic vacancy sites

We also adsorbed a water molecule at NM vacancy sites on the two surfaces. For the
VCd, these sites were Fig. 3.2(c), (e) and (f). Their respective adsorption geometries
are shown in Fig. 4.4(b), (c) and (d). For the ease of comparisons between the two
figures, we have also shown the M case of VCd2 of (1010) surface in Fig. 4.4(a),
which was already discussed in the previous section. In the open cage-like site of
Fig. 3.2(b), the water molecule is trapped as shown in Fig. 4.4(b), where it is seen
to adsorb slightly below the surface atomic layer. The high adsorption strength of
this configuration is due to the interaction of H2O with three surface motifs – two
S-dimer sites and the subsurface S-atom. Fig. 4.4(c) is the converged adsorption
geometry for both the M case of Fig. 3.2(d) and NM case of Fig. 3.2(e), with an
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clean surfaces. To verify this, we rotated the orientation of the H-O-H plane away
from the spin-densities, where we indeed observed an increase in E ads to 0.19 eV.
Such a low E ads of the metastable solution, in comparison to the chemisorped ge-
ometry, ensures that the former would not be occurring in practice.

VCd2 on (1010)
The adsorption process at this magnetic site converges to a stable state (E ads = 0.30
(1.04) eV) where the neighboring S-atoms form dimer-S states with the subsurface
layers, as shown in Fig. 4.4(a). The calculation of E ads = 0.30 eV accounts only for
the interaction strength where the E ads is comparable with the clean surface. The
value in parentheses also includes the surface stabilization energy upon relaxation,
at 1.04 eV. The difference in these two values is the surface stabilizing contribution
of the stable NM state in comparison to the initial metastable M configuration. in
Fig. 4.4(a) H2O is seen to adsorb with the S-dimer states at the surface. It is to be
noted that in the presence of water it does not converge to the NM VCd2 , as observed
earlier in Fig. 3.2(c), but to a new way of forming S-dimers with the subsurface
layer - again, neutralizing the locally polarized spin. This shows that the physical
inclusion of water for adsorption induces relaxations at the surface, which drive the
metastable M VCd2 to a new NM VCd2 .

VCd1 on (1120)
Upon adsorption of a water molecule at this site, the only magnetic metastable site
at the (1120) surface (Fig. 3.2(d)) relaxed to the NM case of VCd1 on (1120), anal-
ogous to Fig. 3.2(e). This will be discussed with the cases of NM defect adsorption
in the following section. Another metastable water adsorption solution at this site
is observed where the local spin moment persists, leading to another case of very
weak adsorption (E ads = 0.12 eV). As expected, this magnetic case did not exhibit
any surface reconstruction.

At non-magnetic vacancy sites

We also adsorbed a water molecule at NM vacancy sites on the two surfaces. For the
VCd, these sites were Fig. 3.2(c), (e) and (f). Their respective adsorption geometries
are shown in Fig. 4.4(b), (c) and (d). For the ease of comparisons between the two
figures, we have also shown the M case of VCd2 of (1010) surface in Fig. 4.4(a),
which was already discussed in the previous section. In the open cage-like site of
Fig. 3.2(b), the water molecule is trapped as shown in Fig. 4.4(b), where it is seen
to adsorb slightly below the surface atomic layer. The high adsorption strength of
this configuration is due to the interaction of H2O with three surface motifs – two
S-dimer sites and the subsurface S-atom. Fig. 4.4(c) is the converged adsorption
geometry for both the M case of Fig. 3.2(d) and NM case of Fig. 3.2(e), with an
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Figure 4.4: (a) and (b) show the the adsorption geometries for water molecule on
M and NM case of VCd2 on (1010). Fig. (c) and (d) show the same for NM cases of
VCd1 and VCd2 of (1120) surface.

E ads = 0.20 (0.74) eV. Again, 0.20 eV accounts for the actual adsorption strength,
while the value in the parentheses accounts to stabilizing energy of the NM surface.
This low adsorption interaction is comparable to the strength of S-H bonds on the
clean surface. Fig. 4.4(d), the adsorption case of Fig. 3.2 (f), shows an adsorption
strength of 0.43 eV, with H2O adsorping at the dimer-S site.

At VS sites
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Figure 4.5: (a), (b) are the H2O adsorption geometries on VS1 and VS2-defects of
the (1010) surface, (c) and (d) are the same for the (1120) surface

The adsorbed geometries at the VS of the (1010) and (1120) surfaces are shown
in Fig. 4.5 (a, b) and (c, d) respectively. For VS1 on both the surfaces, in Fig.
4.5(a) and (c), the H2O moved away from the sulfur vacancy and converged close
to the nearest Cd-atom or S-atom for physical adsorption. The VS2 in Fig. 4.5(b)
and (d) forms a open-ring structure where the H2O adsorps. Overall, the E ads at
the VS sites are similar to those at the clean surfaces; indicating that the S-vacancy
has almost no effect on the adsorption of water.

43

16002_Somil Gupta_BNW.indd   45 06-12-18   16:03



4.2.3 Adsorption of O2 molecule on VCd1 defect of (1010)
surface

To make a comparative assessment with the H2O and O2 adsorption, as described
in the experimental report of Ref. [9], we also studied the adsorption of an O2

molecule at the stable magnetic defect center (VCd1) of the (1010) surface. The
same computational settings (GGA-PBE, energy cutoff, k-points) were used as in
the H2O adsorption calculations. The isolated O2 molecule (serving as a reference
for calculating E ads) was calculated in a cubic box of 20 Å in length. The O-O bond
length of the O2 molecule was 1.23 Å, with a magnetic moment of 2 µB.

Figure 4.6 briefly summarizes the observed metastable and stable adsorption
configurations of the O2 molecule at the VCd1 site on the (1010) surface. The state
in column (a) is paramagnetic where the oxygen molecule does not interact with
the spin density at the defect site. The electronic levels of atoms O1 and O2 are
unaffected by the surface, in the second row of column (a), leading to an Eads of
0.01 eV. Also, the net spin densities (shown in the third row of column (a)) are
almost unchanged owing to very little interaction. The configuration in column (b)
is a non-magnetic solution. Here, the electronic states of oxygen molecule (shown
by atoms O1 and O2) and the S-atom of the surface (bonded to the molecule) align
with one another, resulting in a considerable interaction with Eads = 0.28 eV. In this
case, as both the local and overall spin-polarizations are zero, the net spin density
plot is not shown. Column (c) of Fig. 4.6 shows the most stable of the oxygen
adsorption geometry with Eads = 0.47 eV, having the geometry very similar to case
(b). The second row of column (c) shows that electronic levels of O1 and surface-S
undergo splitting near the valence band and conduction band edges, leading to a
stronger adsorption. The net spin density plot of geometry (c) indicates that the
spin-polarization at the oxygen molecule and at the defect site are directed opposite
to one another. The local magnetic moments at the molecule are mO1 = 0.30 µB,
mO2 = 0.46 µB, while the surface S-atoms have: 0 µB > mS > -0.2 µB; resulting in
a net moment of 0.29 µB in the cell.

These results of the most stable O2 molecule adsorption geometry on the VCd1

defect site (column (c)), along with case of water chemisorption on the same site,
are consistent with experimental findings of Ref. [9]. First, the surface adsorption
of a H2O molecule at the magnetic defect center is ∼ 1 eV stronger than that of
O2 adsorption. The experiments had shown that water moisture can replace the O2

molecule from surface adsorption. At least for the case of the isolated water molecule
considered here, the difference in adsorption energy is significantly large and con-
sistent with this finding. Second, for both the cases (b) and (c), the O2 adsorption
geometries result in a decrease of the local spin-polarization of the magnetic defect
center of the surface. For the most stable case of column (c), the overall magnetic
moment of the cell reduced to 0.29 µB (which was initially about 1.62 µB for the
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surface vacancy, before adding O2). For both, H2O and O2, adsorption at this VCd1

defect site diminishes its spin-polarization. Third, the experiment observed a broad-
ening in the magnetic resonance lines was observed, which was shown to be a result
of the dipolar interaction between the O2 molecule and the paramagnetic center on
the surface. This scenario shown in column (c) in Fig. 4.6 fits well with this finding,
as the LDOS and net spin density plots show that the local spin-polarizations are
directed opposite to one another, leading to dipolar interactions.

Keeping in mind our prediction of thermodynamic stability leading to predomi-
nance of non-magnetic cationic vacancies on these surfaces, we would like to clearly
state our inferences in relation to the experiments. Although our results are re-
currently consistent with some of the observations of Arizumi et. al., we do not
claim that the VCd1 is the source of magnetic signal observed experimentally with
powdered CdS or the CdS nanostructures (observed in the past decade). Such a pre-
diction of the magnetic origin can only be confirmed by a theoretical macroscopic
prediction of correlated magnetism, which we have not covered here. However, we
show that simple vacancies like VCd1 could prove to be a suitable test-bed for study-
ing localized adsorption interactions at d0 magnetic centres of the semiconductor
surfaces.

4.3 Conclusions

We have extensively studied water adsorption at the neutral vacancies of nonpolar
w-CdS surfaces, with all of their possible magnetic configurations. Second, we have
shown that upon adsorption of a water molecule on the relatively stable magnetic
cationic vacancy, we found a clear case of chemisorption. In this case, the water
molecule strongly interacts with the surface resulting into no net spin-polarization.
For comparison with an experimental report [45], we also adsorbed an O2 molecule
at this interesting surface vacancy. The O2 adsorption resulted in a decrease in the
local magnetic moment, although with lower adsorption energy in comparison to
H2O. These relative adsorption strengths, diminishing of the magnetic signal, and
the dipolar interaction of O2 adsorption are all consistent with the EPR findings.
For other non-magnetic cationic vacancy cases, the surface motifs like S-dimers or
the subsurface-S atoms can be the main interaction motifs for the H2O molecule,
and should be considered for a realistic interface modeling. For the H2O interaction
with the S-dimers, the adsorption energies are comparable or lower than those of
the clean surfaces. H2O adsorption strengths. Unlike the cation vacancies, the an-
ion vacancies do not significantly affect the H2O adsorption in comparison to clean
surface adsorption.

Research Contributions:
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4.2.3 Adsorption of O2 molecule on VCd1 defect of (1010)
surface

To make a comparative assessment with the H2O and O2 adsorption, as described
in the experimental report of Ref. [9], we also studied the adsorption of an O2

molecule at the stable magnetic defect center (VCd1) of the (1010) surface. The
same computational settings (GGA-PBE, energy cutoff, k-points) were used as in
the H2O adsorption calculations. The isolated O2 molecule (serving as a reference
for calculating E ads) was calculated in a cubic box of 20 Å in length. The O-O bond
length of the O2 molecule was 1.23 Å, with a magnetic moment of 2 µB.

Figure 4.6 briefly summarizes the observed metastable and stable adsorption
configurations of the O2 molecule at the VCd1 site on the (1010) surface. The state
in column (a) is paramagnetic where the oxygen molecule does not interact with
the spin density at the defect site. The electronic levels of atoms O1 and O2 are
unaffected by the surface, in the second row of column (a), leading to an Eads of
0.01 eV. Also, the net spin densities (shown in the third row of column (a)) are
almost unchanged owing to very little interaction. The configuration in column (b)
is a non-magnetic solution. Here, the electronic states of oxygen molecule (shown
by atoms O1 and O2) and the S-atom of the surface (bonded to the molecule) align
with one another, resulting in a considerable interaction with Eads = 0.28 eV. In this
case, as both the local and overall spin-polarizations are zero, the net spin density
plot is not shown. Column (c) of Fig. 4.6 shows the most stable of the oxygen
adsorption geometry with Eads = 0.47 eV, having the geometry very similar to case
(b). The second row of column (c) shows that electronic levels of O1 and surface-S
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a net moment of 0.29 µB in the cell.

These results of the most stable O2 molecule adsorption geometry on the VCd1

defect site (column (c)), along with case of water chemisorption on the same site,
are consistent with experimental findings of Ref. [9]. First, the surface adsorption
of a H2O molecule at the magnetic defect center is ∼ 1 eV stronger than that of
O2 adsorption. The experiments had shown that water moisture can replace the O2

molecule from surface adsorption. At least for the case of the isolated water molecule
considered here, the difference in adsorption energy is significantly large and con-
sistent with this finding. Second, for both the cases (b) and (c), the O2 adsorption
geometries result in a decrease of the local spin-polarization of the magnetic defect
center of the surface. For the most stable case of column (c), the overall magnetic
moment of the cell reduced to 0.29 µB (which was initially about 1.62 µB for the
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surface vacancy, before adding O2). For both, H2O and O2, adsorption at this VCd1

defect site diminishes its spin-polarization. Third, the experiment observed a broad-
ening in the magnetic resonance lines was observed, which was shown to be a result
of the dipolar interaction between the O2 molecule and the paramagnetic center on
the surface. This scenario shown in column (c) in Fig. 4.6 fits well with this finding,
as the LDOS and net spin density plots show that the local spin-polarizations are
directed opposite to one another, leading to dipolar interactions.

Keeping in mind our prediction of thermodynamic stability leading to predomi-
nance of non-magnetic cationic vacancies on these surfaces, we would like to clearly
state our inferences in relation to the experiments. Although our results are re-
currently consistent with some of the observations of Arizumi et. al., we do not
claim that the VCd1 is the source of magnetic signal observed experimentally with
powdered CdS or the CdS nanostructures (observed in the past decade). Such a pre-
diction of the magnetic origin can only be confirmed by a theoretical macroscopic
prediction of correlated magnetism, which we have not covered here. However, we
show that simple vacancies like VCd1 could prove to be a suitable test-bed for study-
ing localized adsorption interactions at d0 magnetic centres of the semiconductor
surfaces.

4.3 Conclusions

We have extensively studied water adsorption at the neutral vacancies of nonpolar
w-CdS surfaces, with all of their possible magnetic configurations. Second, we have
shown that upon adsorption of a water molecule on the relatively stable magnetic
cationic vacancy, we found a clear case of chemisorption. In this case, the water
molecule strongly interacts with the surface resulting into no net spin-polarization.
For comparison with an experimental report [45], we also adsorbed an O2 molecule
at this interesting surface vacancy. The O2 adsorption resulted in a decrease in the
local magnetic moment, although with lower adsorption energy in comparison to
H2O. These relative adsorption strengths, diminishing of the magnetic signal, and
the dipolar interaction of O2 adsorption are all consistent with the EPR findings.
For other non-magnetic cationic vacancy cases, the surface motifs like S-dimers or
the subsurface-S atoms can be the main interaction motifs for the H2O molecule,
and should be considered for a realistic interface modeling. For the H2O interaction
with the S-dimers, the adsorption energies are comparable or lower than those of
the clean surfaces. H2O adsorption strengths. Unlike the cation vacancies, the an-
ion vacancies do not significantly affect the H2O adsorption in comparison to clean
surface adsorption.

Research Contributions:
The research plan was developed together by Dr. Marijn van Huis (MvH) and Somil
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Gupta (SG). The numerical calculations, post-processing and analysis were carried
out by SG. Discussions and interpretation of results were completed by MvH and
SG. The current chapter and the following Chapter 4, are adapted from a published
article [66]: S. S. Gupta and M. A. van Huis, J. Phys. Chem. C, 2017, 121 (18), pp
9815–9824, Adsorption Study of a Water Molecule on Vacancy-Defected Nonpolar
CdS Surfaces.

In the subsequent Chapters the research focus will shift on the metal-CdS inter-
faces.
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Figure 4.6: Columns (a), (b) and (c) represent the characteristics of the converged
geometries that were obtained for the O2 molecule adsorption at the VCd1 magnetic
site on the (1010) surface. The two O-atoms of the oxygen molecule are referred
as O1 and O2 atoms of the molecule, as shown in geometry (a). The first row
indicates their respective charge difference plots of the configurations. The second
row shows the spin-resolved LDOS for the configurations, indicating the two O-
atoms and surface S-atom which bonds to the molecule. The third row shows the
net spin density for these configurations. In the non-magnetic case of (b) the local
and the spin-densities are zero, and not shown here.
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5. Adsorption of a Single Metal Atom on
CdS (1010) surfaces

We study the adsorption of single metal atoms (Ni, Pd, Pt and Au) for four local
minima on the CdS (1010) surface, and highlight the intermetallic differences for
the chemical bonding and charge transfers at the interface. The ground-state for
all the metal atoms is the same surface site. The findings in this chapter aid in
understanding the electronic properties of metal cluster depositions in Chapter 6.

48

5.1 Introduction

Over the last decade, semiconductor nanoheterostructures have drawn wide scien-
tific interest in the advent of photolysis of water, or more specifically, in its redox
half-reactions [75, 76, 77]. These nanostructures often comprise of semiconductor-
semiconductor and metal-semiconductor interfaces, which serve as a sink for the
electrons or holes photogenerated by the photocatalyst. The metal-semiconductor
(M-Sc) interfaces play a central role in the underlying photoelectrochemistry of the
hydrogen evolution from water; wherein, the semiconductor is exploited for its pho-
toexcitation properties and the transition metal end for their excellent reducing and
catalytic nature. Among such nanostructure designs, those based on CdS as the
photocatalyst have emerged to be of importance owing to their promise of suitable
band-edges, and overall superior photocatalytic efficiencies [78, 79]. However, they
exhibit a well-known shortcoming of photodegradation due to accumulation of holes
which poses a limiting challenge for the overall water-splitting. Second, current prac-
tice requires the use of sacrificial agents like methanol or sulphates in the comple-
tion of photo-redox reaction the experiments to consume the photogenerated holes
[76, 77, 75]. Nevertheless, for their the unprecedented efficiencies and their suitable
band edge levels for hydrogen evolution reaction, CdS-based nanoheterostructures
are one of the most studied systems for the hydrogen evolution, as part of a possible
photolysis of water.

Typically, noble and expensive metals are employed as co-catalysts which provide
a suitable M-Sc interface for electron transfer and catalytic activity. In the pursuit
of obtaining comparable yields at lower costs, non-noble metals or their binary
alloys are often tested as co-catalysts. To design and tune an efficient an interface
with the desired metal or its intermetallic alloy, it is critical to understand the
differences between depositions of various metal and their bonding peculiarities with
the photocatalyst. Keeping this question in view, here, we have explicitly modelled
single-atom and cluster depositions of experimentally relevant subnanometer sizes
[80, 81, 82] using spin-polarised density functional theory, for important 3d, 4d and
5dmetals (Ni, Pd, Pt and Au) over the prominent nonpolar CdS (1010) surface. The
question of optimal size of the metal co-catalysts for the photocatalytic efficiency
depends on various factors like photocatalyst morphology and facet of co-catalyst
deposition, and is likely to have remain still open. A recent study has indicated much
bigger metal clusters sizes (∼ 5 nm) to be more suitable [83]. Deposition of such large
cluster sizes are beyond the current feasibility of ab initio modelling. Nonetheless,
considering that the deposition of single-atom and sub-nanometer metal clusters can
highlight intermetallic bonding differences at the M-Sc interfaces, we have studied a
range of 13-atom and 55-atom clusters varying in their compactness and gas-phase
stability.

We choose the (1010) facet of wurtzite CdS for studying the M-Sc interface ow-
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ing to their prominence in CdS nanostructures and their structural tractability. In
experiments, the exposed facets of a nanoparticle are controlled in the growth pro-
cess by exploiting the facet binding preferences of long-chain or short-chain organic
ligands [84, 85]. While several studies have reported higher quantum yields where
the metal depositions are at the polar CdS facets; it is challenging to model a re-
alistic structure of a polar surface as they are known to undergo reconstructions
to stabilize the built-in electric fields. A well-known example thereof are the ZnO
polar surfaces, which have been studied for over a decade in order to characterize
the realistic reconstructions of the semiconductors’ surface [86, 87]. Our choice of
the nonpolar (1010) facet have also shown significant experimental success and have
been used for different CdS morphologies like rods [80], platelets [88] and tetrapods
[89].

In Chapter 4, we will study the subnanometer clustered interfaces of different
metals. For now, we begin by investigating the intermetallic differences at the
single-atom adsorption of four metals in Section 5.3.

5.2 Settings

All calculations were performed within density functional theory, with Vienna ab
initio Simulation Package [90, 91], using the plane-wave basis set of kinetic energy
less than 400 eV. The projector augmented-wave potential sets [92, 93] were used for
the ionic description, with a plane-wave cutoff of 580 eV for augmentation charges.
The valence states included for all atoms are: 3s3p for S, 3d4s for Ni, 4d5s for Pd
and Cd, and 5d6s for Pt and Au. The many body electron-electron interactions
are approximated using the generalized gradient Perdew-Burke-Ernzerhof (PBE)
exchange-correlational functional [14]. For calculations including the CdS substrate,
only the Γ-point was used for sampling the Brillouin zone owing to large lateral
dimensions of the cells (sim 2 nm). For the ease of convergence of the total energy
for deposited cases, we used a Gaussian smearing scheme with a width of 0.05 eV.
Dipole corrections were added [94, 95] to prevent interactions between neighboring
cells. The criterion for electronic convergence was 10−5 eV, while the atoms in the
cell were relaxed until the forces reduced to 0.01 eV/Å. The calculations for the
density of states were performed for a 4×4×1 k-point mesh.

CdS (1010) surface Studying clusters of subnanometre sizes, requires the use of
sufficiently large supercells to counter adjacent image interactions. In constructing
the (1010) wurtzite CdS surface slabs, we have used the lattice constants of a =
4.15 Åand c = 6.75 Å, within 0.5 % to the reported experimental values [96, 62],
with a thickness of five bilayers (BL) and lateral dimensions of 20.7 × 20.2 Å2

large. The bottom-most slab layer was passivated by pseudohydrogens with nuclear
charges ZH−Cd = 1.5 and ZH−S = 0.5, to facilitate smoother band-edges and a bulk-
like termination for the surface. In Fig. B.1 in S.I B this slab thickness is shown

50

to be sufficiently large to depict surface and subsurface states in comparison to a
16-BL unpassivated slab. The 5BL passivated surface used for single-atom, and 13-
atom and 55-atom clustered deposition comprises of 330 atoms, wherein, the lateral
dimensions were successfully tested to be sufficient for obtaining the geometries of
the adsorbed clusters (detailed in Section 6.2.2).

5.3 Results

Single-atom Adsorption
Studying the case of single-atom adsorption not only provides a limiting reference

for understanding intermetallic differences for M-Sc interfaces, but it also holds
relevance for the recent advances in the pursuit of single-atom catalysis [97, 98]. For
the single-atom, it is well-known that an element’s electronic configuration could
be different from that of the element’s bulk form. In agreement with the literature
[99], we find the ground-state electronic configurations of different metal atoms as:
3d94s1 for Ni, 4d105s0 for Pd, 5d96s1 for Pt and 5d106s1 for Au. Their magnetic
moments are 2µB, 0µB, 2µB and 1µB for Ni, Pd, Pt and Au, respectively. For
testing the adsorption of metal single-atoms on CdS (1010), we investigated for
different sites in the [0001] and [1210] lateral directions. That led us to the finding
that the ground-state (GS) configuration for all the metal atoms is the same site,
as shown in top panel of Fig. 5.1, and three other locally stable configurations are
shown in Fig. 5.2. These configurations are referred as GS− 1, GS− 2 and GS− 3,
where they are defined by their adhesion energy differences, ∆Ei

GS = EGS−i
adh −EGS

adh,
from their respective GS configuration of Fig. 5.1. In the GS configuration, the
metal atom is between the [1210] atomic rows, allowing the maximum number of
metal-substrate bonds. The M -S bond-length for M = Pd, Pt and Au, is 2.3 Å(each
within a deviation of 0.03 Å), and for Ni-S it is 2.13 Å.

We will first discuss the surface bonding for the metal single-atoms of the Ni-
group (Ni, Pd and Pt). The magnetic moments for all the four adsorbed cases of
these metals are almost zero. The total density of states (DOS) for the surface Cd-
and S-atoms and the adsorbed metal atom are shown in the insets of the top panel
of Fig. 5.1 (for GS) and Fig. 5.2 (for metastable states). The states in the CdS
bandgap and near the valence band edge are the transition metal’s d-orbitals. These
can be clearly seen from the projected density of states of the metal atom in the
bottom four panels of Fig. 5.1 (for GS) and Fig. B.2 in S.I B (for metastable states).
To visualize the bonding of these states, the partial charge densities of some of the
bonding orbitals formed by the metal atom and the CdS surface are shown as insets
(isosurface = 1×10−3e/Å3). In general, the highest occupied states are antibonding
orbitals comprising of the dxy, dyz and dzx states, while the bonding orbitals are
composed of two sets: the deeper ones (at ∼ 3 eV) with a relatively low density of
states, comprising of dxy, dyz or dzx orbitals, and the other, at energies between 0–1.5
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Figure 5.1: The top panel shows the ground-state configuration of adsorbed metal
single-atoms. The insets of the top panel represent the total density of states of
the metal atom and those of the Cd- and S-atoms of the topmost slab layer. The
four panels below show the projected density of states of each metal atom for their
respective GS configuration shown above. The multiple insets in these four panels
show the partial charge densities of the indicated states, for the isosurface value of
1×10−3e/Å3
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eV, comprising of dx2−y2 and dz2 orbitals. The density of the deeper set of bonding
states (at ∼3 eV) is small for Ni1, and increases for Pt1 and Pd1. For the latter two,
these states have a small bonding contribution with the two neighboring S-atoms
and a delocalized contribution over the surface anions. Second, the higher set of
bonding orbitals of dx2−y2 , dz2 has a distinct surface-induced splitting depending on
the metal atom. For Ni1, these orbitals distinctly split into two types, where the
deeper orbital (at ∼1.2 eV) forms a complex with nearest Cd-atom, while the other
set (at ∼0.5 eV) weakly bonds with S-atoms. The Ni-Cd bonding is noteworthy,
as the Ni electron density is polarized towards the surface cation, which together
participates as a complex with the neighboring S-atoms. The dz2 and dx2−y2 orbitals
in Pd1 have a contribution to three states within ∼0.5–1.3 eV. A correspondence
with the Ni1 case shows, that the two lowest of the three states (∼0.9–1.3 eV)
have a weaker polarization in the direction of the nearest Cd-atom, but a greater
contribution in the direct bonding with neighboring S-atoms. The topmost of the
bonding orbital shows an enhanced directional bonding with the S-atom. Similarly
to Pd1, the dz2 and dx2−y2 in Pt1 split into a set of three bonding orbitals, with a
broader spread in energy, between ∼ 0.9–2 eV. In comparison to Pd1, the deepest
of the orbitals have a lower density of states, and more of a delocalized contribution
than the bonding with the neighboring S-atoms. The top two of the split bonding
levels have a smaller energy difference than for Pd1, and show no interaction with
the nearest Cd-atom, but instead exhibit a more directional interaction with S-
atoms, when going higher in energy. The analysis of the partial charge densities and
the magnitude of projected density of states indicates that the tendency to locally
bond with the nearest Cd-cation decreases from Ni → Pd → Pt, while delocalized
bonding with surface S has the trend Ni < Pd ∼ Pt; expectedly, for intermetallic
differences for 3d → 4d → 5d. For Au1, the d-orbitals are much deeper in the valence
band region of CdS. The deepest bonding orbital splits apart, comprising of dz2 and
contributions from dx2−y2 and s-orbitals, which bonds with the two neighboring
S-atom. The higher states have a dispersed nature due to the relaxations on the
surface caused by the large atomic radius of the Au-atom. The GS case of Au1 has
zero magnetic moment.

Now, we report the three locally stable sites (GS − 1, GS − 2, GS − 3) for Ni1,
Pd1, Pt1 and Au1 in Fig. 5.2. The stability trend for metastable cases Ni1 and Pd1

exhibits the same order. Within a cutoff of 3.05 Å, the number of Ni-Cd and Pd-Cd
bonds decrease from 3, 1 and 1 forGS−1, GS−2, GS−3 configurations, respectively.
The ordering these metatable sites for Au are opposite to that of Ni and Pd. The
Au-S bond-lengths positively correlate with the configuration stability (given, all
geometries provide only one Au-S bond). The Pt1 locally stable geometries of Fig.
5.2 are at least 1 eV less stable than their GS in Fig. 5.1(c). Each one of these three
geometries has one S-Pt bond in comparison to the two S-Pt bonds of the GS; thus,
indicating the stabilizing role of the deep Pt-S states in the bonding diagram. The
configurational stability of the single-atom Pt cases does not exactly match with that
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Pd1, Pt1 and Au1 in Fig. 5.2. The stability trend for metastable cases Ni1 and Pd1

exhibits the same order. Within a cutoff of 3.05 Å, the number of Ni-Cd and Pd-Cd
bonds decrease from 3, 1 and 1 forGS−1, GS−2, GS−3 configurations, respectively.
The ordering these metatable sites for Au are opposite to that of Ni and Pd. The
Au-S bond-lengths positively correlate with the configuration stability (given, all
geometries provide only one Au-S bond). The Pt1 locally stable geometries of Fig.
5.2 are at least 1 eV less stable than their GS in Fig. 5.1(c). Each one of these three
geometries has one S-Pt bond in comparison to the two S-Pt bonds of the GS; thus,
indicating the stabilizing role of the deep Pt-S states in the bonding diagram. The
configurational stability of the single-atom Pt cases does not exactly match with that
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Figure 5.2: Metastable adsorption sites for single metal atoms on the CdS (1010)
surface, in the decreasing order of Eadh for each metal, from left to right

of Au. Our ordering of preferred adsorption sites for a single Pt-atom agree with
those reported in Xiong et.al. [100]. They had used the total dipole moments of the
cell, to infer about the distribution of charge between metal and the substrate. This
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Pd1 and Pt1. Clearly, the polarization towards Cd decreases from Ni → Pd and Pt,
while the delocalization over surface S-atoms is greater for Pd and Pt in compari-
son to Ni. The PDOS for metastable Au1 cases has markedly two sets of orbitals:
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interaction with the surface, and an antibonding s-state near the Fermi level which
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Figure 5.3: The bars in main panel show the Bader charges, QM of metal atoms
for all single-atom adsorptions over CdS (1010). GS refers to the ground state with
largest Eadh, and GS-i (i = 1→ 3) refers to the metal-stable sites with decreasing
adhesion energy. The inset compares the absolute sum of Bader charges for the
semiconductor ions with the absolute metal Bader charges for the respective cases.

shows a contribution of Au complex with the nearest Cd cation on the surface. The
Au-atom in isolated form has a magnetic moment of 1 µB, which remains the same
for all the three locally stable cases in Fig. 5.2. This difference between the GS of
Au1 and the three locally stable cases can be seen from their PDOS in Fig. 5.1 and
Fig. B.2 in S.I B, where the later cases have a state showing a prominent s-orbital
character (close to Fermi level) which is hybridized in the GS case. The deepest
bonding state in the GS case of Au1 at ∼ 6.5eV , has a clear bonding orbital asso-
ciated with Au-S, is missing in GS − 1, GS − 2 and GS − 3 cases; thus, explaining
the stability of the GS of Au1.

For identifying the metallic or semiconducting nature of the deposited surface,
we studied the occupancies of KS-orbitals, for 9–10 irreducible k-points, using a
smaller Gaussian smearing width of 0.01 eV or tetrahedron smearing method [30].
The GS and metastable states for Ni1, Pd1 and Pt1 cases are semiconducting, while
the Au1 ground-state is metallic, where the conduction band closest to the Fermi
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Fig. B.2 in S.I B, where the later cases have a state showing a prominent s-orbital
character (close to Fermi level) which is hybridized in the GS case. The deepest
bonding state in the GS case of Au1 at ∼ 6.5eV , has a clear bonding orbital asso-
ciated with Au-S, is missing in GS − 1, GS − 2 and GS − 3 cases; thus, explaining
the stability of the GS of Au1.

For identifying the metallic or semiconducting nature of the deposited surface,
we studied the occupancies of KS-orbitals, for 9–10 irreducible k-points, using a
smaller Gaussian smearing width of 0.01 eV or tetrahedron smearing method [30].
The GS and metastable states for Ni1, Pd1 and Pt1 cases are semiconducting, while
the Au1 ground-state is metallic, where the conduction band closest to the Fermi
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energy has a varied occupancy over different k-points. This is interesting, as one
expects semiconducting nature to prevail for the low coverage adsorption of single-
atom case. The partial charge density which leads to this metallic contribution is
shown in the Au1 PDOS of Figure 5.1, where the conduction band-edge has enhanced
contribution at the displaced Cd-atom and neighboring surface atoms. Here, the
PDOS is not seen to not cross the Fermi level as the metallic state is localized at
the CdS surface atoms and not at the Au-atom. The three meta-stable Au1 states
do not cause significant surface distortions and are found to be semiconducting.

We also studied the GS and GS − 1 configuration of Au1 using a static, spin-
orbit coupling (SOC) calculation. The PDOS for these are shown in Fig. B.4 (a)
and (b) in S.I. B, to be compared with their respective cases with spin-polarized
calculation in Au1 case of GS configuration shown Fig. 5.1 and GS−1 configuration
in third column of Fig. B.2 in S.I B. First, in terms of the deep energy level at
∼ 6.5eV comparison suggests that the electronic difference between GS and GS− 1
qualitatively remains the same for with or without SOC. Owing to SOC effect, in
comparison to the spin-polarized cases, we see fine splitting of the d−orbitals (at ∼
4–6 eV) of the Au1 for both the configurations. This splitting is also seen for the
s−orbitals near the Fermi edge, for the GS − 1 case, resulting into semi-metallic
behavior like GS. This suggests that fine splitting in SOC can affect the metallicity
of the interfaces, which we will also observe later for the cluster aggregates.

For determining charge transfers from/to the metal atom we have used the Bader
partitioning and integration scheme [38]. Fig. 5.3 shows bar plots for the difference
in the Bader charges of the metal atoms (QM) with and without the CdS surface, for
all the adsorption sites. A positive value indicates the accumulation of charge at the
metal atom. First, we see that Pd, Pt and Au show accumulation of charge, while
Ni shows depletion of charge for all configurations. In terms of charge transfer, Ni
and Pt mark the two extremes among the four metals. Second, for Pd and Au, the
charge transfer changes significantly upon changing the adsorption sites. In fact,
their GS charge distribution is not representative of the flexibility in their bonding
patterns. Unlike these, Ni and Pt show almost the same transferred charge for all the
four sites. This could be possible if they have a preferential interaction with either
the anions or cations of the surface. To further examine this, we considered the sum
of differences in Bader charges for all the cations (QCd) and all the anions (QS) in
the supercell, for each configuration, with and without the metal atom. Naturally,
for all the cases, we have QM + QS + QCd = 0, within an accuracy of 10−3E. In
the single-atom adsorption case, where surface reconstructions are minimal, one can
assume that the ions with leading contributions to this sum should play a direct
role in charge transfer with the metal atom. In the inset of Fig. 5.3 we have plotted
the absolute values of QCd and QS as a function of the absolute value QM of the
respective adsorption case. If the |QCd| or |QS| is above the y=x line (y>x) or close
to it, then the bonding with that species is dominant in the total charge transfer
of the metal atom. However, when the charge on anions and cations are opposite,
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both |QCd| or |QS|, could be in y>x region.
The inset of Fig. 5.3 clearly indicates that the charge transfer from Ni is to

the Cd-atoms, and to Pt occurs from the S-atoms, as the Bader charges of these
substrate atoms are relatively in the vicinity of y = x line (in comparison with the
other surface species). These selective charge transfers are consistent with their
nearly constant Bader charges in the bar charts. The effect of degree of localization
of d-bands in the Ni-atom was examined by using DFT+U scheme for Ni-atom,
with UNi=3.5 eV. Fig. B.3 in S.I. B shows that for DFT+U and PBE, Ni shows a
depletion of Bader charge; however, the localization of d-states causes a reduction
in charge depletion, of ∼ 0.03e–0.07e. The GS for Pd1 is dominated by transfer
from S atom to Pd, while the other three geometries show a mixed share of metal
bonding. For the GS case of Au1, QAu = 0.02e, while QCd and QS are 0.27e and
-0.29e, respectively. This is due to size of the Au atom and the larger bond-lengths
it forms, which distorts the Cd-S bonds of the surface as highlighted earlier; thus,
the sign of QCd and QS are opposite, and are affected by the surface distortions.
In all other locally stable cases (GS-1, GS-2 and GS-3) Au exhibits charge transfer
from the surface S-atoms.

5.4 Conclusions

We investigated the differences in the atomic-level bonding of Ni, Pd, Pt and Au
over the CdS (1010) surface. The complex with the Cd-cation is prominent for Ni,
and the strength reduces as we go down the Ni-group. This leads to a net electron
transfer to the CdS surface, while in all other studied cases the metal atom obtains
the net electrons. The Pt atom shows the maximum magnitude of interfacial charge
transfer, owing to a strong Pt-S bonding.

In the subsequent chapters, we will shift our focus onto the interfaces made by
aggregates of metal atoms. The metal aggregates considered are at least ten known
gas-phase clusters of different metals, structurally characterized by their ECN; there-
after, for a select few of the metal clusters we report their relaxed depositions over
the CdS (1010) surface.

Research Contributions:
The research plan was developed together by Dr. Marijn van Huis (MvH) and Somil
Gupta (SG). The numerical calculations, post-processing and analysis were carried
out by SG. Discussions and interpretation of results were completed by MvH and
SG.
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contribution at the displaced Cd-atom and neighboring surface atoms. Here, the
PDOS is not seen to not cross the Fermi level as the metallic state is localized at
the CdS surface atoms and not at the Au-atom. The three meta-stable Au1 states
do not cause significant surface distortions and are found to be semiconducting.

We also studied the GS and GS − 1 configuration of Au1 using a static, spin-
orbit coupling (SOC) calculation. The PDOS for these are shown in Fig. B.4 (a)
and (b) in S.I. B, to be compared with their respective cases with spin-polarized
calculation in Au1 case of GS configuration shown Fig. 5.1 and GS−1 configuration
in third column of Fig. B.2 in S.I B. First, in terms of the deep energy level at
∼ 6.5eV comparison suggests that the electronic difference between GS and GS− 1
qualitatively remains the same for with or without SOC. Owing to SOC effect, in
comparison to the spin-polarized cases, we see fine splitting of the d−orbitals (at ∼
4–6 eV) of the Au1 for both the configurations. This splitting is also seen for the
s−orbitals near the Fermi edge, for the GS − 1 case, resulting into semi-metallic
behavior like GS. This suggests that fine splitting in SOC can affect the metallicity
of the interfaces, which we will also observe later for the cluster aggregates.

For determining charge transfers from/to the metal atom we have used the Bader
partitioning and integration scheme [38]. Fig. 5.3 shows bar plots for the difference
in the Bader charges of the metal atoms (QM) with and without the CdS surface, for
all the adsorption sites. A positive value indicates the accumulation of charge at the
metal atom. First, we see that Pd, Pt and Au show accumulation of charge, while
Ni shows depletion of charge for all configurations. In terms of charge transfer, Ni
and Pt mark the two extremes among the four metals. Second, for Pd and Au, the
charge transfer changes significantly upon changing the adsorption sites. In fact,
their GS charge distribution is not representative of the flexibility in their bonding
patterns. Unlike these, Ni and Pt show almost the same transferred charge for all the
four sites. This could be possible if they have a preferential interaction with either
the anions or cations of the surface. To further examine this, we considered the sum
of differences in Bader charges for all the cations (QCd) and all the anions (QS) in
the supercell, for each configuration, with and without the metal atom. Naturally,
for all the cases, we have QM + QS + QCd = 0, within an accuracy of 10−3E. In
the single-atom adsorption case, where surface reconstructions are minimal, one can
assume that the ions with leading contributions to this sum should play a direct
role in charge transfer with the metal atom. In the inset of Fig. 5.3 we have plotted
the absolute values of QCd and QS as a function of the absolute value QM of the
respective adsorption case. If the |QCd| or |QS| is above the y=x line (y>x) or close
to it, then the bonding with that species is dominant in the total charge transfer
of the metal atom. However, when the charge on anions and cations are opposite,
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of d-bands in the Ni-atom was examined by using DFT+U scheme for Ni-atom,
with UNi=3.5 eV. Fig. B.3 in S.I. B shows that for DFT+U and PBE, Ni shows a
depletion of Bader charge; however, the localization of d-states causes a reduction
in charge depletion, of ∼ 0.03e–0.07e. The GS for Pd1 is dominated by transfer
from S atom to Pd, while the other three geometries show a mixed share of metal
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it forms, which distorts the Cd-S bonds of the surface as highlighted earlier; thus,
the sign of QCd and QS are opposite, and are affected by the surface distortions.
In all other locally stable cases (GS-1, GS-2 and GS-3) Au exhibits charge transfer
from the surface S-atoms.

5.4 Conclusions

We investigated the differences in the atomic-level bonding of Ni, Pd, Pt and Au
over the CdS (1010) surface. The complex with the Cd-cation is prominent for Ni,
and the strength reduces as we go down the Ni-group. This leads to a net electron
transfer to the CdS surface, while in all other studied cases the metal atom obtains
the net electrons. The Pt atom shows the maximum magnitude of interfacial charge
transfer, owing to a strong Pt-S bonding.

In the subsequent chapters, we will shift our focus onto the interfaces made by
aggregates of metal atoms. The metal aggregates considered are at least ten known
gas-phase clusters of different metals, structurally characterized by their ECN; there-
after, for a select few of the metal clusters we report their relaxed depositions over
the CdS (1010) surface.
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6. Subnanometer Metal Cluster Interfaces
on CdS (1010) surfaces

Metal co-catalysts deposited at a photocatalyst surface form a crucial component
in the nanoheterostructures designed for the photocatalytic generation of hydrogen
gas from water. To examine the intermetallic differences and size effects at these
interfaces, we use spin-polarized density functional theory to study single-atom, 13-
atom and 55-atom cluster depositions of Ni, Pd, Pt and Au on the CdS(1010). For
single-atom adsorption discussed in the previous chapter, the metal-CdS bonding
and the charge transfers revealed a Ni-Cd bonding complex leading to the depletion
of electronic charge at the metal, in contrast to the charge accumulation observed
for other metals. In this chapter, clusters of metal atoms are investigated. Six
subnanometer cluster types were selected over a wide range of cluster’s effective
coordination number, and their interfaces were differentiated by charge redistribu-
tions, structure and adhesion energies, HOMO-LUMO gaps and Schottky barrier
heights. Most of the 55-atom clusters, which are often semiconducting in the gas
phase, became (semi)metallic after deposition on the CdS semiconductor surface.
Intermetallic differences and common trends are discussed, in line with the single-
atom understanding from Chapter 5.
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6.1 Introduction

Experimentally, metal depositions over a substrate are controlled by several factors,
like metal precursor concentration, oxidizing or reducing chemical species, laser
exposure and temperature [77, 81]. In our study, we have modelled a variety of M-Sc
interfaces with not only the most stable gas-phase clusters (from the literature) but
also those which are likely to react strongly with the CdS surface. We use the criteria
of effective coordination number (ECN) [101, 102] which indicates the compactness
or openness of clusters, also suitable for even distorted cluster geometries. In recent
literature, the coordination number of extended metal surfaces has directly been
correlated with the free energy of adsorption at the surface [103]; thus, giving a
systematic surface descriptor of catalytic activity. An extension of these findings
to deposited clustered metal surfaces is not straightforward, as apart from surface
curvatures, substrate-induced dipole effects are expected to have a direct effect on
catalytic activity. In this work, instead of probing into ECN as a surface descriptor
for deposited cluster geometries, we sample locally stable gas-phase clusters over
a wide ECN range. Typically, these metals are known to be stabilized in either
closed or open structures (i.e. with high-ECN or low-ECN, respectively). Using
this intermetallic difference for Ni, Pd, Pt and Au, we effectively sampled a set
of clusters comprising of both low-lying and high-lying isomers in their potential
energy surfaces, which were deposited to characterize their M-Sc interfaces.

It should be noted that the semiconductor’s fundamental bandgap as well its
band edge positions are important in studying M-Sc’s electronic structure. It was
earlier believed that the most of the bandgap error of standard DFT functionals
occurs at the conduction band minima (CBM), and consequently, theoretical studies
estimated the p-type Schottky barriers of M-Sc junctions using the valence band
maxima (VBM). Thereafter, experimental bandgaps were used to obtain the n-type
Schottky barrier heights [104]. However, with increasing accuracy of many-body
perturbation theory calculations, recent studies have reported this expectation to
not hold, especially for II-VI semiconductors. Studies have shown that the bulk
CBM predictions of PBE are already very good in comparison to GW -calculations,
and that the error in the bandgap is mostly in predicting the VBM [105, 106, 107,
108]. Due to this, the surface CBM predictions (with respect to vacuum) using the
standard GGA-PBE functional show excellent agreement with the spectroscopic
measurements of electron affinity (EA) [105]. The 5BL passivated slab used in this

work, has the EA = 4.58 eV (EA(1120)
exp. = 4.79 eV [109]) and the fundamental band-

gap of 1.33 eV (BGexp. = 2.55 eV [96]); thus, indicating that the valence band edge
of the slab bears most of the bandgap error. This enables us to directly predict
the n-type Schottky barrier heights (SBH) of the CdS-metal junctions. Our tests
with DFT+U scheme [36, 37] have shown that simultaneously correcting the surface
band-edges and the bandgap is not attainable within reasonable U-values. Hence,
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maxima (VBM). Thereafter, experimental bandgaps were used to obtain the n-type
Schottky barrier heights [104]. However, with increasing accuracy of many-body
perturbation theory calculations, recent studies have reported this expectation to
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and that the error in the bandgap is mostly in predicting the VBM [105, 106, 107,
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work, has the EA = 4.58 eV (EA(1120)
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we have chosen standard DFT calculations over the DFT+U scheme to determine
the n-type SBH in section 6.2.

In section 6.2.1, we elucidate upon the gas-phase metal clusters reported in the
literature: which are either the putative global minima of a study, or theoretically
well-studied cases like the icosahedron, or 2D-metal sheets. This leads to a set of
at least 10 isolated gas-phase clusters for 13-atom and 55-atom cases (i.e., diameter
sizes ∼0.5-1nm), as shown in Fig. C.1 of the Supplementary Information (S.I) C.
From this, in section 6.2.2, we further selected a set of six clusters for each metal,
which represent a wide range in their respective effective coordination number (ECN)
space, and thus, screens a variety of M-Sc interfaces.

6.2 Results and Discussion

6.2.1 Gas-phase Clusters

diavg =

∑
j

dij exp

[
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(
dij
diavg

)6]
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davg =
∑
i

diavg/N (6.3)

ECN =
∑
i

ECNi/N (6.4)

Generally, the studies on gas-phase metal clusters focus on searching for the
putative global minima (PGM) within the scope of their search algorithms and the
representative physical theory. Whereas, for studying realistic interfaces made by
metal clusters, both: the depositions made by PGM clusters as well as metastable
cluster candidates, become interesting. The structure of a deposited cluster would
be kinetically driven by several factors at the interfacial site. To account for this, we
choose to study weakly and strongly reacting cluster candidates within ground-state
DFT, instead of simulating these clusters within a classical or an ab initio molecular
dynamics approach.

It is well-known that the metal clusters in these metals show a typical stability
preference for either ordered/compact or disordered/open structures [110, 102, 111,
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112, 113]. Going from 3d to 5d metals, the localization of d-bands decreases, leading
to more open and distorted structures [114]. This openness/compactness of a cluster
is well captured using the concept of a cluster’s effective coordination number (ECN)
[101, 102]. Thus, sampling across a wide range of ECN enables a systematic sampling
of high and low-lying cluster geometries. In this work, the ECN is derived from
equations (6.1)–(6.4), as in the cluster literature [101, 102]. Equation (6.1) describes
the average bond distance for an atom, diavg, which is self-consistently obtained using
a weighted sum of all its bond-pairs, dij (and not just an atom’s neighbourhood).
This was solved for the convergence criteria of diavg(new)-d

i
avg(old) ≤ 0.0001. By

including all bond-pairs within a cluster, the ECN is expected to be a reasonable
descriptor for coordination number of disordered clusters.

The clusters that we adopted from the gas-phase metal cluster literature of Ni,
Pd, Pt and Au [115, 112, 102, 111, 116, 117, 118, 119], are shown in Figure 6.2,
spanning from ECN= ∼4–8.5. The clusters are sorted by an increasing ECN (from
left to right). We relaxed these 13-atom and 55-atom clusters within same compu-
tational settings as mentioned in Section 5.2, but with a smaller Gaussian width of
0.01 eV, within a box of at least 20A3. These gas-phase clusters can be classified in
three types: (i) reported putative global minima from the literature, for Ni, Pd, Pt
and Au (ii) theoretically well-studied cases of FCC-precursors like icosahedral and
cuboctahedral, and (iii) the reported low-lying structures of one element, and used
them for the other three elements. FCC-fragment for Pd55 [112], planar structure
for Au13 [111] and distorted reduced core-type structure for Au55 [112] and Cd55

[119] are such examples.
Figure 6.1 shows the stability preferences of different metals clusters by plotting

their absolute binding energy (|B.E|) as a function of their ECN. The inset in Figure
6.1 shows the same as a function of cluster’s davg, which is numerically calculated
using Eq. (6.1). In the main panel, when moving from left to right, the data points
represent 13-atom and 55-atom clusters. On the extreme right (ECN ∼ 12), the
data-points represent respective metals bulk BE’s. As we cover only clusters in
the subnanometer sizes, which is understood to represent the non-scalable regime
of matter, one expects that any one parameter like ECN or davg cannot strictly
determine stability. However, general stability preferences for a particular metal
can be clearly drawn from Fig. 6.1. In agreement to gas-phase cluster literature, it
is seen that Ni and Pd stabilize towards higher-ECN geometries (i.e. more compact)
than Pt and Au which prefer lower-ECN geometries (i.e. more open). This is clearly
observed for the most stable of metal clusters, where: ECNNi > ECNPd > ECNPt >
ECNAu. This is understood as the 3d and 4d-bands are more localized to the atomic
core than the 5d-bands, leading to a more rigid and compact interatomic bonding.
This fundamental signature of the metal bonding is also seen, where: the davg of the
most stable metal clusters inter-relate in the same order as their bulk counterparts;
such as: dNi

avg > dPd
avg > dPt

avg > dAu
avg.

For heavier elements like Pt and Au in our study, we have examined the effects
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we have chosen standard DFT calculations over the DFT+U scheme to determine
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Generally, the studies on gas-phase metal clusters focus on searching for the
putative global minima (PGM) within the scope of their search algorithms and the
representative physical theory. Whereas, for studying realistic interfaces made by
metal clusters, both: the depositions made by PGM clusters as well as metastable
cluster candidates, become interesting. The structure of a deposited cluster would
be kinetically driven by several factors at the interfacial site. To account for this, we
choose to study weakly and strongly reacting cluster candidates within ground-state
DFT, instead of simulating these clusters within a classical or an ab initio molecular
dynamics approach.

It is well-known that the metal clusters in these metals show a typical stability
preference for either ordered/compact or disordered/open structures [110, 102, 111,
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[101, 102]. Thus, sampling across a wide range of ECN enables a systematic sampling
of high and low-lying cluster geometries. In this work, the ECN is derived from
equations (6.1)–(6.4), as in the cluster literature [101, 102]. Equation (6.1) describes
the average bond distance for an atom, diavg, which is self-consistently obtained using
a weighted sum of all its bond-pairs, dij (and not just an atom’s neighbourhood).
This was solved for the convergence criteria of diavg(new)-d
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including all bond-pairs within a cluster, the ECN is expected to be a reasonable
descriptor for coordination number of disordered clusters.
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0.01 eV, within a box of at least 20A3. These gas-phase clusters can be classified in
three types: (i) reported putative global minima from the literature, for Ni, Pd, Pt
and Au (ii) theoretically well-studied cases of FCC-precursors like icosahedral and
cuboctahedral, and (iii) the reported low-lying structures of one element, and used
them for the other three elements. FCC-fragment for Pd55 [112], planar structure
for Au13 [111] and distorted reduced core-type structure for Au55 [112] and Cd55

[119] are such examples.
Figure 6.1 shows the stability preferences of different metals clusters by plotting

their absolute binding energy (|B.E|) as a function of their ECN. The inset in Figure
6.1 shows the same as a function of cluster’s davg, which is numerically calculated
using Eq. (6.1). In the main panel, when moving from left to right, the data points
represent 13-atom and 55-atom clusters. On the extreme right (ECN ∼ 12), the
data-points represent respective metals bulk BE’s. As we cover only clusters in
the subnanometer sizes, which is understood to represent the non-scalable regime
of matter, one expects that any one parameter like ECN or davg cannot strictly
determine stability. However, general stability preferences for a particular metal
can be clearly drawn from Fig. 6.1. In agreement to gas-phase cluster literature, it
is seen that Ni and Pd stabilize towards higher-ECN geometries (i.e. more compact)
than Pt and Au which prefer lower-ECN geometries (i.e. more open). This is clearly
observed for the most stable of metal clusters, where: ECNNi > ECNPd > ECNPt >
ECNAu. This is understood as the 3d and 4d-bands are more localized to the atomic
core than the 5d-bands, leading to a more rigid and compact interatomic bonding.
This fundamental signature of the metal bonding is also seen, where: the davg of the
most stable metal clusters inter-relate in the same order as their bulk counterparts;
such as: dNi

avg > dPd
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For heavier elements like Pt and Au in our study, we have examined the effects
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Figure 6.1: Figure shows the gas-phase binding energies plotted as a function of
their ECN for metal clusters in Fig. C.1 in S.I C, adopted from the literature.
The data points on the left and right correspond to 13-atom and 55-atom clusters,
respectively. The isolated data point on the extreme right is for the corresponding
bulk binding energies. The inset shows the binding energies as a function of davg.
The clusters chosen for deposition on the CdS surface are highlighted by circles.

of a full-relativistic calculation by including spin-orbit coupling (SOC) effects. To
benchmark the SOC effects, we have relaxed all the isolated Au clusters within a
full relativistic treatment. The results are shown in Fig. C.3 (a) in S.I C, where
although the binding energies for SOC calculations are higher by ∼300 meV/atom,
the overall trends of relative cluster stability do not alter. In agreement to a previous
study [102], we find that the geometry of the Au clusters do not significantly change,
and the ECN and davg of the SOC-relaxed geometries and the PBE geometries fit
well on the y = x line. However, an intriguing case is found for the compact Au-
icosahedral13, where, depending on the algorithm used for optimization, we found
that the cluster geometry could remarkably alter to take a more open form with the
SOC effect. Within the quasi-Newtonian algorithm, which specializes to find a local
minimum, a metastable state with icosahedral symmetry was found use standard
spin-polarized settings. Figure C.3(b) and (c) in S.I C show the differences in
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PDOS of a spin-polarized and a SOC cluster, for the ICO13 geometry. This could
be expected since Au generally stabilizes to form open-structures, while icosahedral
is the most compact of the structural geometries considered here. This difference
in stability of Au-ICO13 with and without including SOC, is also evident in the
HOMO-LUMO gaps for the case in Table 6.2. However, as most clusters do not
significantly alter geometry, within the scope of this study we will consider SOC to
have no significant effect on the cluster’s geometry. For the deposited cases, we will
later discuss on single-point calculations for the Au clusters.

From the large set of gas-phase clusters shown in Figure C.1 in S.I C, a se-
lection up to at least six cluster types were chosen for each metal so as to study
their respective interface with the CdS substrate. These selected sets are distinctly
highlighted in Fig. 6.1 with circles. Their relaxed geometries are shown in Figure
6.2 in the order of increasing ECN, and are comprised of three 13-atom clusters
(planar, icosahedron, and one of the stable reported geometries) and three 55-atom
clusters (an open, an intermediately open FCC-fragment, and a compact icosahe-
dral cluster). Apart from covering a wide range of ECN, our objective in choosing
clusters (for deposition) was to select candidates with some peculiar features. The
interest in these cluster types is detailed below, where we refer to the clusters us-
ing the shorthand nomenclature assigned in Figure 6.2. From left to right: (a)
PLA13 - The two dimensional, planar clusters are extraordinarily stable for Au up
to cluster size of 11 [120, 115], unlike other transition elements. Reportedly, for
Pd, Ni, and Pt the 2D-3D transition occurs at N∼4 [121, 122, 123, 113]. Even for
these relatively small clusters, atomicity theoretical studies have shown some differ-
ences in predicting their energy ordering near the PGM, owing to their differences
in the exchange-correlational functional, basis-sets and accuracy of other numerical
settings. This discussion is well-covered in the cluster literature [124, 125]. The
reason for such a high value of the 2D-3D crossover for Au was earlier attributed
to the SOC effects [126]; however, recent studies have also highlighted the bias of
exchange-correlational functionals like GGA-PBE (both including and not including
SOC) towards the planar structures [124, 115, 113]. Nevertheless, while PLA13 is a
low-lying isomer for Au, it is a high-lying one for other elements. The clusters are ex-
pected to undergo 2D-3D makeover over the support, thus indicating the growth of a
planar cluster of metal. (b) GS13 - These structures represent which are either most
stable (or are close to the PGM total energy) in free-standing form, were adsorbed
to identify the effect of stability of a metal on the nature of the M-Sc interface. For
low-lying and interesting geometries, we chose a rhombohedral-like pyramid for Ni
[111], a biplanar geometry for Pd [116], a trigonal pyramid geometry for Pt [117],
and a biplanar geometry for Au [115]. (c) ICO13 - Icosahedral clusters have been
considered for a large number of theoretical cluster studies since they are the most
stable cluster geometries for noble gases, and one of the precursors to form FCC
crystals. It also marks the upper limit of effective coordination number, for 13-atom
and 55-atom cluster sizes. (d) CCD - The distorted-reduced-core type structures
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Figure 6.1: Figure shows the gas-phase binding energies plotted as a function of
their ECN for metal clusters in Fig. C.1 in S.I C, adopted from the literature.
The data points on the left and right correspond to 13-atom and 55-atom clusters,
respectively. The isolated data point on the extreme right is for the corresponding
bulk binding energies. The inset shows the binding energies as a function of davg.
The clusters chosen for deposition on the CdS surface are highlighted by circles.

of a full-relativistic calculation by including spin-orbit coupling (SOC) effects. To
benchmark the SOC effects, we have relaxed all the isolated Au clusters within a
full relativistic treatment. The results are shown in Fig. C.3 (a) in S.I C, where
although the binding energies for SOC calculations are higher by ∼300 meV/atom,
the overall trends of relative cluster stability do not alter. In agreement to a previous
study [102], we find that the geometry of the Au clusters do not significantly change,
and the ECN and davg of the SOC-relaxed geometries and the PBE geometries fit
well on the y = x line. However, an intriguing case is found for the compact Au-
icosahedral13, where, depending on the algorithm used for optimization, we found
that the cluster geometry could remarkably alter to take a more open form with the
SOC effect. Within the quasi-Newtonian algorithm, which specializes to find a local
minimum, a metastable state with icosahedral symmetry was found use standard
spin-polarized settings. Figure C.3(b) and (c) in S.I C show the differences in
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PDOS of a spin-polarized and a SOC cluster, for the ICO13 geometry. This could
be expected since Au generally stabilizes to form open-structures, while icosahedral
is the most compact of the structural geometries considered here. This difference
in stability of Au-ICO13 with and without including SOC, is also evident in the
HOMO-LUMO gaps for the case in Table 6.2. However, as most clusters do not
significantly alter geometry, within the scope of this study we will consider SOC to
have no significant effect on the cluster’s geometry. For the deposited cases, we will
later discuss on single-point calculations for the Au clusters.

From the large set of gas-phase clusters shown in Figure C.1 in S.I C, a se-
lection up to at least six cluster types were chosen for each metal so as to study
their respective interface with the CdS substrate. These selected sets are distinctly
highlighted in Fig. 6.1 with circles. Their relaxed geometries are shown in Figure
6.2 in the order of increasing ECN, and are comprised of three 13-atom clusters
(planar, icosahedron, and one of the stable reported geometries) and three 55-atom
clusters (an open, an intermediately open FCC-fragment, and a compact icosahe-
dral cluster). Apart from covering a wide range of ECN, our objective in choosing
clusters (for deposition) was to select candidates with some peculiar features. The
interest in these cluster types is detailed below, where we refer to the clusters us-
ing the shorthand nomenclature assigned in Figure 6.2. From left to right: (a)
PLA13 - The two dimensional, planar clusters are extraordinarily stable for Au up
to cluster size of 11 [120, 115], unlike other transition elements. Reportedly, for
Pd, Ni, and Pt the 2D-3D transition occurs at N∼4 [121, 122, 123, 113]. Even for
these relatively small clusters, atomicity theoretical studies have shown some differ-
ences in predicting their energy ordering near the PGM, owing to their differences
in the exchange-correlational functional, basis-sets and accuracy of other numerical
settings. This discussion is well-covered in the cluster literature [124, 125]. The
reason for such a high value of the 2D-3D crossover for Au was earlier attributed
to the SOC effects [126]; however, recent studies have also highlighted the bias of
exchange-correlational functionals like GGA-PBE (both including and not including
SOC) towards the planar structures [124, 115, 113]. Nevertheless, while PLA13 is a
low-lying isomer for Au, it is a high-lying one for other elements. The clusters are ex-
pected to undergo 2D-3D makeover over the support, thus indicating the growth of a
planar cluster of metal. (b) GS13 - These structures represent which are either most
stable (or are close to the PGM total energy) in free-standing form, were adsorbed
to identify the effect of stability of a metal on the nature of the M-Sc interface. For
low-lying and interesting geometries, we chose a rhombohedral-like pyramid for Ni
[111], a biplanar geometry for Pd [116], a trigonal pyramid geometry for Pt [117],
and a biplanar geometry for Au [115]. (c) ICO13 - Icosahedral clusters have been
considered for a large number of theoretical cluster studies since they are the most
stable cluster geometries for noble gases, and one of the precursors to form FCC
crystals. It also marks the upper limit of effective coordination number, for 13-atom
and 55-atom cluster sizes. (d) CCD - The distorted-reduced-core type structures
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Figure 6.2: Set of 13-atom andd 55-atom clusters deposited over CdS (1010) in the
increasing order of ECN (from left to right).

(DRC) [127], mark the low-ECN limit of 55-atom clusters, and were reported to be
the PGM’s for Pt55 and Au55 [102, 112]. However, we have chosen CCD, which in
addition to having a low ECN also has a broad surface area to interact with the
support. The CCD was reported for a Cd55 cluster reported using a Gupta-potential
[119]. Its is similar to an oblate, blob of atoms, makes it a suitable choice. (e) FCC
- This cluster is a FCC-fragment (FCC), and makes it unique case to examine these
metals, which crystallize into a FCC crystal in their bulk phases. Also, it is in the
intermediate ECN range of 55-atoms. (f) ICO55 - Lastly, we chose the high-limit of
ECN for 55-atom cluster i.e. an icosahedral cluster.

In examining this selected set of six clusters in more depth, we report their mag-
netizations, HOMO-LUMO gaps and adiabatic ionization energies. Figure C.2 in
S.I C shows the spin densities of the selected six metal clusters along with their
overall magnetic moments. In general, the cluster magnetic moments decrease from
Ni→Pd→Pt→Au. It also shows that Pd, being isoelectronic to Ni, shows spin-
polarization throughout the cluster. In contrast to this, the spin-polarization density
in Pt55 and Au55 clusters could either be throughout the cluster (example: ICO13

and ICO55) or localized at the surface of the clusters. In some cases, the atoms in
Pt clusters also show opposite spin (coloured blue, see Fig. C.2 of S.I C), depending
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Cluster Ni Pd Pt Au

PLA 41 52 107 (133) 524 (124)
GS 140 58 183 (130) 155 (109)

ICO13 75 69 149 (39) 1031 (48)
CCD 6 20 48 (26) 175 (26)
FCC 3 16 46 (36) 179 (52)
ICO55 29 0 32 (67) 116 (31)

Table 6.1: HOMO-LUMO gaps (meV) of selected gas-phase clusters, for the spin-
channel having the smaller gap. For the 5d elements, the numbers in the parentheses
are the gaps corresponding to a single-point SOC calculation. The entries marked
in bold highlight the cases having a gap smaller than 15 meV.

on the nature of exchange splitting. The semi-/metallicity of an elemental cluster is
characterized by their respective HOMO-LUMO gaps. In a spin-polarized calcula-
tion, there are two such gaps for each spin channel. In Table 6.1, we have reported
the HOMO-LUMO gaps (in meV) of the spin-channel with the smaller of the two
gaps, in order to highlight how close these clusters are to attaining metallicity. First,
for all metals, the increase in the atomicity of clusters from 13 to 55-atoms leads
to broadening of bands; resulting in smaller gaps. Second, from an intermetallic
comparison of five common clusters (PLA, ICO13, CCD, FCC and ICO55) it is ob-
served that the HOMO-LUMO gaps increase from Ni→Pd→Pt→Au. Some of the
55-atom Ni and Pd clusters have gaps less than 15 meV, which can be considered
almost metallic. The effect of SOC is given in parentheses, which generally reduces
the HOMO-LUMO gaps.

6.2.2 13-atom and 55-atom depositions

The input geometries for depositing these clusters was selected so as to allow max-
imum interaction with the substrate. This was done by orienting the cluster such
that the facet with a relatively large surface area is exposed to the CdS (1010) sur-
face. For most of the cluster depositions (except, ICO13 and CCD) we have used the
metal cluster in its respective gas-phase geometry as an input for deposition. For
the two cases of ICO13 and CCD, we have considered relaxed deposited geometries
of one of the metals as an input for corresponding calculations of the other met-
als. Such cases facilitate an intermetallic comparison as their relaxed geometries are
very similar. These cases will be elaborated below. To verify whether our simulation
cells are sufficient in size for the deposition of clusters, for a selection of two 55-atom
cluster geometries (Pt-CCD and Pt-ICO) we have relaxed the deposited geometries
within a larger supercell of 24.8 × 26.9 Å2, comprised of 528 slab atoms. For a
Γ-point calculation, the maximum change in adhesion energies was 1.6 meV/atom
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characterized by their respective HOMO-LUMO gaps. In a spin-polarized calcula-
tion, there are two such gaps for each spin channel. In Table 6.1, we have reported
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gaps, in order to highlight how close these clusters are to attaining metallicity. First,
for all metals, the increase in the atomicity of clusters from 13 to 55-atoms leads
to broadening of bands; resulting in smaller gaps. Second, from an intermetallic
comparison of five common clusters (PLA, ICO13, CCD, FCC and ICO55) it is ob-
served that the HOMO-LUMO gaps increase from Ni→Pd→Pt→Au. Some of the
55-atom Ni and Pd clusters have gaps less than 15 meV, which can be considered
almost metallic. The effect of SOC is given in parentheses, which generally reduces
the HOMO-LUMO gaps.

6.2.2 13-atom and 55-atom depositions

The input geometries for depositing these clusters was selected so as to allow max-
imum interaction with the substrate. This was done by orienting the cluster such
that the facet with a relatively large surface area is exposed to the CdS (1010) sur-
face. For most of the cluster depositions (except, ICO13 and CCD) we have used the
metal cluster in its respective gas-phase geometry as an input for deposition. For
the two cases of ICO13 and CCD, we have considered relaxed deposited geometries
of one of the metals as an input for corresponding calculations of the other met-
als. Such cases facilitate an intermetallic comparison as their relaxed geometries are
very similar. These cases will be elaborated below. To verify whether our simulation
cells are sufficient in size for the deposition of clusters, for a selection of two 55-atom
cluster geometries (Pt-CCD and Pt-ICO) we have relaxed the deposited geometries
within a larger supercell of 24.8 × 26.9 Å2, comprised of 528 slab atoms. For a
Γ-point calculation, the maximum change in adhesion energies was 1.6 meV/atom
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for Pt-CCD, which is expected since the surface stresses induced due to the clus-
ter’s large interfacial area would decrease in the larger cell. The geometries do not
undergo a significant change. Hence, we would consider even our 55-atom clusters
to be sufficiently converged in their relaxed geometries.

Now, with the understanding of inter-metallic differences seen for the single-atom
adsorption, and knowing the characteristics of the metal clusters in the gas-phase, we
will report and discuss the interfaces formed by 13-/55-atom selected metal clusters
with the CdS (1010) surface. The relaxed cluster deposited geometries of the six
selected clusters of each metal are shown in Figure 6.4. The inset of Figure 6.4 shows
the colormap for Bader charge differences of the deposited metal cluster with and
without the CdS surface. It is calculated by a simple difference of Bader charges
from two single-point calculations of a deposited cluster and free-standing cluster
as in the deposited configuration. The color ranges from ±0.25 electrons. The Ni-
atoms close to the interface are blue indicating a depletion of electrons, whereas
many of the Pt-atoms are colored orange or red (i.e. accumulation of electrons).
The Pd and Au coloring is intermediate of these two extreme cases. This trend is
qualitatively seen for all the deposited clusters, which is also in agreement with the
single-atom adsorption results.

The geometries are discussed below in increasing order of cluster’s ECN, starting
with the PLA cluster deposition. Due to reasons mentioned in Section 6.2.1, one
expects the PLA for Ni, Pd and Pt to strongly react with the surface, and Au-PLA
to have relatively weak interaction. Our observations of the relaxed geometries is
concurrent with this expectation, which can be seen in Figure 6.4 for the row of
PLA clusters. The Pd-PLA and Pt-PLA deposited cluster geometries tend to be
similar to the Ni-PLA, where the cluster strongly reacts at the interface and a few
S-atoms are driven out of the surface to form clear metal-S bonds. In agreement
with the expectation, Au-PLA shows a marked contrast with the PLA clusters of
the other three metals, and is seen to maintain the planar network of the cluster by
shifting away from the surface.

For Ni-PLA we had adsorbed a stretched geometry of Ni-PLA (with a larger
lattice constant), where the interatomic distances in their input geometry were en-
larged from their equilibrium distances. Ni chemisorbs to the surface making a
compact structure which is partially bilayered and displaces the S-atoms off the sur-
face to form direct Ni-Cd and Ni-S bonds. An alternative geometry, derived from the
gas-phase equilibrium Ni-PLA geometry is shown in Fig. C.4 in S.I C. The Ni-Cd
complex observed for the single-atom adsorption was verified for these two Ni-PLA
geometries. The partial charge densities of one of the bands near the valence band
edge are shown in Figure 6.3. In agreement to the single Ni-atom adsorption, we
observe Ni-Cd complexes at the interface, indicated by the arrows in Fig. 6.3.

Second, the GS clusters are the low-lying clusters of the gas-phase, which are
practically different for all the metals. The deposited geometries in Figure 6.4 show
that the GS clusters mostly remain intact in their pyramidal or biplanar form, owing
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adsorption, and knowing the characteristics of the metal clusters in the gas-phase, we
will report and discuss the interfaces formed by 13-/55-atom selected metal clusters
with the CdS (1010) surface. The relaxed cluster deposited geometries of the six
selected clusters of each metal are shown in Figure 6.4. The inset of Figure 6.4 shows
the colormap for Bader charge differences of the deposited metal cluster with and
without the CdS surface. It is calculated by a simple difference of Bader charges
from two single-point calculations of a deposited cluster and free-standing cluster
as in the deposited configuration. The color ranges from ±0.25 electrons. The Ni-
atoms close to the interface are blue indicating a depletion of electrons, whereas
many of the Pt-atoms are colored orange or red (i.e. accumulation of electrons).
The Pd and Au coloring is intermediate of these two extreme cases. This trend is
qualitatively seen for all the deposited clusters, which is also in agreement with the
single-atom adsorption results.

The geometries are discussed below in increasing order of cluster’s ECN, starting
with the PLA cluster deposition. Due to reasons mentioned in Section 6.2.1, one
expects the PLA for Ni, Pd and Pt to strongly react with the surface, and Au-PLA
to have relatively weak interaction. Our observations of the relaxed geometries is
concurrent with this expectation, which can be seen in Figure 6.4 for the row of
PLA clusters. The Pd-PLA and Pt-PLA deposited cluster geometries tend to be
similar to the Ni-PLA, where the cluster strongly reacts at the interface and a few
S-atoms are driven out of the surface to form clear metal-S bonds. In agreement
with the expectation, Au-PLA shows a marked contrast with the PLA clusters of
the other three metals, and is seen to maintain the planar network of the cluster by
shifting away from the surface.

For Ni-PLA we had adsorbed a stretched geometry of Ni-PLA (with a larger
lattice constant), where the interatomic distances in their input geometry were en-
larged from their equilibrium distances. Ni chemisorbs to the surface making a
compact structure which is partially bilayered and displaces the S-atoms off the sur-
face to form direct Ni-Cd and Ni-S bonds. An alternative geometry, derived from the
gas-phase equilibrium Ni-PLA geometry is shown in Fig. C.4 in S.I C. The Ni-Cd
complex observed for the single-atom adsorption was verified for these two Ni-PLA
geometries. The partial charge densities of one of the bands near the valence band
edge are shown in Figure 6.3. In agreement to the single Ni-atom adsorption, we
observe Ni-Cd complexes at the interface, indicated by the arrows in Fig. 6.3.

Second, the GS clusters are the low-lying clusters of the gas-phase, which are
practically different for all the metals. The deposited geometries in Figure 6.4 show
that the GS clusters mostly remain intact in their pyramidal or biplanar form, owing
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Figure 6.3: The partial charge densities of one of the bands close to the valence
band edge shows the Ni-Cd bonding complex, for two Ni-PLA geometries.

to their relative gas-phase stability. The Au-GS, similar to Au-PLA, results into
minimal distortions in the CdS top-layer.

Third, high-ECN 13-atom ICO clusters are very stable for Ni and Pd, while being
very reactive for Pt and Au. Owing to this one would expect large distortions and
inter-metallic variations within their relaxed deposited geometries if free-standing
cluster geometry is used as an input. To enable a simpler intermetallic comparison
for 13-atom ICO, we have used the relaxed geometries of Pd-ICO and Pt-ICO, as
an input for all the other three metals. Due to their differences in their gas-phase
stability, the two types of cluster interfaces (called ICOPd and ICOPt) are quite
different. Pt-ICO leads to a more distorted geometry than the compact Pd-ICO. In
this manner, we have two types of depositions for each metal’s ICO cluster, ICO-Pd
and ICO-Pt, as shown in Figure 6.4.

First among the 55-atom clusters is the low-ECN CCD55. The broad basal
surface area of this cluster is unique among the deposited cluster set. Like ICO13,
in this case again, for a suitable intermetallic comparison the inputs for CCD55
depositions for all metals were initiated from a relaxed Pt-CCD55 configuration
(shown in Figure 6.4). After deposition Ni-CCD55 and Pd-CCD55 reduce in size
owing to their tendency to prefer compactness, while the Au-CCD55 transforms
into a more open geometry. Second is the FCC fragment cluster, FCC55, which was
the PGM for freestanding 55-atom Pd clusters [127, 112]. As all the four metals
crystallize in the FCC crystal structure, it is interesting to study how the FCC55
interacts with the surface. We have used the geometry reported by Piotrowski et.
al. [112] for Pd-FCC55. FCC55 free-standing geometries were used, in the same
orientation, for deposition over the substrate. Third is the most compact, high-
ECN, ICO55 cluster. It is also the most stable geometry for Ni55 a low-lying cluster
for Pd55, with a binding energy that is only 4 meV per atom lower in comparison
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Figure 6.4: The relaxed geometries of deposited 13-atom and 55-atom clusters for
Ni, Pd, Pt, and Au, on top of the CdS(1010) surface. The index on the right
indicates the shorthand names of the clusters deposited in this study. The inset
explicitly gives a colormap representation of Bader charge difference of the metal
atoms, which is coded with a scale between ±0.25 electrons.
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Figure 6.5: Bar plots show the sum of Bader charge differences for deposited clusters.
The inset uses the sum of Bader charge differences for the substrate atoms, where
the absolute value of QCd and QS are plotted against the absolute value of the QM

represented in the main panel.

to Pd-FCC55. The deposited cases of Ni-ICO55 and Pd-ICO55 remain compact,
and do not prefer to disperse on the surface like Pt and Au cases do. We observed
this difference when we compare their geometries initiated from Pt-ICO55 and the
geometries initiated from the freestanding ICO55 cases of respective metals. Fig.C.5
in S.I C shows the less stable depositions derived from dispersed Pt-ICO55 cases.
The geometries derived from the free standing cases, which are compact and less
dispersed, are 4.2 eV and 1.9 eV more stable for Ni and Pd, respectively.

Bader charges

Using a colormap for the deposited clusters, the insets of Figure 6.4 qualitatively
highlighted the Bader charge difference, QM(i), for every metal atom i. We have also
plotted QM(i), as a function of the z-coordinate of the atom i of the deposited cluster,
in Figure C.6 in S.I C. The orange line indicates the z-coordinate of the CdS surface
before depositing the clusters. It is clear that these Bader charge differences reduce
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to Pd-FCC55. The deposited cases of Ni-ICO55 and Pd-ICO55 remain compact,
and do not prefer to disperse on the surface like Pt and Au cases do. We observed
this difference when we compare their geometries initiated from Pt-ICO55 and the
geometries initiated from the freestanding ICO55 cases of respective metals. Fig.C.5
in S.I C shows the less stable depositions derived from dispersed Pt-ICO55 cases.
The geometries derived from the free standing cases, which are compact and less
dispersed, are 4.2 eV and 1.9 eV more stable for Ni and Pd, respectively.

Bader charges

Using a colormap for the deposited clusters, the insets of Figure 6.4 qualitatively
highlighted the Bader charge difference, QM(i), for every metal atom i. We have also
plotted QM(i), as a function of the z-coordinate of the atom i of the deposited cluster,
in Figure C.6 in S.I C. The orange line indicates the z-coordinate of the CdS surface
before depositing the clusters. It is clear that these Bader charge differences reduce
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to almost zero within ∼5 Åfrom the interface. Within intermetallic comparison,
Pt13 and Pt55 clusters show cases of maximum transferred charge. For Ni13 and
Ni55 clusters, net charge is transferred to the surface from the Ni-atoms. However,
there are atoms in the Ni clusters, mostly in the subsurface layers near the interface,
which gain electrons due to the induced dipoles in the clusters. Further, we summed
the Bader charges differences of all the atoms in the cluster (QM =

∑
QM(i)), to

estimate the overall charge transferred between the cluster and the CdS surface. In
Figure 6.5, QM is shown as a bar plot for all the deposited clusters. We observe that
the charge transferred for 13-atom clusters is often comparable to that of 55-atom
clusters, as it primarily determined by the chemical bonding at the interface and
the number of interacting atoms. For all metals the cluster with highest charge
transfer is the CCD, having the advantage of its broad interfacial area. Similarly, in
the 13-atom regime, the low-ECN clusters of Ni-PLA, Pd-PLA and Pt-PLA show
considerably higher charge transfer, in agreement with their stronger chemisorption
and wider interfacial area. The overall charge transfer for clusters is about 5–10
times than the single-atom cases of Fig. 5.3 of Chapter 5. The magnitudes |QM |
for Ni, Pd and Au are comparable, while Pt shows markedly higher charges for
each cluster case. The inset of Fig. 6.5 shows QCd and QS as aforementioned in
Section 5.3. The charge on the Cd-atoms for the Ni-cases (NiCd) is closer to the
y=x line, than the charge on the S-atoms (NiS); showing preferential Ni-Cd bonding
for Ni-clusters. Most other metal clusters show a preferential bonding with S-atoms
where the PdS, PtS and AuS are higher in magnitude and closer to y=x line than
PdCd, PtCd and AuCd respectively. These results are consistent from what one would
expect from Fig. 5.3 for single-atom cases.

Eadh versus B.E

Fig. 6.6 shows the variation of Eadh as a function of a cluster’s free-standing B.E.
The Eadh includes the chemical interaction energy as well as the cluster deformation
energy over the substrate. The point on the extreme left corresponds to Eadh of
the single-atom GS cases of Fig. 5.1. Moving towards the right, correspond to
13-atom and 55-atom clusters, respectively. For each cluster, we have plotted the
configuration with the highest Eadh. This also holds for the two types of adsorbed
configurations of ICO13 clusters (ICOPd and ICOP t), where we have chosen the most
stable adsorption configurations for the particular metal case. First, the order of the
single-atom Eadh, E

Pt
adh > ENi

adh > EPd
adh > EAu

adh, is inverse to the order bulk B.E of the
metal (shown in Fig. 6.1). The Eadh of Au clusters are significantly lower than those
of other metals owing to its weakly interacting d-bands. Second, it is not necessary
that as the cluster atomicity increases, the Eadh would increase. ICO13 cluster of Au
and Pt, and PLA cluster of Ni and Pd are such examples, whose Eadh exceeds that of
some of the 55-atom clusters. Third, through the chemical interaction contribution,
it only implicitly depends on the clusters interfacial area. ICO13 and ICO55 clusters
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Figure 6.6: Figure shows the cluster adhesion energy (Eadh) on the substrate as a
function of its free-standing binding energy (B.E).

of Au and Pt illustrate the case with high Eadh, but a low interfacial area. In
such cases, diffusion-assisted bonding, and surface reactivity of the cluster can be
expected to dominate in determining the Eadh. Fourth, for the 13-atom clusters
of all the metals, the function shows a negative slope; hence, corroborating the
expectation that: more stable a free-standing cluster, the lesser will be its reactivity
with the substrate. However, this correlation can be expected to hold only for small-
sized clusters where most of the atoms are exposed to substrate interactions. For
the 55-atom clusters, there is only an approximate negative correlation of Eadh with
B.E. This is not surprising since only a few metal atoms at the deposition facet
lead to substrate interaction, and would not strictly be correlated with the B.E per
atom. Nonetheless, the Au clusters that interact weakly with the surface show a
clear negative correlation even for 55-atom clusters.

6.2.3 Metallicity and Schottky Barrier Height

Finally, we examined the bandgap regions of the M-Sc interfaces, and determined
if the resulting interfaces were metallized or retained the semiconducting feature
of the substrate. We performed a single-point calculation with a high k-mesh (9–
10 irreducible k-points) for the interface geometries. The cases which exhibit a
distinct change in occupation of bands, over different k-points, are regarded as
clearly metallic. The cases with less than 15 meV of the HOMO-LUMO gap were
considered almost metallic. For other cases, we calculated the HOMO-LUMO gaps
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to almost zero within ∼5 Åfrom the interface. Within intermetallic comparison,
Pt13 and Pt55 clusters show cases of maximum transferred charge. For Ni13 and
Ni55 clusters, net charge is transferred to the surface from the Ni-atoms. However,
there are atoms in the Ni clusters, mostly in the subsurface layers near the interface,
which gain electrons due to the induced dipoles in the clusters. Further, we summed
the Bader charges differences of all the atoms in the cluster (QM =

∑
QM(i)), to

estimate the overall charge transferred between the cluster and the CdS surface. In
Figure 6.5, QM is shown as a bar plot for all the deposited clusters. We observe that
the charge transferred for 13-atom clusters is often comparable to that of 55-atom
clusters, as it primarily determined by the chemical bonding at the interface and
the number of interacting atoms. For all metals the cluster with highest charge
transfer is the CCD, having the advantage of its broad interfacial area. Similarly, in
the 13-atom regime, the low-ECN clusters of Ni-PLA, Pd-PLA and Pt-PLA show
considerably higher charge transfer, in agreement with their stronger chemisorption
and wider interfacial area. The overall charge transfer for clusters is about 5–10
times than the single-atom cases of Fig. 5.3 of Chapter 5. The magnitudes |QM |
for Ni, Pd and Au are comparable, while Pt shows markedly higher charges for
each cluster case. The inset of Fig. 6.5 shows QCd and QS as aforementioned in
Section 5.3. The charge on the Cd-atoms for the Ni-cases (NiCd) is closer to the
y=x line, than the charge on the S-atoms (NiS); showing preferential Ni-Cd bonding
for Ni-clusters. Most other metal clusters show a preferential bonding with S-atoms
where the PdS, PtS and AuS are higher in magnitude and closer to y=x line than
PdCd, PtCd and AuCd respectively. These results are consistent from what one would
expect from Fig. 5.3 for single-atom cases.

Eadh versus B.E

Fig. 6.6 shows the variation of Eadh as a function of a cluster’s free-standing B.E.
The Eadh includes the chemical interaction energy as well as the cluster deformation
energy over the substrate. The point on the extreme left corresponds to Eadh of
the single-atom GS cases of Fig. 5.1. Moving towards the right, correspond to
13-atom and 55-atom clusters, respectively. For each cluster, we have plotted the
configuration with the highest Eadh. This also holds for the two types of adsorbed
configurations of ICO13 clusters (ICOPd and ICOP t), where we have chosen the most
stable adsorption configurations for the particular metal case. First, the order of the
single-atom Eadh, E

Pt
adh > ENi

adh > EPd
adh > EAu

adh, is inverse to the order bulk B.E of the
metal (shown in Fig. 6.1). The Eadh of Au clusters are significantly lower than those
of other metals owing to its weakly interacting d-bands. Second, it is not necessary
that as the cluster atomicity increases, the Eadh would increase. ICO13 cluster of Au
and Pt, and PLA cluster of Ni and Pd are such examples, whose Eadh exceeds that of
some of the 55-atom clusters. Third, through the chemical interaction contribution,
it only implicitly depends on the clusters interfacial area. ICO13 and ICO55 clusters
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Figure 6.6: Figure shows the cluster adhesion energy (Eadh) on the substrate as a
function of its free-standing binding energy (B.E).

of Au and Pt illustrate the case with high Eadh, but a low interfacial area. In
such cases, diffusion-assisted bonding, and surface reactivity of the cluster can be
expected to dominate in determining the Eadh. Fourth, for the 13-atom clusters
of all the metals, the function shows a negative slope; hence, corroborating the
expectation that: more stable a free-standing cluster, the lesser will be its reactivity
with the substrate. However, this correlation can be expected to hold only for small-
sized clusters where most of the atoms are exposed to substrate interactions. For
the 55-atom clusters, there is only an approximate negative correlation of Eadh with
B.E. This is not surprising since only a few metal atoms at the deposition facet
lead to substrate interaction, and would not strictly be correlated with the B.E per
atom. Nonetheless, the Au clusters that interact weakly with the surface show a
clear negative correlation even for 55-atom clusters.

6.2.3 Metallicity and Schottky Barrier Height

Finally, we examined the bandgap regions of the M-Sc interfaces, and determined
if the resulting interfaces were metallized or retained the semiconducting feature
of the substrate. We performed a single-point calculation with a high k-mesh (9–
10 irreducible k-points) for the interface geometries. The cases which exhibit a
distinct change in occupation of bands, over different k-points, are regarded as
clearly metallic. The cases with less than 15 meV of the HOMO-LUMO gap were
considered almost metallic. For other cases, we calculated the HOMO-LUMO gaps
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Figure 6.7: (a) and (b) show the layered-resolved DOS of the substrate S-atoms, for
Au-PLA and Ni-FCC cluster depositions, where SI refers to the topmost layer of
anions.

for the spin-up and spin-down channels separately. In Table 6.2, we list down the
smallest of the two gaps, and mark the cases which are metallic interfaces. First,
comparing with the HOMO-LUMO gaps in Table 6.1 for the isolated clusters, we
observe that most of the 13-atom interfaces are semiconducting, wherein the HOMO-
LUMO gaps of some of the interfaces increased or decreased (in comparison to gas-
phase) owing to the physical deformation or new bonding states with the substrate.
Au-PLA shows a clear change in occupation for one of the bands, while the Ni-GS
case has a gap as small as 19 meV. With a single-point calculation of the deformed
metal cluster derived from an interface calculation, we observe that the gap for an
isolated cluster remains unchanged within 10 meV of the gap (from Table 6.2) for
the pristine cluster. This is because the cluster network mostly remains intact as
shown in Fig. 6.4. The transition of Au-PLA to semi-metallicity, when deposited,
occurs due to the new chemical bonding states. In distinction from this, out of the
total decrease of the HOMO-LUMO gap of 121 meV, between the pristine Ni-GS
cluster and its interface with the CdS, physical deformation contributes to ∼60 meV
reduction in the gap (estimated by single-point caculation of the deformed cluster).
The remaining gap reduction is compensated by the chemical states emerging in
the gap of the substrate. For Au-PLA these mid-gap chemical states are shown in
Fig. 6.7(a), where layer-resolved DOS is shown for the substrate S-atoms. As the
only band showing the change in occupancy is localized near the Fermi level, we do
not observe a complete closing of the gap region. Second, several of the 55-atom
clusters which exhibit gaps in the gas-phase turn the interface metallic (or almost
metallic) for all the metals except Pt. For Pt55 clusters, although the transferred
charge and Eadh are higher than other metals, the new chemical states don’t result
in significantly reducing the gaps. This may indicate that the Pt-S bonds result in
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Table 6.2: Table shows the HOMO-LUMO gaps of the deposited clusters (in meV),
for the spin-channel with the smallest gap. The case having HOMO-LUMO gaps
lesser than 15 meV, are marked in bold, and considered almost metallic (M). Single-
point SOC calculations for deposited Au clusters are also shown.

Clusters Ni Pd Pt Au AuSOC

PLA 101 232 165 M 8
GS 19 79 167 320 69

ICO13Pd 114 67 28 385 0
ICO13Pt 84 87 29 653 9
CCD 8 0 53 M M
FCC 8 13 20 M M
ICO55 12 4 54 M M

SBH
CCD 0.20 0.17 – 0.19 0.19
FCC 0.08 0.32 – 0.29 0.28
ICO55 0.18 0.21 – 0.18 0.19

chemical states slightly deeper than the valence band edge. Third, we also studied
the SOC effect for deposited Au-clusters with a single-point, dense k-mesh with 9–10
irriducible k-points. The effect of including SOC for Au clusters is similar to that
observed in the gas-phase, where the HOMO-LUMO gap reduces, in general. All
the Au clusters, except Au-PLA, strictly show this trend. Nonetheless, the Au-PLA
gap with SOC is only 8 meV, in comparison to the metallized surface without SOC.
The marked influence of including SOC effects for deposited ICO13 are similar to
the gas-phase ICO13 case, discussed earlier in Table 6.1.

For the depositions which showed a vanishingly small HOMO-LUMO gap or
a clearly metallized interface, we calculated the n-type Schottky barrier heights
(SBH), i.e. ECBM - EF , shown in the bottom of Table 6.2. For this, we use the
electrostatic average of the deep bulk-like atomic layers (Ebulk) of the substrate slab,
as a reference to obtain ECBM . That is, the Ebulk and EF are calculated from each
deposited case, while the difference between the ECBM and Ebulk is taken from a
pristine CdS slab. This is done for all the 55-atom clusters, but the Pt clusters, as
the later do not close the bandgap in the cluster types and sizes examined in this
study. From the bottom part of Table 6.2 we observe that there is no SOC effect
on the SBH Au55 clusters. This is expected as, both the Ebulk and EF , are not
expected to significantly vary by SOC effects. The SBH for 55-atom clusters of Ni
and Au are much lower (∼ 50 meV) than the bulk-like clustered interfaces measured
in experiments [128]. As there is interface as well as bulk contribute in determining
the SBH [129], the opposite interface dipole for Ni (in comparison to other metals)
is expected to lower the SBH. However, due to intermetallic differences in cluster’s
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chemical states slightly deeper than the valence band edge. Third, we also studied
the SOC effect for deposited Au-clusters with a single-point, dense k-mesh with 9–10
irriducible k-points. The effect of including SOC for Au clusters is similar to that
observed in the gas-phase, where the HOMO-LUMO gap reduces, in general. All
the Au clusters, except Au-PLA, strictly show this trend. Nonetheless, the Au-PLA
gap with SOC is only 8 meV, in comparison to the metallized surface without SOC.
The marked influence of including SOC effects for deposited ICO13 are similar to
the gas-phase ICO13 case, discussed earlier in Table 6.1.

For the depositions which showed a vanishingly small HOMO-LUMO gap or
a clearly metallized interface, we calculated the n-type Schottky barrier heights
(SBH), i.e. ECBM - EF , shown in the bottom of Table 6.2. For this, we use the
electrostatic average of the deep bulk-like atomic layers (Ebulk) of the substrate slab,
as a reference to obtain ECBM . That is, the Ebulk and EF are calculated from each
deposited case, while the difference between the ECBM and Ebulk is taken from a
pristine CdS slab. This is done for all the 55-atom clusters, but the Pt clusters, as
the later do not close the bandgap in the cluster types and sizes examined in this
study. From the bottom part of Table 6.2 we observe that there is no SOC effect
on the SBH Au55 clusters. This is expected as, both the Ebulk and EF , are not
expected to significantly vary by SOC effects. The SBH for 55-atom clusters of Ni
and Au are much lower (∼ 50 meV) than the bulk-like clustered interfaces measured
in experiments [128]. As there is interface as well as bulk contribute in determining
the SBH [129], the opposite interface dipole for Ni (in comparison to other metals)
is expected to lower the SBH. However, due to intermetallic differences in cluster’s

73

16002_Somil Gupta_BNW.indd   75 06-12-18   16:03



bulk contribution and the difference in interfacial geometry (despite starting from
the same configuraiton for few cluster cases), a straightforward trend could not be
drawn. Out of the 12 clusters, only Ni-FCC shows SBH less than 10 meV. We
regard it as an example of an ohmic contact. The layered-resolved DOS is shown
for Ni-FCC in Fig. 6.7(b), where the energy levels are broadened with a Gaussian
width of 50 meV. The closing of the gap seen in Fig. 6.7(b) is representative of the
55-atom depositions of Ni, Pd and Au.

6.3 Conclusions

With this work, we have highlighted the bonding similarities and differences among
the metal-CdS(1010) interfaces of Ni, Pd, Pt and Au. The Ni-Cd bonding primarily
leads to the depletion of electronic charge at the metal end. Among the metals in the
Ni-group, this bonding behavior decreases from 3d → 4d → 5d. In comparison to
the Ni interface, the induced dipole is opposite in polarity for Pd, Pt and Au. Single-
atom, as well as subnanometer sized Pt depositions, exhibit larger charge transfers
than other metals. Similar to gas-phase trends, clusters of Ni and Pd tend to
remain compact while reacting with the substrate; whereas, Pt and Au clusters lead
to more disordered interfaces. The HOMO-LUMO gaps in all the 55-atom clusters
show a clear reduction upon deposition over the CdS surface, except for Pt. The
Pt clusters and their deposited interfaces could exhibit metallic behavior for larger
cluster atomicity. Spin-orbit coupling effects examined for Au depositions further
leads to gap reduction. However, SOC doesn’t affect the charge transfers or SBH
of the deposited clusters. The Schottky barrier heights indicate for subnanometer
clusters are much lower than the macroscopic samples used in experiments. One of
the 55-atom clusters shows an Ohmic contact. No clear intermetallic trends could
be observed for SBH.

Research Contributions:
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7. Epitaxial Interfaces of Metal Overlayers
on CdS (1010) surfaces

The depositions of (111) and (100) overlayers of Pd, Pt and Au on the CdS (1010)
surface are studied within epitaxial mismatches of -6–7%, using spin-polarized den-
sity functional theory. Both types of overlayers, compressively and tensile strained,
show the (100) interfaces to be thermodynamically the most stable owing to better
interfacial matching and to a lower surface coordination number. Pt(111) exhibits
slip dislocations even for a five-layered thick Pt slab. Along with the leading metal-S
interaction, the interfacial charge transfers indicate a weak metal-Cd interaction in
the order Pd>Pt∼Au. For the same substrate area, the accumulation of electronic
charge for Pt overlayers is ∼1.5–2 times greater than that of Pd and Au. The n-type
Schottky barriers of Au overlayers with the minimum mismatch are within 0.1 eV
of the predictions of the Schottky-Mott rule, indicating a relatively ideal, scantily
reactive interface structure. This is in clear contrast to the Pt epitaxies which de-
viate by 0.6–0.8 eV.
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7.1 Introduction

Designing metal-semiconductor and semiconductor-semiconductor heterojunctions
with desirable physical properties has been a cornerstone in the development of
optoelectronic, photovoltaic and photocatalytic applications. The CdS-metal in-
terfaces studied here, are also important in the nanoheterostucture designs, used
for photocatalytic hydrogen evolution [77, 75]. Often these metal depositions on
the CdS substrate are in the clustered form, which we have recently studied for
these metals (including Ni) in Chapter 6. However, understanding these junctions
using the epitaxies of respective components is also relevant for experimental deposi-
tions, single crystals [130], and polycrystalline samples [76]. Also, from a theoretical
viewpoint, the interfacial properties are not expected to be ridden by the issue of
non-scalability, typically prone to cluster studies. To the best of our knowledge,
the thermodynamically preferred interfaces and the intermetallic differences at the
interfacial properties are still unknown. Also, as epitaxial depositions are associated
with their corresponding strain, we examine these changes for a case of compressive
and tensile unilateral strain, for all the metals.

In order to study metal-semiconductor junctions, it is important to predict a
reasonable electronic structure of the individual components. In regard to semicon-
ductors, it is well-known that the standard density functional theory predictions of
the bandgap values are severely underestimated; the leading cause being the self-
interaction error or the delocalization error of the local and semi-local exchange-
correlational functionals [131, 132]. To overcome these deficiencies, self-interaction
correction schemes [13], many-body perturbation theory [133] or orbital-dependent
Hubbard-correction schemes [37] are employed. Each of these alternatives either
throws challenges in computational expense or slow convergence [134], or the limi-
tations of relying on an empirical or fixed U-value over the chemical process [135].
Usually, for bulk semiconductors the prediction of valence and conduction band
edges from local (LDA), semi-local (PBE) or hybrid (HSE) exchange-correlational
functionals are benchmarked against many-body perturbation theory calculations
in the GW approximation or higher approximations. For the case of bulk wurtzite
CdS, the band gap predictions by semi-local functionals like PBE underestimate
the bandgap by 40-50% depending on the chosen lattice parameters, while HSE and
GW0 predictions underestimate by ∼15% [136, 137]. On the other hand, in at-
tempting to obtain the experimental band gaps with an orbital-dependent DFT+U
scheme, our tests show that one needs to go to unreasonably high U-values. In
this work, we have relied on the standard DFT to obtain accurate conduction band
minima for the CdS, which is further elaborated on in section 7.3. This enabled us
to make a reliable prediction of n-type Schottky barrier heights at the metal-CdS
interfaces.

76

7.2 Settings

All calculations were performed with the plane-wave implementation of the density
functional theory, within the VASP package [26, 27]. The projector augmented-wave
potential sets [92, 93] were used to model the core electrons.A plane-wave cutoff of
400 eV was used for the one-electron wavefunctions, and 560 eV for the augmentation
charges. We have used the PBEsol exchange-correlational developed by Perdew and
co-workers [32], for predicting properties of solids and the slowly varying electron
density near the surfaces. The dipole corrections were added to cancel spurious
long-range electrostatic interactions between neighboring cells. The electron density
was self-consistently converged within 10−5 eV, while the ions were relaxed by the
Hellman-Feynman forces up to 0.02 eV/Å. The Brillouin zone sampling was done
using the k-mesh of: 6×4×1, 6×2×1 and 2×2×1 in the increasing order of three
supercell sizes shown in Fig. D.1 in S.I D.

In modeling epitaxial interfaces it is essential to have lattice parameters, and
their resulting mismatches, close to their experimental values. In our work, this is
naturally met with the use of the PBEsol exchange-correlational functional [32]. It is
the most suited GGA-level functional to predict the equation of states for the 4d and
5d metals, along with their workfunctions and surface energies [138, 139, 140]. One
downside which comes with this functional is its poor performance in describing the
localized 3d metallic systems [141]; which also limits this work to examine interfaces
of only 4d (Pd) and 5d (Pt and Au) metals.

The CdS (1010) surface unit slab is six bilayers thick with at least 15 Å vacuum,
and passivated by pseudohydrogens for bulk-like termination. The (111) and (100)
metal-overlayers, which are deposited over the CdS substrate are five atomic-layer
thick, where all the atoms are relaxed.

Among the metals considered here, it is theoretically [142, 143, 144, 145, 146, 147]
and experimentally [148, 149] well known that strained Pd crystals and nanostruc-
tures exhibit ferromagnetism, as being isoelectronic to Ni, it has a high density of
states at the Fermi level. Owing to this, our geometry relaxation calculations of Pd-
overlayers and their interfaces have been carried out within spin-polarized theory.
It should be cautioned that the spin-polarization in Pd slabs (both, isolated and
deposited) make the potential energy surfaces very complex, where several isomer
states exist with varied magnetic moments, within few tens of meV. The general
trend is that the tensile strain (or expansion) of Pd slabs and crystals from their
equilibrium geometry marks the onset of ferromagnetism, while in the compressive
regime, the magnetization is severely quenched. The Au and Pt slabs are nonmag-
netic and are treated within standard DFT.
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7.3 Results

The lattice constants for both components of the interface are reported in Table 7.1.
The agreement of the calculated values (a) is within 1% difference of the experimen-
tal data aexp, where the latter values (for the metals) are corrected for zero-point
vibration effects [138]. Our lattice constants of Pd, Pt and Au are also in close
agreement with previous theoretical reports using the PBEsol exchange-correlational
functional [139, 140]. These FCC crystals were used to construct orthogonal sur-
face unit cells of (111) and (100) orientations, using the ASE package [40]. Further
below in Table 7.1, shown are the calculated workfunctions, Evac - EF , for clean
metal slabs. Here, Evac was derived using the level at which electrostatic potential
energy is constant (just outside the slab) in the direction perpendicular to the sur-
face, and EF is the Fermi energy of the composite system. The surface unit slabs
were calculated with a k-point sampling of 30×16×1 and 30×30×1 for orthogonal
(111) and (100) unit cells. Our tests for an eight-layer unit slab resulted in work-
function values within 0.05 eV of the five-layer slabs used in this study. Comparing
these with the workfunctions reported by Perdew et. al. [140], calculated with the
PBEsol functional and eight-layer slab thickness, the differences are within 0.18 eV.
In comparing the theoretically calculated workfunctions with the experiment, one
should be careful that the error bars in the experimental measurements could be up
to 0.3 eV [150, 151], which can be caused by the experimental technique, sample
anisotropy, intrinsic surface defects or adsorbed species. The experimental values
(φexp) are reported from theoretical literature [150, 151], wherein the original ex-
perimental works or relevant reviews are discussed in detail. It is generally known
that the workfunctions of densely packed (111) surfaces are higher than the (100)
surfaces. This is observed in the present study for five-layer Pd and Au, while for
Pt(111) and Pt(100) the difference in φ (5 meV) is within the convergence error
bars caused due to limited slab thickness.

7.3.1 Clean CdS(1010) and Strained Metal surfaces

A schematic of the surface unit cell of six-bilayered thick CdS (1010) substrate,
which has [1210] and [0001] as its lateral directions, is shown in Figure 7.1 (a).
The suitability of our modeled substrate can be seen from Figure 7.1 (b), where
the band-edges of CdS (1010) are shown as a function of substrate model thickness
from 4–20 bilayered slabs. The band-edges are referenced from the respective Evac

for each slab, where the vacuum thickness is at least 30 Å. The increase in the
substrate thickness is marked by the increase in bulk-like states at the conduction
band edge, which leads to the lowering of the conduction band minima (CBM),
while the valence band maxima is almost constant. The dotted line marks the
experimentally reported CBM for the (1120) surface at ECBM = 4.79 eV [109],
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Table 7.1: The Table shows the calculated bulk lattice constants (a) of the wurtzite
CdS, Pd, Pt and Au unit cells. The experimental values corrected for the zero-point
vibration effects (aexp.) have been taken from Blaha et. al. [138] The lower part of
the Table lists the calculated (φ) and experimental values (φexp.) of workfunctions
(φ) of the (111) and (100) metal surfaces for a five-layer thick slab.

a(Å) aexp.(Å)
CdS 4.135, 6.73 4.137, 6.716[62]
Pd 3.888 (3.882[138], 3.866[140]) 3.876[138]
Pt 3.926 (3.932[138], 3.916[140]) 3.913[138]
Au 4.099 (4.091,[139] 4.079[140] 4.062[138]

φ(eV φexp.(eV)
Pd(111) 5.34 (5.52[140]) 5.67±0.12,[150] 5.55±0.20[151]
Pd(100) 5.23 (5.25[140]) 5.48±0.23,[150] 5.59±0.26[151]
Pt(111) 5.81 (5.85[140]) 5.91±0.08,[150] 5.86±0.18[151]
Pt(100) 5.81 (5.82[140]) 5.75±0.13,[150] 5.82±0.13[151]
Au(111) 5.31 (5.19[140]) 5.33±0.06,[150] 5.29±0.11[151]
Au(100) 5.14 (5.17[140]) 5.22±0.31,[150] 5.41±0.32[151]

while the CBM of a six bilayered thick CdS slab of the same orientation has ECBM

= 4.71 eV , in excellent agreement to the experiments. In our study we have used
the (1010) slab of the same thickness, passivated with pseudohydrogens, which do
not affect the band-edge positions. At this thickness, the (1010) surface bandgap
is 1.25 eV and the (1120) bandgap is 1.35 eV, which is a ∼45% underestimation
in comparison with experimental reports [62, 109]. Figure 7.1 shows that much
of the error in the CdS bandgap prediction occurs mainly at the valence band
edge, in agreement with recent theoretical reports [105, 137]. This finding also
facilitates estimating the n-type Schottky barrier height from the CBM edge, within
the standard DFT treatment, rather than using experimental bandgaps, as in the
early ab initio literature [104].

In characterizing the epitaxial metal-CdS (1010) interfaces, we define the lattice
mismatches of the metal-overlayer, mi (%), made with the lateral directions of the
CdS substrate ([1210] and [0001]). The mismatch mi, in the direction i of the CdS
substrate, is defined with respect to the substrate lengths as: 100/lCdSi

× (lM–lCdSi
).

Here, the lengths lM and lCdSi
are the supercells dimensions of metal-overlayer and

CdS substrate in the direction i, respectively. The dimensions of the substrate su-
percells were limited to ∼2.5 nm, and chosen such that the metal-overlayers make
minimal misfits with one of the supercell directions and less than ∼7% in the other
direction. The interfacial mismatches with CdS (1010), are listed in the second col-
umn of Table 7.2. The lattice mismatches in one of the directions are < 1%, making
the overall strain almost uniaxial. In the following discussion, we will focus on the
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Figure 7.1: The variation of ionization potential (IP) and electron affinity (EA) with
respect to thickness is shown for surface unit cells with and without pseudohydrogens
(-wPH). Here, the slab thickness is varied from 12 Å to 70 Å, with a consistent 30
Å of vacuum spacing. The experimental data is for (1120) surface [109], for which
a single calculation at 6BL thickness is shown. Eventually, 6BL thickness (∼20 Å)
is chosen for (1010) surface slab.

larger of the two lattice mismatches of the interface, with |mi| > 1, as the one char-
acterizing the interface. For each metal-overlayer types we considered the interfaces
with positive and negative misfits. The case of positive misfit (mi > 0) corresponds
to compressive (negative) strain to the metal-overlayer, while the negative misfit
leads to the tensile (positive) strain. The substrate supercells examined have the di-
mensions, (l[1210]× l[0001]), as: 8.27×13.46 Å2 and 8.27×20.19 Å2 cells each, for both

the (100) and (111) overlayers of Pd and Pt, and 8.27×20.19 Å2 and 20.19×20.68
Å2 cells each for Au(100) and Au(111) overlayers. In the Figure 7.1 (c), we first
examine the variation of φ for the strained, but free-standing metal surfaces. This
is shown in Figure 7.1 (c), where the abscissa represents the lattice misfits which
characterize the interface. For Pd and Pt overlayers these misfits occur in [0001]
direction, while for Au overlayers these occur in [1210] direction of the surface. The
trends are in agreement with previous theoretical studies [152, 153, 154] on elasti-
cally strained metal surfaces, where it was noted that tensile (compressive) strain on
the metal surface decreases (increases) its workfunction. For the cases studied here,
the variation in φ is about ∼0.2 eV, which is known to increase if multiple strain
modes are existing at the interface [154]. The experimental studies on strained met-
als are difficult to correspond exactly with the theoretical studies. This is because,
the length scales of experimental samples are usually in the millimeter range, and
witness the local variation of stresses, which are difficult to include in simulations
of nanosized structural models. This poses difficulties in correlating the mechan-
ical and electronic responses of the studied system. Second, in the plastic regime
dislocations and surface roughness can increase, and cause significant changes in
the surface dipoles. However, these defects cannot be compared with theoretical
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models with certainty, and thus, evade clear correlations with the predictions made
by theory. In the elastically strained surfaces, the theory and the experiments still
show qualitatively similar trends [155, 156].

Figure 7.1 (c) shows that within the strained regimes examined here, φ(111) >
φ(100) holds for Pd and Au surfaces, and is very similar for Pt surfaces. The work-
function values of unstrained five-layer metal slabs which were shown in Table 7.1
are at the zero of the abscissa. The variation in φ with respect to lattice mismatch is
almost linear for both Pt, Pd surfaces and Au(100), with slight deviation for Au(111)
surface. For the strained Pt(111) surfaces, the two data-points not connected by
the line, represent the cases where dislocations were formed upon relaxation. These
two cases, which are energetically more stable than their elastically deformed coun-
terparts, will be later discussed while discussing the interfaces. Here, the point to
note is that the dislocated surfaces have lower φ in comparison to smooth surfaces
(plotted along the line). This is in agreement with experiments in the plastic regime
[157], and a simple electrostatic model [158]. The workfunctions for the dislocated
surfaces are lower owing to the emerging surface dipoles, which lead to a shallower
surface potential, and a lower φ.

7.3.2 Metal-CdS(1010) Interfaces

For the interface calculations, the metal-overlayers were directly introduced to the
substrate supercell, without relaxing the metal surface separately. In this way, from
the onset of relaxation, we expose the metal-overlayer to the asymmetric stress be-
tween the bottom and top metal layer, as well as to the overall stress of supercell
misfits. As an initialized condition, the bottom layer of the metal chemically inter-
acts with the substrate, while the top layers witnesses the shear stress due to the
lattice misfit and also due to the chemical anchoring of the interacting bottom layer.
This is the natural way to relax an epitaxial interface since all the asymmetries of the
growth process are initialized in the model calculation. Another way of relaxing an
epitaxial interface is by first relaxing the metal in the cell (having the substrate di-
mensions), and subsequently introducing the substrate. In this alternative approach
the shear stresses applied on the metal are symmetric, in the sense, that both sides
of the metal overlayers witness no effect of the substrate except the lattice misfit of
the supercell. The geometries from this symmetric-stress calculation result in elasti-
cally sheared metal, chemically interacting with the substrate below it, without any
deformation. Indeed, in both relaxation approaches the metal lattice constants in
the directions perpendicular to misfit also change due to the Poisson effect. We have
used this symmetric-strain method to examine the energy differences of dislocated
and elastically deformed surfaces. Since (111) planes in FCC systems usually un-
dergo slipping, we have tested this alternative symmetric-stress calculation for (111)
overlayers. For the thickness of five-layer slabs, the geometries derived for the (111)
metal-overlayers using the two methods give almost identical interfacial geometries,
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except for the two strained cases of Pt(111). These ones which are dislocated are
shown in Figure 7.2, where the surface dislocations are seen to emerge owing to the
initialized asymmetric stresses and periodic boundary conditions imposed on the
metal-overlayer. The slip planes of the dislocations are [110] plane. The energetics
of these cases will be discussed below.

Figure 7.2: Interfaces of Pt(111) with CdS substrate for the two relaxation ap-
proaches: are elastically deformed (above) and dislocated surfaces (below), for two
different supercells (a) and (b), having m = 7.2% and m = 4.7% respectively. See
also Table 7.2.

The interfaces are listed in Table 7.2 with their adhesion energies in units of
energy per interfacial area (J/m2) and energy per metal atom in the interfacial layer.
As the interfacial area is determined by the substrate cell dimensions, it is the same
for both the overlayers in each case. However, differences in the planar density of
metal-overlayers warrant a thermodynamic assessment also in terms of eV/atom.
Comparing the cases with the same substrate area (same sign of mi), the (100)
metal-overlayers have a lower lattice mismatch than those of the (111) overlayers
for Pd and Pt. The lower interfacial mismatches result in a better exposure to the
substrate, and consequently, enhances chemical bonding. This fact, along with the
undercoordination of the (100) metal atoms, results in higher interfacial energies
(both, in terms of J/m2 and eV/atom) for all the metals. Despite the lower planar
density of atoms in (100) overlayers, and havingm(100) ∼ m(111) for the Au interfaces
with the same misfit sign, the adhesion energies (J/m2) of (100) overlayers are
significantly higher than their (111) counterparts. For Pt(111) the values in the
parentheses are the adhesion energies for the elastically shear-deformed interfaces
(shown in Fig. D.1 in S.I D), while the ones not in the parentheses are for the
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Figure 7.3: Bader charge distribution of the three interface species are shown for
the (100) metal interfaces.

dislocated Pt surfaces (shown in Fig. 7.2) . Figure 7.2 (a) shows the metal overlayer
in compressive strain and the panel (b) in tensile strain. The total energies of the
two dislocated surfaces are higher than the elastically deformed ones. Intermetallic
comparison of the interfaces indicates that Pd and Pt have comparable adhesion
energies, while Au overlayers have reduced adhesion due to deeper and less reactive
d-bands. Table 7.2 shows that, for epitaxies with periodicity less than the length
regimes considered here, we can expect (100) surfaces to form thermodynamically
more stable interfaces with CdS(1010).

For assigning charge transfers between the metal and substrate we have used
the Bader charge partitioning and integration scheme [38]. In Fig. 7.3 we show
the Bader charge differences for the (100) interfaces of three metals as a function
of interfacial area. First, all the metals show electronic charge accumulation, and
it expectedly increases with the interfacial area. Further, by the basic sum of elec-
tronic charges, for every interface, we calculate the Bader charge differences of three
interacting species (metal, Cd and S) adding up to zero. The values for each of
the species represent the Bader charge differences between the relaxed interfacial
geometries shown in Fig. D.1 in S.I D and their single-point geometry without the
overlayer/substrate. For all the interfaces of Pd, Pt and Au, as |QS| > |QCd|, it is
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For assigning charge transfers between the metal and substrate we have used
the Bader charge partitioning and integration scheme [38]. In Fig. 7.3 we show
the Bader charge differences for the (100) interfaces of three metals as a function
of interfacial area. First, all the metals show electronic charge accumulation, and
it expectedly increases with the interfacial area. Further, by the basic sum of elec-
tronic charges, for every interface, we calculate the Bader charge differences of three
interacting species (metal, Cd and S) adding up to zero. The values for each of
the species represent the Bader charge differences between the relaxed interfacial
geometries shown in Fig. D.1 in S.I D and their single-point geometry without the
overlayer/substrate. For all the interfaces of Pd, Pt and Au, as |QS| > |QCd|, it is
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Figure 7.4: The Bader charge difference for the interface of (111) and (100) metal
overlayers, for a supercell with same cross-section area. The inset shows the Bader
charge difference as a function of interfacial area.

clear that metal-S interaction is the leading one; whereas, the metal-Cd interaction
is a weak one. In our previous work, we had demonstrated the trend of the Ni-group
metals to form a complex with Cd, where the interaction decreases with the decrease
in the localization of the d-bands (i.e. down the group). In Fig. 7.3 the data-points
of the three metals with the same cross-sectional area of 167 Å2, show larger charge
accumulation at Cd (i.e. stronger interaction) for the Pd case, in comparison to Pt
and Au. This result is in agreement with the aforementioned trend of the Ni-group
metals of Chapter 6.

Further, in Figure 7.4 we show an intermetallic comparison of the sum of Bader
charge differences (QM) between the deposited and isolated metal-overlayers, for
the case of the same interfacial area of 8.27×20.19 Å2. Pt overlayers show the
highest charge accumulation, and Pd and Au show similar charge accumulation,
almost half of the Pt value. Although the (100) and (111) overlayers have 21 and 24
atoms per layer for this substrate dimensions, it is the (100) overlayer which results
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in higher charge accumulation for Pt and Pd surface. On average, this suggests
a stronger interaction per atom of the (100) atomic layer owing to their higher
undercoordination, and resultantly higher reactivity. The inset of Figure 7.4 shows
QM as a function of interfacial area of the all the interfaces considered on nonpolar
CdS substrate. The dashed line indicates the interface which was discussed in the
bar plots of the main panel. Other cases also indicate that charge accumulation of
the (100) overlayers is, in general, slightly greater than or equal to that of deposited
(111) metal-overlayers. Increasing the interfacial area for an epitaxial interface of
given stress would result in a linear increase in charge transfer. Since there are
only two data-points for (100) and (111) overlayers of each metal, we have plotted a
linear fit (orange colored line) using the data-points for Pd and Au interfaces. The
sum of squared residuals is only 0.05 e, indicating that the Au and Pd interfaces
show very similar charge transfers. It is important to note that the uncertainty in
determining the accurate ground state charge density of Pd slabs, due to several
magnetic isomers, naturally bears errors in estimating the charge transfers at its
interface. Our tests show that the variation in the QM is ∼0.05 e.

Another way to visualize the charge density profiles at these interfaces is by
averaging the charge density in the directions parallel to the surface (x- and y-)
and use it as a function of the direction perpendicular to the surface (ρ(z)), in-
stead of ρ(x, y, z). By doing this, one can calculate the xy-averaged charge density
difference: ρMSc(z)− ρM(z)− ρSc(z), and subsequently its integration up to an as-
sumed interface boundary gives the total charge transferred. Although this method
of deducing charge transfers is more rudimentary in comparison to that from Bader
charge partitioning, we compared the two charge transfers in Fig. D.2 in S.I D. The
z-coordinate with maximal change in the charge density difference (in its vicinity)
was taken as the interface boundary. Fig .D.2 in S.I shows that the predictions of
the charge transfers almost lie on the line y=x for Au and Pd. The Pt-interfaces
show maximum deviation from the y=x line, possibly owing to the significant rear-
rangement of atoms and more interactive interfacial boundary. The Bader charge
transfers for these interfaces are significantly larger than the transfers deduced by
xy-averaging.

Finally, owing to the excellent prediction of CBM of the CdS substrate within
the level of theory used here, we calculated the n-type Schottky barrier heights
(SBH) of these interfaces. The n-type SBH is theoretically derived using the dif-
ference in CBM and the Fermi level of the relaxed interface. These energy levels
were obtained for each of the interfaces with a single-point calculation with a dense
mesh of k-points: 8×5×1, 8×4×1 and 4×4×1 in the order of increasing supercell
area. The CBM of the substrate is not trivial to estimate as the metal-induced
gap states populate the bandgap and have a contribution from the metal overlayer
and few top substrate layers. Here, we obtain the substrate CBM by using the
electrostatic bulk average potential as a reference, which is derived from the deeper
layers of the substrate slab of the relaxed interface geometry. Fig. 7.5 plots the
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Figure 7.5: The Schottky barrier height versus the strained metal’s workfunction is
plotted. The dotted black line marks the prediction from the Schottky-Mott rule.

SBH of the interfaces as a function of the workfunction of the strained and isolated
metal overlayers (shown in Fig. 7.1). This allows a comparison with the simplest,
chemically unreactive interface prediction of the Schottky-Mott rule, which equates
the SBH to the difference of the two energy levels (with respect to vacuum) in the
metal and semiconductor’s isolated forms. This is indicated by the dotted black
line, y = x - EA, where EA = 4.71. The only interface with SBH within 0.1 eV of
the Schottky-Mott values are the well-matched interfaces of Au, with m ∼ 1.9%.
The calculated SBH values are severely underestimated in comparison to the exper-
imental reports on bulk-like clustered interfaces [128]. The Pd and Pt interfaces, as
well as the strained Au interfaces, indicate a relatively reactive interfacial structure,
as the differences between the ideal Schottky-Mott rule increase substantially. The
lowest SBH is for the Pd(100) interface with 0.1 eV. The variation in the SBH of
(111) interfaces due to the change in the strain from compressive to tensile, is only
within 85 meV for all the metals. The Au(100) interfaces also show a variation of
only 34 meV, while the Pd(100) and Pt(100) interfaces show a 0.2 eV difference.

7.4 Conclusions

We show by means of first-principles calculations that the (100) interfaces of Pt, Pd
and Au are thermodynamically more stable interfaces than the (111) interface, at
least within the periodicity dimensions of 2 nm. The thermodynamical stability re-
sults from, both, a better match of surface lattice constants and under-coordination
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of (100) overlayers contribute in the interface stability. We also report that even for
five overlayers Pt(111) epitaxies exhibit slip dislocations for both compressive and
tensile strains, while no slips are found for Au and Pd interfaces. The metal-surface
interaction has a leading contribution from the S-bonds and a weak interaction
with Cd, where the latter’s strength decrease from 4d to 5d-metals. The minimally
strained Au interface with misfits of only 1.9 %, shows agreement with the sim-
ple Schottky-Mott rule. Also, unlike the (100) interfaces which are more reactive,
the SBH for (111) interfaces does not substantially change with different epitaxial
strains.
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research plan was developed together by Dr. Marijn van Huis (MvH) and Somil
Gupta (SG). The numerical calculations, post-processing and analysis were carried
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SG.
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well as the strained Au interfaces, indicate a relatively reactive interfacial structure,
as the differences between the ideal Schottky-Mott rule increase substantially. The
lowest SBH is for the Pd(100) interface with 0.1 eV. The variation in the SBH of
(111) interfaces due to the change in the strain from compressive to tensile, is only
within 85 meV for all the metals. The Au(100) interfaces also show a variation of
only 34 meV, while the Pd(100) and Pt(100) interfaces show a 0.2 eV difference.

7.4 Conclusions

We show by means of first-principles calculations that the (100) interfaces of Pt, Pd
and Au are thermodynamically more stable interfaces than the (111) interface, at
least within the periodicity dimensions of 2 nm. The thermodynamical stability re-
sults from, both, a better match of surface lattice constants and under-coordination
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of (100) overlayers contribute in the interface stability. We also report that even for
five overlayers Pt(111) epitaxies exhibit slip dislocations for both compressive and
tensile strains, while no slips are found for Au and Pd interfaces. The metal-surface
interaction has a leading contribution from the S-bonds and a weak interaction
with Cd, where the latter’s strength decrease from 4d to 5d-metals. The minimally
strained Au interface with misfits of only 1.9 %, shows agreement with the sim-
ple Schottky-Mott rule. Also, unlike the (100) interfaces which are more reactive,
the SBH for (111) interfaces does not substantially change with different epitaxial
strains.

Research Contributions:
The research contributions for this Chapter are same as previous Chapters. The
research plan was developed together by Dr. Marijn van Huis (MvH) and Somil
Gupta (SG). The numerical calculations, post-processing and analysis were carried
out by SG. Discussions and interpretation of results were completed by MvH and
SG.
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Table 7.2: Adhesion energies(Eadh) of studied interfaces between metal and nonpolar
CdS (1010) surface.

Interface Mismatch (%) Eadh

[1210]/[0001] (J/m−2) eV/atom
Pd(111) -0.2 /-5.7 1.39 0.60

-0.2 / 6.1 1.30 0.50
Pt(111) 0.6 /-4.7 1.34 (1.34) 0.58 (0.58)

0.6 / 7.1 1.32 (1.20) 0.51 (0.46)
Au(111) -1.9 /-0.5 0.67 0.31

5.1 /-0.5 0.59 0.25
Pd(100) -0.2/-4.7 1.57 0.78

-0.2/2.1 1.49 0.69
Pt(100) 0.6/-3.7 1.57 0.78

0.6/3.1 1.47 0.68
Au(100) -1.9/0.4 0.71 0.38

5.1/0.4 0.70 0.35
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A. Supplementary Information for Vacancy
Defects in Bulk CdS and Nonpolar CdS
Surfaces

Figure A.1: (a) and (b) are the spin-resolved LDOS of anions neighboring the VCd

site in bulk CdS for the C3v and Td configurations, respectively. The atom S-1 in
both the figures is the site along which the VCd-S bond is parallel to c-axis.
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B. Supplementary Information for Adsorp-
tion of Single Metal Atoms on CdS
(1010) surfaces

Figure B.1: Figure (a)-(c) show the layer-wise averaged density of states of Cd-
atoms, where I refers to the topmost layer and BL refers to the bilayers comprising
the slab. All the energies are referenced from the respective Fermi energies of the
calculations. Panel (a) and (b) correspond to unpassivated (1010) surface unit slabs
of thickness 4BL and 16BL, respectively. Panel (c) corresponds to a pseudohydrogen
passivated 5BL slab (5BL-wPH, shown in the schematic on the right) which is used
in our study for the deposition of single-atom and clusters. A comparison of (c) with
(b) shows that for 5BL-wPH slab, all the layers resemble the valence band region of
the 16BL model, except from the bottom-most layer, where the explicit passivation
occurs.
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Figure B.2: (A), (B) and (C) represent the metastable single-atom adsorption ge-
ometries over CdS (1010). The panels below show their respective projected density
of states for different metal-atoms. The insets show the partial charge density of the
some of the bonding states. For Ni-group elements, the insets indicate the orbitals
which contribute to the metal-Cd complex, while for the Au cases, the partial charge
densities of the anti-bonding orbitals.
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Figure B.3: The bar plots shows the bader charge on the single-atom adsorption
cases of Ni, with and without DFT+U scheme. The UNi = 3.5 eV was taken from
the literature. The GS-i (i = 1→ 3) refers to the metal-stable sites with decreasing
adhesion energy from the ground state (GS). The inset shows the magnitude of sum
of bader charges on the surface Cd and S, and compared with the magnitude of
Bader charge on the Ni atom.
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Figure B.4: (a) and (b) show the PDOS of the adsorbed Au1 for GS and GS − 1
configurations, respectively.
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C. Supplementary Information for Subnanome-
ter Metal Cluster Interfaces on CdS (1010)
surfaces
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C. Supplementary Information for Subnanome-
ter Metal Cluster Interfaces on CdS (1010)
surfaces
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Figure C.1: Figure shows all the isolated gas-phase clusters studied, before making a se-
lection for CdS-deposition. The clusters are arranged (left to right) in the decreasing order
of ECN, written below them. The underlined clusters were deposited over CdS surface in
this study. These clusters have been adopted from the literature, as follows:
Ni: (a) ICO55 (Icosahedron), (b) FCC55; Pd FCC-fragment reported by Da Silva et.
al.[112], (c) Cuboctahedron55, (d) CCD55; Cd geometry for Gupta potential reported by
Doye et. al.[159], (e) DRC55; Pt distorted reduced core geometry reported by Da Silva
et. al.[160, 112], (f) ICO13, (g) GS13, Ni geometry reported by Chou et. al.[161] (h)
Cubocahedron13, (i) Ni13 geometry from Da Silva et. al. [102], (j) PLA13; Au geometry
reported by Chou et. al.[161]
Pd: (a)-(f) same references as mentioned for Ni clusters, (h) GS13; Pd bilayer geometry
reported by Pelzer et. al. [116], (i) Cubocahedron13, (j) PLA13; Au geometry reported
by Chou et. al.[161]
Pt: (a)ICO55 (b) FCC55; Pd FCC-fragment reported by Da Silva et. al.[112], (c) Cuboc-
tahedron55, (d) CCD55; Cd geometry for Gupta potential reported by Doye et. al.[159]
(e) DRC55; Pt distorted reduced core geometry reported by Da Silva et. al.[160, 112], (f)
ICO13, (g) Cubocahedron13, (h) GS13: Pt geometry reported by Sun et. al.[117], (i) Pt
geometry reported by Chou et. al.[161], (j) PLA13; Au geometry reported by Chou et.
al.[161]
Au: (a)ICO55 (b) Cuboctahedron55, (c) FCC55; Pd FCC-fragment reported by Da Silva
et. al.[112] (d) CCD55; Cd geometry for Gupta potential reported by Doye et. al.[159] (e)
DRC55; Pt distorted reduced core geometry reported by Da Silva et. al.[160], (f) ICO13,
(g) 13Cubocahedron, (h)-(i) Au13-I, Au13-II geometries reported by Furche et. al.[115], (j)
3D structure reported by Da Silva et. al.[102], (k) GS13; 3D structure, Au13-III, reported
by Furche et. al.[115] (l) Au geometry reported by Munoz et. al.[118] (m) PLA13; Au
geometry reported by Chou et. al.[161]
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Figure C.2: Above are the spin-densities of the gas-phase clusters selected for de-
position, with isosurface 3×10−3e/Å3. The gas-phase magnetic moments are shown
below the respective clusters.
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Figure C.3: Figure (a) shows the variation of BE for all the isolated Au-clusters for
the spin-polarised PBE calculations, SOC-static calculation with the PBE geometry
and the relaxed SOC geometry. The inset shows the correlation of ECNPBE and
after relaxing with SOC (ECNSOC) on y=x line. Panel (b) and (c) show the PDOS
of Au-ICO13 cluster for SOC and spin-polarized calculation respectively.
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Figure C.4: Ni-PLA – stretched input case

Figure C.5: Ni-ICO55 and Pd-ICO55 cases derived from a relaxed deposited Pt-ICO55

configuration.
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Figure C.6: Bader charge difference for metal atom of the clusters, QM(i), as a
function of z-coordinate of the cell. The yellow vertical line marks the z-coordinate
of top-layer of the the pristine CdS surface.
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Figure C.6: Bader charge difference for metal atom of the clusters, QM(i), as a
function of z-coordinate of the cell. The yellow vertical line marks the z-coordinate
of top-layer of the the pristine CdS surface.
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D. Supplementary Information for Epitax-
ial Interfaces of Metal Overlayers on
CdS (1010)
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Figure D.1: For the three metals, the columns show the relaxed interfaces for the
(111) and (100) termination of the metal overlayers. The interfacial area and the
lattice mismatch (in parentheses), characterizing the interfaces, are indicated.

99

16002_Somil Gupta_BNW.indd   101 06-12-18   16:04



 0.5

 1

 1.5

 2

 0.5  1  1.5  2

y=
x

Q
x
y
a

v
g

M
 (

e
)

QM (e)

Pd

Pt

Au

Figure D.2: A comparison is shown of the two schemes of calculating the interfacial
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Comment on “magnetism in atomic-size palladium contacts and nanowires”.
Phys. Rev. Lett., 96:079701, 2006.

[146] Nicholas E. Singh-Miller and Nicola Marzari. Surface energies, work functions,
and surface relaxations of low-index metallic surfaces from first principles.
Phys. Rev. B, 80:235407, 2009.
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gence and linearization error correction of all-electron GW calculations: The
extreme case of zinc oxide. Phys. Rev. B, 83:081101, 2011.
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Summary

To sustain the increasing energy demands of the world, scientists and engineers have
to re-innovate the ways of harnessing renewable energy from the sources like wind,
sun, bio-fuels, and geothermal energy. One of the ways to address these challenges
is through innovation at the materials-level, which requires a nanoscale understand-
ing of new materials and their novel heterostructure designs. The main subject of
study in this Thesis are the interfaces formed in the CdS-based nanoheterostruc-
tures (discussed in Chapter 1). These nanoheterostructures are suitable for photo-
catalytic cleaving of water molecules, whereby hydrogen gas is generated, through
the hydrogen reduction reaction. This, being a relatively cheap and renewable ap-
proach to generate the hydrogen fuel, is one of the promising pathways to address
the energy challenges. This Thesis is based on two important interfaces of the CdS-
nanoheterostructures which are expected to affect the turnover of the photocatalytic
process, viz., the CdS-water (molecule) interface and CdS-metal interfaces. With
the aim of gaining a first-principles understanding of these interfaces, we atomisti-
cally modelled them using density functional theory (DFT) based calculations.

In theory, DFT provides an exact density-based description of the stationary
Schrödinger equation. However, there are several approximations in its practical
implementation which are discussed in Chapter 2. All the DFT calculations were
performed with the Vienna Ab initio Simulation Package (VASP), which is a widely
used DFT code in the materials science community.

In order to obtain a broad scope in our study of water molecule adsorption, and
to cover possible variations generally occurring at these interfaces, we investigated
the effect of surface monovacancies on the adsorption of the water molecule in Chap-
ter 4. First, these monovacancy defects were studied in Chapter 3 which focused on
determining the relative stability of locally magnetic cation vacancies in bulk CdS
and on nonpolar CdS surfaces. We observed that the local spin-polarization in these
vacancies, although more stable in bulk CdS, does not persist on the surfaces for
most of the cases owing to surface reconstructions. One of the clear results of the
observed surface reconstruction was the S-S dimer formation, which was a recurring
stabilizing feature for the cationic defected surfaces. Most of the surface cationic
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vacancies (three out of four possible sites) over (1010) and (1120) surfaces do not
exhibit any local magnetization near the defect site. This result indicates that the
cationic vacancies may not be the sole cause of the so-called d0-magnetism observed
in experiments for various nanostructures. We also studied the anion-vacancies on
these surfaces, which are always nonmagnetic. By testing the relative stability of
magnetic and non-magnetic defects, we highlighted the effects of finite size errors
in studying these point defects where the magnetization energies are also compa-
rable. A refinement in searching for non-magnetic defect isomers was also discussed.

In Chapter 4 we studied the adsorption of a single water molecule at the promi-
nent nonpolar CdS surfaces at different adsorption sites. Our calculations, account-
ing for an approximated van der Waals (vdW) interaction, showed that weakly ad-
sorbing sites no longer remain locally stable and relax into more strongly bounded
sites. For sites where the adsorption geometries are not significantly altered by the
vdW interaction, the adsorption energies increase by ∼17 meV. Due to the limita-
tions of the currently used vdW functionals in accounting for spin-polarized systems,
we included the dispersion interaction effects only for the clean surface adsorption
of the H2O molecule.

Among the cationic vacancies in Chapter 3, there was one relatively stable mag-
netic site (VCd1) showing an extraordinary adsorption stabilization of the H2O ow-
ing to chemisorption. The adsorption energy is about 0.85 eV higher (i.e., more
favourable) than that on a clean, undefected surface. The chemisorption is also
evident from the density of states of adsorbed H2O, where some of the molecular
orbitals undergo splitting and bond formation with the surface anions. The weaken-
ing of the O-H bond, where the bond-length is stretched by ∼ 13%, indicates such
magnetic cationic vacancies would possibly behave as water-cleaving sites. Other
non-magnetic vacancy sites, both cationic and anionic sites, do not remarkably af-
fect the H2O adsorption. Surface reconstructions leading to S-dimer formation are
also observed owing to the H2O molecule’s presence.

The special case of the magnetic VCd1 site was also used in Chapter 4 as a
model for a magnetic centre on the CdS surface. To evaluate this model, we com-
pared some molecule adsorption behaviors at the magnetic centres, as reported by
electron paramagnetic response experiments, with the adsorption behavior at VCd1 .
Apart from the chemisorption of H2O at this defect site, we studied the adsorption
of paramagnetic O2. Our results showed consistency with experimental findings:
where, a) H2O molecular adsorption was seen to be stronger than O2 by about 1
eV, b) both H2O and O2 quench the local magnetization at the defects and c) and
the ground-state of O2 adsorption shows a dipolar spin interaction which was spec-
ulated about in the experimental studies.
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In Chapter 5, we studied the intermetallic differences in the chemical bonding
of single atom of Ni, Pd, Pt and Au, when adsorbed on the CdS surface. We ob-
served at least four metastable adsorption sites for single-atom adsorption cases.
The ground-state configuration for all the metal atoms was at the same configura-
tion. Our bonding analysis with the partial charge densities show that the strength
of metal-Cd bonding decreases as one goes from Ni→Pt/Au, whereas the bonding
tendency with the surface anions is much higher for Pd/Pt than for the Ni atom.
These trends are also evident from the Bader charge differences of the adsorbed
atoms and the substrate atoms.

In Chapter 6, we studied a range of subnanometre-sized metal clusters from the
literature and screened a list of 13-atom and 55-atom clusters (for Ni, Pd, Pt and
Au) to be investigated for deposition over the CdS surface. The screening was done
over a wide effective coordination number space of the metal clusters, which also in-
directly correlates with the relative stability of the clusters. In this atomicity-range,
most of the clusters are non-metallic and exhibit a HOMO-LUMO gap, which gen-
erally decreases with an increasing atomicity. Further, we studied the interfaces of
these clusters with the CdS surfaces, at least seven interfaces for each metal type.
The structural trends of these interfaces showed that 3d and 4d metal clusters of Ni
and Pd respectively, prefer their deposited icosahedral clusters to be intact while
interacting with the substrate. This is in contrast with icosahedral clusters of Pt
and Au, which naturally prefer disordered/dispersed geometries. The transferred
charge for the sub-nanosized metal clusters are about ten times the charge trans-
fers for the single-atom depositions of Chapter 5. Qualitatively, the charge transfer
trends of single-atom depositions are retained for the sub-nanometre clusters where
Ni-clusters witness electronic charge depletion and Pd, Pt and Au exhibit electronic
charge accumulation. In accordance to expectation we observed a negative corre-
lation between the gas-phase stability of a cluster and its adhesion energy on the
CdS substrate for the 13-atom clusters of all metals. The 55-atom clusters do not
show a very clear trend (except for Au-clusters), owing to the fact that only a facet
of cluster is exposed to the substrate which cannot reflect the overall cluster stabil-
ity/reactivity. The Ni-Cd bonding complexes seen for the single-atom depositions
are highlighted for one of the Ni-cluster depositions. Spin-orbit coupling calcula-
tions were also performed for Pt and Au as these elements belong to the 5d group,
where heavier nuclei exhibit significant relativistic effects. The HOMO-LUMO gaps
of the deposited interfaces was studied, where most of the 55-atom clusters of Ni, Pd
and Au are almost metallic. This indicates that Pt-clusters may exhibit metallicity
only at higher atomicities. The Schottky barrier heights (SBH) of the considered
clustered depositions are much smaller than the experimentally studied bulk-like
millimetre-sized contacts.

In Chapter 7, we modeled the (111) and (100) metal overlayers, epitaxially
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deposited over the (1010) CdS surface, with tensile and compressive strains. In
agreement with previous works, the tensile/compressive strains are observed to de-
crease/increase the metal workfunction. In comparison to (111) overlayers, the (100)
metal overlayers form more stable interfaces with the substrate due to lower mis-
matches and lower atomic coordination of the surface atoms. The trends of trans-
ferred charge to the metal overlayer are qualitatively consistent with those seen
for clusters in Chapter 6, where Pd and Au have comparable charge accumulation,
while Pt has the maximum charge transfer. The Schotkky-Mott rule predicts the
SBH for a chemically non-interacting interface. A comparison of the interfacial SBH
showed that the Pt interface had a significant deviation from the Schottky-Mott rule,
indicating a strong chemical interaction with the substrate. This chemical interac-
tion is also reflected in the greater charge transfers and interfacial energies of the
Pt-interfaces. Even with a thickness as thin as five-layer slabs, Pt(111) overlayers
exhibit slip defects for both the tensile and compressive strains studied here. An
agreement with the rule within 0.1 eV was seen for Au interfaces, which have a lower
lattice mismatch with the substrate.

The different types of surface vacancies, adsorbate molecules, metal types, and
their deposition types studied in this Thesis lead us to insights addressing the ques-
tions highlighted in Chapter 1. The scope of these questions range from under-
standing one of the important surface motifs at the photocatalyst’s surface for a
single H2O adsorption to the differences in adsorption behavior of sub-nanosized
metal clusters. Overall, what becomes clear is that even the ground-states calcula-
tions at the photocatalyst’s interface can reveal new surprising results, if a variety
of surface/interface possibilities are probed for the photoctalyst’s adsorption profile.
Further work on studying the adsorption profiles of the reacting water species at
different catalyst/co-catalyst surface motifs could highlight their distinctive influ-
ences and could be correlated with the kinetics of the water-splitting half-reactions.
These interesting studies are currently pursued and primarily rely on the reactive
surface motifs witnessed in this Thesis.
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Samenvatting in het Nederlands

Om te zorgen dat er aan de toenemende wereldwijde vraag naar energie kan worden
voldaan, zullen wetenschappers en ingenieurs met innovatieve oplossingen moeten
komen voor de manier waarop energie kan worden gewonnen uit duurzame bronnen
waaronder wind, zon, bio-brandstoffen, en aardwarmte. Eén van de manieren om
deze uitdaging aan te gaan is door middel van innovatie op materialen-niveau, het-
geen begrip vereist van materialen op de nanoschaal alsmede van nieuwe heterostruc-
turen. Dit proefschrift neemt als onderwerp van studie de grensvlakken die gevormd
worden in nanoheterostrukturen gebaseerd op CdS (besproken in Hoofdstuk 1). Deze
nanostrukturen zijn geschikt voor photokatalytische splitsing van watermoleculen,
waarbij waterstofgas wordt gegenereerd via de waterstof-reductie reactie. This is
een relatief goedkoop en duurzame benadering om waterstof-brandstof the produc-
eren, en is een veelbelovende weg om de uitdagingen op het gebied van energie het
hoofd te bieden. Dit proefschrift is gebaseerd op twee belangrijke grensvlakken van
CdS-nanoheterostrukturen waarvan wordt verwacht dat ze de efficientie van het fo-
tokatlytische processen zullen verbeteren, in het bijzonder cd CdS-water (molecuul)
en CdS-metaal grensvlakken. Met als doel het verkrijgen van een first-principles
inzicht van deze grensvlakken te verkrijgen, worden ze atomistisch gemodelleerd met
behulp van berekeningen gebruik makend van dichtheidsfunctionaaltheorie (DFT).
In theorie bidet DFT een exacte dichtheids-gebaseerde beschrijving van de sta-
tionaire Schrödinger vergelijking. Bij de praktische implementatie worden echter
verscheidene benaderingen gemaakt die worden besproken in Hoofdstuk 2. Alle
DFT berekeningen warden uitgevoerd met de Vienna Ab initio Simulation Package
(VASP), een veelgebruikte DFT code in de academische materiaalkundegemeen-
schap.
Om het blikveld van onze studie van de adsorptie van watermoleculen te verruimen,
en om mogelijke variaties mee te nemen die vaak aan deze grensvlakken worden
gevonden, hebben we het effect van monovacatures aan het oppervlak op de adlsorp-
tie van watermoleculen bestudeerd in Hoofdstuk 3 dat zich richt op het bepalen van
de relatieve stabiliteit van local magnetische kationische vacatures in bulk CdS en
aan niet-polaire CdS grensvlakken. We namen waar dat de locale spin-polarisatie in
deze vacatures, hoewel deze stabieler is in bulk CdS, niet gehandhaafd blijft aan het
oppervlak vanwege oppervlakte-reconstructies. Een duidelijk geval van oppervlakte-

119

16002_Somil Gupta_BNW.indd   120 06-12-18   16:04



deposited over the (1010) CdS surface, with tensile and compressive strains. In
agreement with previous works, the tensile/compressive strains are observed to de-
crease/increase the metal workfunction. In comparison to (111) overlayers, the (100)
metal overlayers form more stable interfaces with the substrate due to lower mis-
matches and lower atomic coordination of the surface atoms. The trends of trans-
ferred charge to the metal overlayer are qualitatively consistent with those seen
for clusters in Chapter 6, where Pd and Au have comparable charge accumulation,
while Pt has the maximum charge transfer. The Schotkky-Mott rule predicts the
SBH for a chemically non-interacting interface. A comparison of the interfacial SBH
showed that the Pt interface had a significant deviation from the Schottky-Mott rule,
indicating a strong chemical interaction with the substrate. This chemical interac-
tion is also reflected in the greater charge transfers and interfacial energies of the
Pt-interfaces. Even with a thickness as thin as five-layer slabs, Pt(111) overlayers
exhibit slip defects for both the tensile and compressive strains studied here. An
agreement with the rule within 0.1 eV was seen for Au interfaces, which have a lower
lattice mismatch with the substrate.

The different types of surface vacancies, adsorbate molecules, metal types, and
their deposition types studied in this Thesis lead us to insights addressing the ques-
tions highlighted in Chapter 1. The scope of these questions range from under-
standing one of the important surface motifs at the photocatalyst’s surface for a
single H2O adsorption to the differences in adsorption behavior of sub-nanosized
metal clusters. Overall, what becomes clear is that even the ground-states calcula-
tions at the photocatalyst’s interface can reveal new surprising results, if a variety
of surface/interface possibilities are probed for the photoctalyst’s adsorption profile.
Further work on studying the adsorption profiles of the reacting water species at
different catalyst/co-catalyst surface motifs could highlight their distinctive influ-
ences and could be correlated with the kinetics of the water-splitting half-reactions.
These interesting studies are currently pursued and primarily rely on the reactive
surface motifs witnessed in this Thesis.
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Samenvatting in het Nederlands

Om te zorgen dat er aan de toenemende wereldwijde vraag naar energie kan worden
voldaan, zullen wetenschappers en ingenieurs met innovatieve oplossingen moeten
komen voor de manier waarop energie kan worden gewonnen uit duurzame bronnen
waaronder wind, zon, bio-brandstoffen, en aardwarmte. Eén van de manieren om
deze uitdaging aan te gaan is door middel van innovatie op materialen-niveau, het-
geen begrip vereist van materialen op de nanoschaal alsmede van nieuwe heterostruc-
turen. Dit proefschrift neemt als onderwerp van studie de grensvlakken die gevormd
worden in nanoheterostrukturen gebaseerd op CdS (besproken in Hoofdstuk 1). Deze
nanostrukturen zijn geschikt voor photokatalytische splitsing van watermoleculen,
waarbij waterstofgas wordt gegenereerd via de waterstof-reductie reactie. This is
een relatief goedkoop en duurzame benadering om waterstof-brandstof the produc-
eren, en is een veelbelovende weg om de uitdagingen op het gebied van energie het
hoofd te bieden. Dit proefschrift is gebaseerd op twee belangrijke grensvlakken van
CdS-nanoheterostrukturen waarvan wordt verwacht dat ze de efficientie van het fo-
tokatlytische processen zullen verbeteren, in het bijzonder cd CdS-water (molecuul)
en CdS-metaal grensvlakken. Met als doel het verkrijgen van een first-principles
inzicht van deze grensvlakken te verkrijgen, worden ze atomistisch gemodelleerd met
behulp van berekeningen gebruik makend van dichtheidsfunctionaaltheorie (DFT).
In theorie bidet DFT een exacte dichtheids-gebaseerde beschrijving van de sta-
tionaire Schrödinger vergelijking. Bij de praktische implementatie worden echter
verscheidene benaderingen gemaakt die worden besproken in Hoofdstuk 2. Alle
DFT berekeningen warden uitgevoerd met de Vienna Ab initio Simulation Package
(VASP), een veelgebruikte DFT code in de academische materiaalkundegemeen-
schap.
Om het blikveld van onze studie van de adsorptie van watermoleculen te verruimen,
en om mogelijke variaties mee te nemen die vaak aan deze grensvlakken worden
gevonden, hebben we het effect van monovacatures aan het oppervlak op de adlsorp-
tie van watermoleculen bestudeerd in Hoofdstuk 3 dat zich richt op het bepalen van
de relatieve stabiliteit van local magnetische kationische vacatures in bulk CdS en
aan niet-polaire CdS grensvlakken. We namen waar dat de locale spin-polarisatie in
deze vacatures, hoewel deze stabieler is in bulk CdS, niet gehandhaafd blijft aan het
oppervlak vanwege oppervlakte-reconstructies. Een duidelijk geval van oppervlakte-
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reconstructive was de zwavel-zwavel S-S koppelformatie, hetgeen een terugkomend
stabiliserend aspect was bij oppervlakken met kationische defecten. De meeste ka-
tionische vacatures aan het oppervlak (3 van de 4 mogelijke posities) op de (1010)
en (1120) oppervlakken laten geen locale magnetisatie bij de defectpositie zien. Dit
resultaat toont aan dat de kationische vacatures wellicht niet de enige oorzaak zijn
van het zogenaamde d0-magnetisme, dat experimenteel is waargenomen bij verschei-
dene nanostrukturen. We hebben ook de anionische vacatures op deze oppervlakken
onderzocht, die altijd niet-magnetisch zijn. Door de relatieve stabiliteit van mag-
netische en niet-magnetische defecten te onderzoeken, hebben we de effecten van
onnauwkeurigheden met betrekking tot de eindige grootte van de rekencellen aan
het licht gebracht bij het bestuderen van de puntdefecten waarbij de magnetisatie-
energiën vergelijkbaar zijn. Daarbij is ook een verfijning in het zoeken naar niet-
magnetische defect-isomeren besproken.

In Hoofdstuk 4 hebben we de adsorptie van een enkel watermolecuul op ver-
schillende adsorptie-posities aan de belangrijkste niet-polaire CdS oppervlakken
bestudeerd. Onze berekeningen, waarin van der Waals (vdW) interacties bij be-
nadering werden meegenomen, lieten zien dat posities met zwakke adsorptie niet
langer lokaal stabiel zijn, maar veranderen in configuraties met een sterke binding.
In die gevallen waarin de adsorptie-geometrie niet sterk veranderde onder invloed
van de vdW interacties, nam de adsorptie-energie toe met ongeveer 17 meV. Vanwege
de beperkingen van de hier gebruikte vdW-functionalen in het berekenen van spin-
gepolariseerde systemen, hebben we de dispersie-interactieeffecten alleen toegepast
bij de adsorptie van het H2O molecuul op defectvrije oppervlakken.
Onder de kationische vacatures in Hoofdstuk 3 bevond zich ook een relatief stabiel
magnetisch defect (VCd1) dat een buitengewoon sterke adsorptie-stabilisatie ver-
toonde van het H2O molecuul, door middel van chemisorptie. De adsorptie-energie
is ongeveer 0.85 eV hoger (dat wil zeggen voordeliger) dan de adsorptie op een
schoon, defect-vrij oppervlak. De chemisorptie blijkt ook duidelijk uit de toestands-
dichtheid van het geadsorbeerde H2O, waarbij enkele van de moleculaire orbitalen
gesplitst worden en bindingen worden gevormd met de oppervlakte-anionen. Het
verzwakken van de O-H binding, waarbij de bindingslengte toeneemt met ∼ 13%,
laat zien dat bij dergelijke magnetische kationische vacatures wellicht watersplitsing
kan plaatsvinden. Andere niet-magnetische vacature-posities, zowel kationische als
anionische, bëınvloeden de H2O adsorptie niet noemenswaardig. De aanwezigheid
van het H2O molecuul leidt ook tot oppervlaktereconstructies waarbij S-koppels
gevormd worden.
Het bijzondere geval van het magnetische VCd1 defect wordt ook gebruikt in Hoofd-
stuk 4 als model-defect voor magnetische centra op het CdS oppervlak. We hebben
molecuul-adsorptie zoals beschreven in electron paramagnetische respons (EPR) ex-
perimenten vergeleken met simulaties van adsorptie van moleculen op het VCd1

defect. Naast de chemisorptie van H2O op deze defectconfiguratie, hebben we
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ook de adsorptive van paramagnetische O2 bestudeerd. Onze resultaten verto-
nen overeenkomsten met de experimentele resultaten: (a) de adsorptie van H2O
moleculen is ongeveer 1 eV voordeliger is dan adsorptie van O2 moleculen, (b)
zowel H2O als O2 dammen de locale magnetisatie bij deze defect-posities in, en (c)
de grondtoestand van O2 adsorptie vertoont een dipolaire spin-interactie waarover
gespeculeerd werd in de experimentele studies.
Hoofdstuk 5 beschrijft het onderzoek aan intermetallische verschillen in de chemis-
che binding van enkele atomen van Ni, Pd, Pt, en Au, geadsorbeerd op het CdS
oppevlak. We hebben vier of meer metastabiele adsorptie-posities voor enkele
atomen gevonden. De grondtoestand-configuraties voor alle soorten metaalatomen
bestond uit dezelfde configuratie. Onze bindingsanalyse behulp van partiële lad-
ingsdichtheden laat zien dat de sterkte van de metaal-Cd binding afneemt gaande
van Ni→Pt/Au, terwijl de binding met de oppervlakte-anionen veel hoger is voor
de Pd/Pt atomen dan voor het Ni atoom. Deze tendenzen worden ook duidelijk uit
de verschillen in de Bader electronische lading van de geadsorbeerde atomen en de
atomen in het substraat.
In Hoofdstuk 6 wordt een reeks metaalclusters van subnanometer grootte bestudeerd,
gebaseerd op 13-atoom en 55-atoom configuraties die bekend zijn uit de literatuur,
die worden vergeleken met betrekking tot hun adsorptie op het CdS oppervlak. Bij
deze evaluatie is gekeken binnen een brede variatie in het effectieve coordinatie-getal
van de metaalclusters, die indirect ook gecorreleerd is met de relatieve stabiliteit van
de clusters. In dit atomiciteit-bereik zijn de meeste cluster niet-metallisch en hebben
zij een elektronische HOMO-LUMO gap, die over het algemeen afneemt met toen-
emende atomiciteit. Verder hebben we de grensvlakken van deze clusters met CdS
oppervlakken bestudeerd, ten minste zeven soorten grensvlakken voor ieder metaal.
De structurele trends van de grensvlakken laten zien dat bij 3d en 4d metalen van
respectievelijk Ni en Pd een voorkeur bestaat voor depositie van nagenoeg intacte
icosahedrische clusters in contact met het substraat. Dit in tegenstelling tot icosa-
hedrische clusters van Pt en Au, waarbij ongeordende of afgevlakte geometrieën de
voorkeur hebben. De overgedragen lading van de sub-nanometer metaalclusters is
ongeveer tien keer groter dan de ladingsoverdracht van de enkele-atoom deposities
beschreven in Hoofdstuk 5. Qualitatief blijft de tendens met betrekking tot de lad-
ingsoverdracht van de enkel-atoom deposities behouden bij de sub-nanometer clus-
ters waarbij de Ni-clusters het wegvloeien van elektronische lading vertonen terwijl
Pd, Pt en Au ophoping van electronische lading vertonen. Conform de verwacht-
ing hebben we een negatieve correlatie gevonden tussen de gasfase-stabiliteit van
de clusters en hun adhesie-energie op het CdS substraat voor de 13-atoom clusters
voor alle metalen. De 55-atoom metaalclusters laten geen hele duidelijke trend zien
(behalve de Au clusters), omdat maar één facet van een cluster wordt blootgesteld
aan het substraat, hetgeen niet de stabiliteit of reactiviteit van de gehele metaalclus-
ter vertegenwoordigt. De Ni-Cd bindingscomplexen die voor deposities van enkele
atomen worden waargenomen worden ook aangetoond bij een van de Ni-cluster de-
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reconstructive was de zwavel-zwavel S-S koppelformatie, hetgeen een terugkomend
stabiliserend aspect was bij oppervlakken met kationische defecten. De meeste ka-
tionische vacatures aan het oppervlak (3 van de 4 mogelijke posities) op de (1010)
en (1120) oppervlakken laten geen locale magnetisatie bij de defectpositie zien. Dit
resultaat toont aan dat de kationische vacatures wellicht niet de enige oorzaak zijn
van het zogenaamde d0-magnetisme, dat experimenteel is waargenomen bij verschei-
dene nanostrukturen. We hebben ook de anionische vacatures op deze oppervlakken
onderzocht, die altijd niet-magnetisch zijn. Door de relatieve stabiliteit van mag-
netische en niet-magnetische defecten te onderzoeken, hebben we de effecten van
onnauwkeurigheden met betrekking tot de eindige grootte van de rekencellen aan
het licht gebracht bij het bestuderen van de puntdefecten waarbij de magnetisatie-
energiën vergelijkbaar zijn. Daarbij is ook een verfijning in het zoeken naar niet-
magnetische defect-isomeren besproken.

In Hoofdstuk 4 hebben we de adsorptie van een enkel watermolecuul op ver-
schillende adsorptie-posities aan de belangrijkste niet-polaire CdS oppervlakken
bestudeerd. Onze berekeningen, waarin van der Waals (vdW) interacties bij be-
nadering werden meegenomen, lieten zien dat posities met zwakke adsorptie niet
langer lokaal stabiel zijn, maar veranderen in configuraties met een sterke binding.
In die gevallen waarin de adsorptie-geometrie niet sterk veranderde onder invloed
van de vdW interacties, nam de adsorptie-energie toe met ongeveer 17 meV. Vanwege
de beperkingen van de hier gebruikte vdW-functionalen in het berekenen van spin-
gepolariseerde systemen, hebben we de dispersie-interactieeffecten alleen toegepast
bij de adsorptie van het H2O molecuul op defectvrije oppervlakken.
Onder de kationische vacatures in Hoofdstuk 3 bevond zich ook een relatief stabiel
magnetisch defect (VCd1) dat een buitengewoon sterke adsorptie-stabilisatie ver-
toonde van het H2O molecuul, door middel van chemisorptie. De adsorptie-energie
is ongeveer 0.85 eV hoger (dat wil zeggen voordeliger) dan de adsorptie op een
schoon, defect-vrij oppervlak. De chemisorptie blijkt ook duidelijk uit de toestands-
dichtheid van het geadsorbeerde H2O, waarbij enkele van de moleculaire orbitalen
gesplitst worden en bindingen worden gevormd met de oppervlakte-anionen. Het
verzwakken van de O-H binding, waarbij de bindingslengte toeneemt met ∼ 13%,
laat zien dat bij dergelijke magnetische kationische vacatures wellicht watersplitsing
kan plaatsvinden. Andere niet-magnetische vacature-posities, zowel kationische als
anionische, bëınvloeden de H2O adsorptie niet noemenswaardig. De aanwezigheid
van het H2O molecuul leidt ook tot oppervlaktereconstructies waarbij S-koppels
gevormd worden.
Het bijzondere geval van het magnetische VCd1 defect wordt ook gebruikt in Hoofd-
stuk 4 als model-defect voor magnetische centra op het CdS oppervlak. We hebben
molecuul-adsorptie zoals beschreven in electron paramagnetische respons (EPR) ex-
perimenten vergeleken met simulaties van adsorptie van moleculen op het VCd1

defect. Naast de chemisorptie van H2O op deze defectconfiguratie, hebben we
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ook de adsorptive van paramagnetische O2 bestudeerd. Onze resultaten verto-
nen overeenkomsten met de experimentele resultaten: (a) de adsorptie van H2O
moleculen is ongeveer 1 eV voordeliger is dan adsorptie van O2 moleculen, (b)
zowel H2O als O2 dammen de locale magnetisatie bij deze defect-posities in, en (c)
de grondtoestand van O2 adsorptie vertoont een dipolaire spin-interactie waarover
gespeculeerd werd in de experimentele studies.
Hoofdstuk 5 beschrijft het onderzoek aan intermetallische verschillen in de chemis-
che binding van enkele atomen van Ni, Pd, Pt, en Au, geadsorbeerd op het CdS
oppevlak. We hebben vier of meer metastabiele adsorptie-posities voor enkele
atomen gevonden. De grondtoestand-configuraties voor alle soorten metaalatomen
bestond uit dezelfde configuratie. Onze bindingsanalyse behulp van partiële lad-
ingsdichtheden laat zien dat de sterkte van de metaal-Cd binding afneemt gaande
van Ni→Pt/Au, terwijl de binding met de oppervlakte-anionen veel hoger is voor
de Pd/Pt atomen dan voor het Ni atoom. Deze tendenzen worden ook duidelijk uit
de verschillen in de Bader electronische lading van de geadsorbeerde atomen en de
atomen in het substraat.
In Hoofdstuk 6 wordt een reeks metaalclusters van subnanometer grootte bestudeerd,
gebaseerd op 13-atoom en 55-atoom configuraties die bekend zijn uit de literatuur,
die worden vergeleken met betrekking tot hun adsorptie op het CdS oppervlak. Bij
deze evaluatie is gekeken binnen een brede variatie in het effectieve coordinatie-getal
van de metaalclusters, die indirect ook gecorreleerd is met de relatieve stabiliteit van
de clusters. In dit atomiciteit-bereik zijn de meeste cluster niet-metallisch en hebben
zij een elektronische HOMO-LUMO gap, die over het algemeen afneemt met toen-
emende atomiciteit. Verder hebben we de grensvlakken van deze clusters met CdS
oppervlakken bestudeerd, ten minste zeven soorten grensvlakken voor ieder metaal.
De structurele trends van de grensvlakken laten zien dat bij 3d en 4d metalen van
respectievelijk Ni en Pd een voorkeur bestaat voor depositie van nagenoeg intacte
icosahedrische clusters in contact met het substraat. Dit in tegenstelling tot icosa-
hedrische clusters van Pt en Au, waarbij ongeordende of afgevlakte geometrieën de
voorkeur hebben. De overgedragen lading van de sub-nanometer metaalclusters is
ongeveer tien keer groter dan de ladingsoverdracht van de enkele-atoom deposities
beschreven in Hoofdstuk 5. Qualitatief blijft de tendens met betrekking tot de lad-
ingsoverdracht van de enkel-atoom deposities behouden bij de sub-nanometer clus-
ters waarbij de Ni-clusters het wegvloeien van elektronische lading vertonen terwijl
Pd, Pt en Au ophoping van electronische lading vertonen. Conform de verwacht-
ing hebben we een negatieve correlatie gevonden tussen de gasfase-stabiliteit van
de clusters en hun adhesie-energie op het CdS substraat voor de 13-atoom clusters
voor alle metalen. De 55-atoom metaalclusters laten geen hele duidelijke trend zien
(behalve de Au clusters), omdat maar één facet van een cluster wordt blootgesteld
aan het substraat, hetgeen niet de stabiliteit of reactiviteit van de gehele metaalclus-
ter vertegenwoordigt. De Ni-Cd bindingscomplexen die voor deposities van enkele
atomen worden waargenomen worden ook aangetoond bij een van de Ni-cluster de-
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posities. Spin-orbit berekeningen werden ook uitgevoerd voor Pt en Au omdat deze
elementen tot de 5d groep behoren, waarbij zwaardere kernen voor significante rela-
tivitische effecten zorgen. De HOMO-LUMO gaps van deze depositie-grensvlakken
werden bestudeerd, waarbij de meeste van de 55-atoom clusters van Ni, Pd en Au
bijna metallisch zijn. Dit laat zien dat Pt clusters alleen metallisch zijn bij hogere
atomiciteiten. De Schottky barrier heights (SBH) van de hier beschouwde cluster-
deposities zijn veel kleiner dan de experimenteel bestudeerde bulk-achtige contacten
met millimeter-afmetingen.
In Hoofdstuk 7 worden (111) en (100) metaal-bovenlagen gemodelleerd die epitaxial
over het (1010) CdS oppervlak gelegd zijn, onder zowel rek- als compressie-condities.
In overeenstemming met eerdere studies werd daarbij gevonden dat de positieve en
negatieve rekspanning leidt tot een afname/toename van de elektronische werk-
functie. Ten opzichte van de (111) bovenlagen vormen de (100) metaalbovenlagen
stabielere grensvlakken met het substraat, vanwege de betere passing van de atoom-
roosters en een lagere atomaire coordinatie van de oppervlakte-atomen. De trends
van ladingsoverdracht tussen het substraat en de metalen bovenlagen zijn qualitatief
in overeenstemming met de ladingsoverdracht die werd gevonden voor metaalclusters
in Hoofdstuk 6, waarbij voor Pd en Au vergelijkbare ladingsophoping plaatsvindt,
terwijl bij Pt de ladingsoverdracht het grootst is. De Schottky-Mott regel voorspelt
de grootte van de SBH voor chemisch niet-actieve grensvlakken. Een vergelijking
met de hier berekende SBH aan het grensvlak laat zien dat het grensvlak met Pt
significant afwijkt van de Shottky-Mott regel, hetgeen wijst op een sterke chemische
interactie met het substraat. Deze schemische interactie wordt ook duidelijk uit
de grotere ladingsoverdracht en grotere grensvlakenergiën van de Pt-grensvlakken.
Zelfs met een bovenlaagdikte zo dun als vijf atomaire lagen, vertonen de Pt(111)
bovenlagen slipdefecten, zowel voor negatieve als voor positieve rek-condities. Voor
de Au grensvlakken werd overeenstemming geconstateerd met de 0.1 eV regel voor
energieverschillen, omdat de Au grensvlakken een veel betere passing hebben met
het substraat.
De verschillende soorten oppervlaktedefecten, geadsobeerde moleculen, verschillende
soorten metalen, en verscheidene soorten deposities die in die proefschrift worden
beschreven, leiden tot relevante inzichten met betrekking tot de vragen die werden
opgeworpen in Hoofstuk 1. Deze lopen uiteen van vragen over wat de belangri-
jkste adsorptie-configuraties zijn voor enkele H2O moleculen op het oppervlak van
de photokatalysator, tot vragen over de verschillen in de adsorptie van metaal-
clusters van sub-nanometer grootte. Over het geheel genomen wordt duidelijk dat
ook grondtoestand-berekeningen van configuraties aan het oppervlak van de pho-
tokatlysator nieuwe en verrassende resultaten opleveren, als een brede variëteit van
oppervlakte- en grensvlakmogelijkheden wordt onderzocht met de betrekking tot
adsorptie. Toekomstig onderzoek aan de adsorptie-kenmerken van reagerende wa-
termoleculen en hun reactieproducten aan verscheidene katalysator/co-catalysator
oppervlakte-configuraties zou hun specifieke interacties aan het licht brengen en dit
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zou ook kunnen worden gecorreleerd met de kinetische aspecten van de half-reacties
van watersplitsing. Dit vervolgonderzoek is reeds in gang gezet, en stoelt met name
op de reactieve oppervlakte-motieven die de in dit proefschrift beschreven studie
heeft voortgebracht.
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posities. Spin-orbit berekeningen werden ook uitgevoerd voor Pt en Au omdat deze
elementen tot de 5d groep behoren, waarbij zwaardere kernen voor significante rela-
tivitische effecten zorgen. De HOMO-LUMO gaps van deze depositie-grensvlakken
werden bestudeerd, waarbij de meeste van de 55-atoom clusters van Ni, Pd en Au
bijna metallisch zijn. Dit laat zien dat Pt clusters alleen metallisch zijn bij hogere
atomiciteiten. De Schottky barrier heights (SBH) van de hier beschouwde cluster-
deposities zijn veel kleiner dan de experimenteel bestudeerde bulk-achtige contacten
met millimeter-afmetingen.
In Hoofdstuk 7 worden (111) en (100) metaal-bovenlagen gemodelleerd die epitaxial
over het (1010) CdS oppervlak gelegd zijn, onder zowel rek- als compressie-condities.
In overeenstemming met eerdere studies werd daarbij gevonden dat de positieve en
negatieve rekspanning leidt tot een afname/toename van de elektronische werk-
functie. Ten opzichte van de (111) bovenlagen vormen de (100) metaalbovenlagen
stabielere grensvlakken met het substraat, vanwege de betere passing van de atoom-
roosters en een lagere atomaire coordinatie van de oppervlakte-atomen. De trends
van ladingsoverdracht tussen het substraat en de metalen bovenlagen zijn qualitatief
in overeenstemming met de ladingsoverdracht die werd gevonden voor metaalclusters
in Hoofdstuk 6, waarbij voor Pd en Au vergelijkbare ladingsophoping plaatsvindt,
terwijl bij Pt de ladingsoverdracht het grootst is. De Schottky-Mott regel voorspelt
de grootte van de SBH voor chemisch niet-actieve grensvlakken. Een vergelijking
met de hier berekende SBH aan het grensvlak laat zien dat het grensvlak met Pt
significant afwijkt van de Shottky-Mott regel, hetgeen wijst op een sterke chemische
interactie met het substraat. Deze schemische interactie wordt ook duidelijk uit
de grotere ladingsoverdracht en grotere grensvlakenergiën van de Pt-grensvlakken.
Zelfs met een bovenlaagdikte zo dun als vijf atomaire lagen, vertonen de Pt(111)
bovenlagen slipdefecten, zowel voor negatieve als voor positieve rek-condities. Voor
de Au grensvlakken werd overeenstemming geconstateerd met de 0.1 eV regel voor
energieverschillen, omdat de Au grensvlakken een veel betere passing hebben met
het substraat.
De verschillende soorten oppervlaktedefecten, geadsobeerde moleculen, verschillende
soorten metalen, en verscheidene soorten deposities die in die proefschrift worden
beschreven, leiden tot relevante inzichten met betrekking tot de vragen die werden
opgeworpen in Hoofstuk 1. Deze lopen uiteen van vragen over wat de belangri-
jkste adsorptie-configuraties zijn voor enkele H2O moleculen op het oppervlak van
de photokatalysator, tot vragen over de verschillen in de adsorptie van metaal-
clusters van sub-nanometer grootte. Over het geheel genomen wordt duidelijk dat
ook grondtoestand-berekeningen van configuraties aan het oppervlak van de pho-
tokatlysator nieuwe en verrassende resultaten opleveren, als een brede variëteit van
oppervlakte- en grensvlakmogelijkheden wordt onderzocht met de betrekking tot
adsorptie. Toekomstig onderzoek aan de adsorptie-kenmerken van reagerende wa-
termoleculen en hun reactieproducten aan verscheidene katalysator/co-catalysator
oppervlakte-configuraties zou hun specifieke interacties aan het licht brengen en dit
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zou ook kunnen worden gecorreleerd met de kinetische aspecten van de half-reacties
van watersplitsing. Dit vervolgonderzoek is reeds in gang gezet, en stoelt met name
op de reactieve oppervlakte-motieven die de in dit proefschrift beschreven studie
heeft voortgebracht.
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Rama, mere yaar, apna stop abhi aaya nhi bhai. Train ne bahut tel daala hai
Briljantlaan se. Thanks for the most productive year of my PhD – zero published

125

16002_Somil Gupta_BNW.indd   127 06-12-18   16:04



papers, but the marvellous time we had, made it possible to enjoy whatever I was
doing at work and otherwise!

Toni, yaar, Bangalore kab aa rahi hai? Apne discrete but continuous catch-ups
pending hain naa . . .Yaar, can’t be thankful enough for the coincidence of you being
there, right from the first day of my PhD!

Harini, thanks yaar for being my kind saviour for many to-do’s of my first and
second year. With time, I just accepted my innate stupidity and thereafter, never
stopped coming to you looking for new help. Thanks for bringing together Vatsan,
Toni, Guido, and John bhai to share many memorable times.

Shikari ji, ab paanch saal baad toh milein hain, aur shabdon se kitna kahein.
Thanks toh nhi, for going through all of this (i.e., for the inconvenience of com-
pensating for our timezone lapses, for holding onto one other with the strings of
our few regular visits, especially when the two of us kept constantly new evolved
forms. . .wagerah wagerah) –− but, I do realize what both of us have given up to
make this moment and future that could be ours.

My mummy and papa ji have been often most kind, receptive and loving to
me, despite me growing into a loud and argumentative kid over the past few years.
Thanks to you two, papa-mummyji, chaar saal se phone par jhelne ke liye.

126

About the Author

Somil Gupta was born in Pimpri, a suburb of Pune, on 9 July 1990. After completing
his secondary education he went on to pursue an integrated bachelor’s and master’s
in science from Indian Institute of Science Education and Research Pune, with the
majority of his course in Physics. There he took up short-term research projects on
lock-in amplifiers, lithography, non-equilibrium statistical mechanics and atomistic
simulation. For his Masters thesis, he worked on the multi-scale modelling of dilute
Fe-Cr alloys using first-principles and kinetic Monte Carlo methods. In July 2014,
he joined an industry-funded PhD program at the Utrecht University with Dr. ir.
Marijn van Huis in the Soft Condensed Matter group. In his PhD, Somil worked on
modelling the surface vacancies on metal and semiconductors, their dependence on
surface depth and their chemical effect on molecular adsorption. In the latter part,
he investigated the intermetallic differences at the metal-CdS interfaces for differ-
ent clustered and overlayer depositions. Apart from these, he enjoys his amateur
interests in learning to cook/talk/do-math/sing and star-gazing.

127

16002_Somil Gupta_BNW.indd   128 06-12-18   16:04



papers, but the marvellous time we had, made it possible to enjoy whatever I was
doing at work and otherwise!

Toni, yaar, Bangalore kab aa rahi hai? Apne discrete but continuous catch-ups
pending hain naa . . .Yaar, can’t be thankful enough for the coincidence of you being
there, right from the first day of my PhD!

Harini, thanks yaar for being my kind saviour for many to-do’s of my first and
second year. With time, I just accepted my innate stupidity and thereafter, never
stopped coming to you looking for new help. Thanks for bringing together Vatsan,
Toni, Guido, and John bhai to share many memorable times.

Shikari ji, ab paanch saal baad toh milein hain, aur shabdon se kitna kahein.
Thanks toh nhi, for going through all of this (i.e., for the inconvenience of com-
pensating for our timezone lapses, for holding onto one other with the strings of
our few regular visits, especially when the two of us kept constantly new evolved
forms. . .wagerah wagerah) –− but, I do realize what both of us have given up to
make this moment and future that could be ours.

My mummy and papa ji have been often most kind, receptive and loving to
me, despite me growing into a loud and argumentative kid over the past few years.
Thanks to you two, papa-mummyji, chaar saal se phone par jhelne ke liye.

126

About the Author

Somil Gupta was born in Pimpri, a suburb of Pune, on 9 July 1990. After completing
his secondary education he went on to pursue an integrated bachelor’s and master’s
in science from Indian Institute of Science Education and Research Pune, with the
majority of his course in Physics. There he took up short-term research projects on
lock-in amplifiers, lithography, non-equilibrium statistical mechanics and atomistic
simulation. For his Masters thesis, he worked on the multi-scale modelling of dilute
Fe-Cr alloys using first-principles and kinetic Monte Carlo methods. In July 2014,
he joined an industry-funded PhD program at the Utrecht University with Dr. ir.
Marijn van Huis in the Soft Condensed Matter group. In his PhD, Somil worked on
modelling the surface vacancies on metal and semiconductors, their dependence on
surface depth and their chemical effect on molecular adsorption. In the latter part,
he investigated the intermetallic differences at the metal-CdS interfaces for differ-
ent clustered and overlayer depositions. Apart from these, he enjoys his amateur
interests in learning to cook/talk/do-math/sing and star-gazing.

127

16002_Somil Gupta_BNW.indd   129 06-12-18   16:04



Sub-Nanometer Sized Metals 
on Cadmium Sulfide Surfaces 
A Density Functional Theory Investigation

Single Atoms, Molecules, and  

Somil Subhashchandra Gupta

Single A
tom

s, M
olecules, and Sub-N

anom
eter Sized M

etals on C
adm

ium
 Sulfide Surfaces           2019   

Sub-Nanometer Sized Metals 
on Cadmium Sulfide Surfaces 
A Density Functional Theory Investigation

Single Atoms, Molecules, and  

Somil Subhashchandra Gupta

Single A
tom

s, M
olecules, and Sub-N

anom
eter Sized M

etals on C
adm

ium
 Sulfide Surfaces           2019   

Sub-Nanometer Sized Metals 
on Cadmium Sulfide Surfaces 
A Density Functional Theory Investigation

Single Atoms, Molecules, and  

Somil Subhashchandra Gupta

Single A
tom

s, M
olecules, and Sub-N

anom
eter Sized M

etals on C
adm

ium
 Sulfide Surfaces           2019   

You are cordially 

Sized Metals on 
and Sub-Nanometer

Single Atoms, Molecules,

Cadmium Sulfide
Surfaces

INVITED to the public 
defence of my PhD Thesis

and the following 
reception

Monday, 10:30 hrs 
January 14, 2019

Domplein 29
Academiegebouw

Utrecht

You are cordially 

Sized Metals on 
and Sub-Nanometer

Single Atoms, Molecules,

Cadmium Sulfide
Surfaces

INVITED to the public 
defence of my PhD Thesis

and the following 
reception

Monday, 10:30 hrs 
January 14, 2019

Domplein 29
Academiegebouw

Utrecht

You are cordially 

Sized Metals on 
and Sub-Nanometer

Single Atoms, Molecules,

Cadmium Sulfide
Surfaces

INVITED to the public 
defence of my PhD Thesis

and the following 
reception

Monday, 10:30 hrs 
January 14, 2019

Domplein 29
Academiegebouw

Utrecht

Sub-Nanometer Sized Metals 
on Cadmium Sulfide Surfaces 
A Density Functional Theory Investigation

Single Atoms, Molecules, and  

Somil Subhashchandra Gupta

Single A
tom

s, M
olecules, and Sub-N

anom
eter Sized M

etals on C
adm

ium
 Sulfide Surfaces           2019   


	Lege pagina

