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Abstract

Nuclear magnetic resonance (NMR) is a powerful experimental technique
for probing the local environment of nuclei in materials. However, it can be
di�cult to separate the large number of interactions that are recorded in
the resulting spectra. First-principles calculations based on quantum me-
chanics therefore provide much-needed support for interpreting experimental
spectra. In this way, the underlying mechanisms recorded in experimental
spectra can be investigated on an atomic level, and trends can be noted with
which to guide the direction of future experiments. This thesis presents two
cases in which first-principles calculations do just that. The first is an inves-
tigation of the perovskite structures of NaNbO3, KNbO3, LiNbO3 and the
related solid solutions of NaxK1�xNbO3, KxNa1�xNbO3 and LixNa1�xNbO3

in order to study how structural disorder a↵ects their NMR parameters. The
second investigation involves the calculation of the Knight shift in platinum,
palladium and rhodium—in their elemental bulk forms and in a set of surface
structures. The Knight shift is a systematic shift in the NMR frequencies
of metallic systems. It arises from the hyperfine interaction between the
nuclear spins and the spins of the unpaired conduction electrons. When
calculating the Knight shift, it is found that the Brillouin zone must be very
finely sampled. A discussion of core polarisation is also presented. This is
the polarisation of core electrons as a result of their interaction with valence
electrons. In the case of Curie paramagnets, core polarisation can have a
significant e↵ect on the calculation of hyperfine parameters.
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Chapter 1

Introduction

Nuclear magnetic resonance (NMR) is a powerful tool for investigating the

structure, disorder and dynamics of a material. It uses nuclear spins to probe

the local environment in which each nucleus is situated. Experimentally,

this is achieved by first applying an external magnetic field to the sample

in question. In doing so the degeneracy of the nuclear spins is removed.

Second, a range of radiofrequency pulses is applied in order to excite the

nuclear spins into a higher energy state. The response of the nuclear spins to

these radiofrequency pulses is then recorded. The sensitivity of the nuclear

spin-states to their local environment has a measurable effect on the recorded

spectra.

The degree of detail that can be obtained in this way on the numerous,

and often subtle, interactions in a material is astounding. Information on

the types of nuclei present, their geometrical arrangements, their bonding

environments, and the dynamics within the structure can all be obtained.

This enables us to build up a picture of the material so that we can under-

stand its properties—what they are in the first instance, how they arise and

how they can be manipulated—and ultimately leverage these properties for

materials applications.

1



2 CHAPTER 1. INTRODUCTION

However, a lot of information is contained within experimental spectra,

which makes them very difficult to decode. First-principles calculations are

an invaluable, if not essential, aid to spectral interpretation because they are

capable of isolating individual interactions—whether by type or structural

location. The calculations also help to explain experimental observations

to a level of detail presently impossible to obtain experimentally, and pro-

vide an efficient means of predicting materials properties to guide future

experiments.

The methodology for calculating the NMR parameters in diamagnetic

solids is well-established and has been used for a range of materials appli-

cations [1]. In the context of my thesis, I have used this methodology to

study the NaNbO3, KNbO3 and LiNbO3 perovskite structures, and a set

of related disordered structures in order to investigate the effect of struc-

tural distortions on their NMR parameters. This research provides valuable

information on the structural characterisation of these materials, which in

turn will aid the development of lead-free alternatives to commercially-used

piezoelectric materials.

The calculation of NMR parameters relating to paramagnetic materials

is more involved and has yet to be fully developed. Paramagnetic systems

contain unpaired electrons, the spins of which interact with the nuclear

spins via a hyperfine interaction. Calculating this hyperfine interaction is

problematic because the valence electrons induce a spin polarisation on the

core electrons which cannot be fully modelled with existing methodologies

for solid systems.

The hyperfine interaction also affects perturbed systems. In metallic

systems, hyperfine interactions are induced in the course of the NMR ex-
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periment due to the induced spin polarisation of the conduction electrons

interacting with the nuclear spins. As a result, there is an observable shift in

the resonance frequencies in experimental spectra known as the Knight shift

[2]. A complete first-principles methodology for calculating Knight shifts,

which circumvents the calculation of core polarisation, has been developed

[3]. In this thesis, this methodology has been used for the first time to cal-

culate the Knight shift in platinum, palladium and rhodium. These metals

are commonly used as catalysts, for example as catalytic converters for au-

tomobiles and in fuel cells. The magnitude of the Knight shift across a set of

platinum, palladium and rhodium surface structures has therefore also been

investigated. This provides valuable insight into the electronic interactions

on a catalyst’s surface which in turn can be used to inform research into

increasing their catalytic efficiency.

All calculations in this thesis have been performed using the state-of-the-

art methodologies contained in the CASTEP code [4]. The significant par-

allelised computing resources required for the calculations were provided by

the ARCHER UK National Supercomputing Service and the clusters man-

aged by the Materials Modelling Laboratory of the Department of Materials,

University of Oxford. On ARCHER, a typical Knight shift calculation for

a bulk metal required 200–960 computing hours and 320 GB of memory. In

the case of some of the largest perovskite structures (240 atoms per super-

cell), geometry optimisation calculations took up to 7680 computing hours

with 512 GB of memory; the NMR calculations on the resulting structures

took up to 3072 computing hours with 512 GB of memory.

My thesis is organised as follows. Chapters 2–4 explain the theory upon

which my research is based. Chapter 2 provides an introduction on the the-
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ory of experimental NMR, including discussions of the interactions relevant

to the rest of the thesis and an overview of experimental solid-state NMR

techniques. Chapter 3 explains the underlying theory of first-principles cal-

culations, including discussions of the numerical approximations required

to realistically implement them. Chapter 4 discusses the theory specifically

required for the calculation of NMR parameters—including magnetic shield-

ing, electric field gradients and Knight shifts.

In chapters 5–8 I present the results of my calculations. Chapter 5 is an

in-depth study of the NMR parameters in NaNbO3, KNbO3 and LiNbO3

perovskite structures, and the related solid solutions of NaxK1−xNbO3,

KxNa1−xNbO3 and LixNa1−xNbO3. This is an investigation into how the

NMR parameters are affected by structural disorder. Chapter 6 presents cal-

culations of the Knight shift in the bulk structures of platinum, palladium

and rhodium. It also investigates whether core polarisation has an effect on

the Knight shift. Chapter 7 extends the study of the Knight shift in plat-

inum, palladium and rhodium to surface structures so as to make a direct

link to the surfaces and nanoparticles used in catalysis. Chapter 8 describes

a novel method for including the effects of core polarisation in ground-state

hyperfine calculations. Finally, chapter 9 contains a summary of the major

findings resulting from my work and gives suggestions for further research.



Chapter 2

Nuclear magnetic resonance

In this chapter we shall cover the basic principle of nuclear magnetic reso-

nance (NMR) and the interactions relevant to the calculations presented in

later chapters. NMR can be conducted on solutions or solid samples. The

former is comparatively straightforward to interpret as the anisotropy of the

interactions is averaged out due to molecular tumbling. By contrast, solid-

state NMR spectra are subject to large line broadenings because a sample

will contain a range of static orientation-dependent interactions that are not

averaged out. These interactions could originate from nuclear or electronic

interactions or, on a larger length scale, from atomic or even crystal orienta-

tions. It is possible to remove some of the anisotropy in solid-state spectra

through a technique known as magic angle spinning (MAS).

2.1 The principle of magnetic resonance

Nuclei possess an intrinsic spin angular momentum, I, and with it an asso-

ciated spin magnetic dipole moment µI according to

µI = γI, (2.1)

where γ is the gyromagnetic ratio for a nucleus and is specific to each isotope.

5



6 CHAPTER 2. NUCLEAR MAGNETIC RESONANCE

When there is no external magnetic field, all nuclear spin I orientations

are degenerate. The application of an external magnetic field, B0, however

removes this degeneracy according to the Zeeman interaction, such that the

energy, E, of a certain spin-state is given by

E = −µI .B, (2.2)

where B is the magnetic field experienced by a certain nucleus. The energy

difference, ∆E, between two spin-states increases according to

∆E = ∆mγ|B|, (2.3)

where m is the magnetic quantum number—the quantum number for the

orientation of I with respect to an arbitrarily chosen z -axis (usually selected

to be parallel to B0).

Under the influence of the external magnetic field, the nuclei distribute

themselves across the 2I+1 energy levels according to Boltzmann statistics.

In the case of spin-1
2 nuclei (for example 1H or 13C) the number of nuclei in

the higher energy state nhigh to that in the lower energy state nlow is given

by

nhigh

nlow
= e−∆E/kT , (2.4)

where ∆E is the energy difference between the two energy levels, k is the

Boltzmann constant and T is the temperature. For a system of one million

13C nuclei in a 9.4 T field at room temperature, there are approximately only

nine more nuclei in the lower energy state than in the upper energy state

[5, p. 18]. There are two related points to make about this. First, measured

NMR signals are recorded from the sample as a whole (i.e. from an ensemble

of nuclei), whereas the signals from other spectroscopies can be obtained at
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near atomic resolution.1 Second, the ratio of the number of nuclei that have

the potential to be recorded by a measurement compared to the total number

of nuclei in the sample is much smaller than with other spectroscopies.2 This

results in NMR being a relatively insensitive form of spectroscopy. In order

to boost the signal, high external magnetic fields, high gyromagnetic ratios

and low temperatures are favoured. In the case of nuclei with low natural

abundances, for example 13C or 17O, samples are sometimes enriched with

the required magnetic isotope prior to measurement, or cross-polarisation

techniques are employed.3

In order to probe the range of energies, an external pulse of electromag-

netic radiation of frequency ν is applied to the sample. This will excite a

spin-state into a higher energy spin-state, provided that the resonance con-

dition, ∆E = hν (where h is Planck’s constant), and the transition selection

rule, ∆m = ±1, are satisfied. Thus the frequency of the radiation required

for nuclear magnetic resonance, called the Larmor frequency, is

ν =
γ|B|
2π

. (2.5)

Note that equations 2.2 to 2.5 contain the local magnetic field experi-

enced by the nucleus or electron, B, which differs from the external magnetic

1An example of a near-atomic resolution spectroscopic technique is electron energy loss
spectroscopy (EELS) in which an electron beam is passed through a thin sample. The
incident electrons interact with the sample via various mechanisms, losing energy in the
process. The subsequent range of energies of the exiting electrons is then analysed to
obtain information on the structure and bonding of the sample.

2To continue the comparison of NMR with EELS: in EELS, information is obtained on
the entirety of the sample volume through which the electrons pass. Whilst the electron
beam only passes through a small volume of the sample (hence the near-atomic resolution),
the rest of the sample also has the potential to be examined if the electron beam is
directed towards a different part of the sample. By contrast, in NMR the whole sample
is ‘illuminated’ by the spectrometer but only a tiny portion of the sample will be able to
interact with it.

3Cross-polarisation techniques are able to transfer the magnetisation of abundant nuclei
onto less abundant nuclei, for example from 1H to 13C.
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field, B0. B0 induces current loops in the surrounding electrons which in

turn induce an additional local magnetic field which is also experienced by

the nuclear magnetic moment. This leads to a chemical shift, δiso, in the

resonance frequencies which is specific to the chemical environment, thus en-

abling valuable information to be deduced about the structure and bonding

of a sample.

Experimentally, δiso is measured as a ratio of frequencies between the

frequency of the nuclei being measured, ν, and that of the reference, νref ,

such that

δiso = 106 × (ν − νref)

νref
. (2.6)

Common references include the 1H, 13C and 29Si resonances in tetramethyl-

silane (Si(CH3)4).

The resonances appear as a set of peaks—for example figure 2.1 shows

the first 1H NMR spectrum for ethanol recorded by Arnold et al. in 1951.

The area under each peak is proportional to the number of nuclei in that

chemical environment.

Figure 2.1: The first 1H NMR spectrum for ethanol, CH3CH2OH, recorded
by Arnold et al. in 1951. From left to right the peaks correspond to 1H
resonances in OH, CH2 and CH3 environments. [Reprinted from [6], with
the permission of AIP Publishing.]

Early NMR spectra were recorded by keeping the frequency of the in-
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cident radiation constant and varying the magnetic field or vice versa. In

modern practices, the magnetic field strength is kept constant and a series

of pulses containing a range of frequencies is applied to the specimen so that

multiple resonances are excited simultaneously. Additional information can

be obtained by measuring how long it takes for the nuclei to re-establish

thermal equilibrium as a function of time (section 2.2.5).

The appearance of an NMR spectrum—the position of the resonance

peaks and their associated broadenings—is governed by a number of physi-

cal phenomena. These include magnetic shielding, spin-spin coupling (which

can be decomposed into a sum of dipolar coupling and J -coupling), quadrupo-

lar coupling and relaxation mechanisms. The spectra of metallic samples

also exhibit an additional shift in the resonance frequencies, known as the

Knight shift.

2.2 Magnetic shielding

The induced local magnetic field, Bin, is related to the applied magnetic

field B0 by a dimensionless rank-2 tensor, σ, known as the absolute magnetic

shielding tensor, such that

Bin = −σB0. (2.7)

The total magnetic field, B, experienced by a nucleus is therefore

B = B0 + Bin = (1− σ)B0. (2.8)

Under isotropic conditions, such as in solution-based NMR or solid-state

NMR under magic angle spinning (see section 2.2.6), the anisotropic com-

ponents average out so that the key interaction measured is the isotropic



10 CHAPTER 2. NUCLEAR MAGNETIC RESONANCE

magnetic shielding, σiso:

σiso =
1

3
Tr[σ]. (2.9)

Experimentally, σiso is measured as a chemical shift, δiso, which is ex-

pressed in relation to a reference shielding, σref , of the chosen reference

compound. δiso from equation 2.6 can therefore also be expressed in parts

per million (ppm) as

δiso =
(σref − σiso)

1− σref
. (2.10)

Unless very heavy elements are being considered, |σref | � 1 such that equa-

tion 2.10 is taken as

δiso ≈ (σref − σiso). (2.11)

The sign and magnitude of the magnetic shielding depends on the be-

haviour of the electrons surrounding the nuclei. Diamagnetic current loops

oppose B0 and therefore increase the magnetic shielding around the nucleus.

Conversely, paramagnetic current loops augment B0, and therefore decrease

the magnetic shielding [7, p. 13].

The magnetic shielding tensor can be decomposed into symmetric and

antisymmetric components. The antisymmetric parts have a negligible con-

tribution to NMR spectra as they only affect properties to the second order,

however they do affect relaxation times such as T1 (section 2.2.5) [8, 9]. By

diagonalising the symmetric part, the three principal components, σ11, σ22

and σ33 are obtained. Similarly, the principal components of the chemical

shift tensor are δ11 = σref−σ11, δ22 = σref−σ22 and δ33 = σref−σ33. A pop-

ular convention, known as the Haeberlen convention, assigns the eigenvalues

in the order

|σ33 − σiso| ≥ |σ11 − σiso| ≥ |σ22 − σiso| (2.12)
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as presented by Apperley et al. [5, p. 20].

The values of these three eigenvalues are very important for solid-state

NMR because they determine the magnitude of the magnetic shielding along

the principal axes. They define the ‘chemical shift anisotropy’ (CSA) of the

sample. In a crystal with a single chemical environment, the CSA would

result in the position of the resonance peak changing as a function of crystal

orientation. In powder samples which contain crystals at all orientations,

the CSA broadens this single peak into a distinctive line shape of the form

shown in figure 2.2. By convention there are two common parameters used

for the interpretation of this line shape: the (reduced) anisotropy, ζ, which

is measured in ppm, and the asymmetry, η, which is dimensionless and takes

a value between 0 and 1. These may be expressed as

ζ = σ33 − σiso (2.13)

and

η =
σ22 − σ11

ζ
. (2.14)

The magnetic shielding tensor, σ, defined by equation 2.7 can also be

expressed as the second derivative of the total energy, E, of the system with

respect to the nuclear magnetic moment, µI , and the external magnetic

field, B0, according to

σ =
∂2E

∂µI∂B0
. (2.15)
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σ22

σ11

σ33

σ11=σ22

σ33

σ33

σ11

σ22

σiso

0(σiso-σ)

2. =0.5

1. =0

3. =0.5

11

33

22

4. =1

ζ

Figure 2.2: The effect of chemical shift anisotropy in powdered samples.
Line shape 1 is an example in which σ11 = σ22 and η = 0. Line shapes 2
and 3 both have η = 0.5 but equal and opposite anisotropies: ζ is negative
for line shape 2 and positive for line shape 3. In line shape 4 η = 1 and
ζ is positive (a reverse assignment of σ11 and σ33 would lead to ζ being
negative).
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2.2.1 Spin-spin coupling

In addition to the magnetic field induced by the orbital motion of the sur-

rounding electrons, nuclear spins will interact with each other either directly

through space or as an interaction mediated by the electrons. The former

is known as direct dipolar coupling and is represented by a traceless rank-2

tensor D
KL

. The latter is known as indirect coupling (often referred to as

J -coupling) represented by the rank-2 tensor J
KL

.

For two nuclear spins, IK and IL, the overall Hamiltonian is given by

Ĥ = IK(D
KL

+ J
KL

)IL. (2.16)

The direct dipolar coupling, D
KL

, is the interaction between the mag-

netic field generated by one nuclear spin (or nuclear magnetic moment) and

a neighbouring nuclear spin (or nuclear magnetic moment). It is of the form

(presented in the review paper by Bonhomme et al. [1]):

D
KL

= − h̄

2π

µ0γKγL
4π

3rKLrT
KL − 1|rKL|2
|rKL|5

, (2.17)

where µ0 is the vacuum permeability, 1 is the identity matrix, and rKL is the

separation between IK and IL. The direct dipolar interaction is mediated

through space, but only depends on the magnitude of the nuclear magnetic

moments, not their direction.

By contrast, the indirect coupling, J
KL

, is the interaction between the

spins that is mediated through electrons. It can be expressed as the second

derivative of the energy with respect to the magnetic moments of the nuclei

K and L according to

J
KL

=
h̄γKγL

2π

∂2E

∂µK∂µL
. (2.18)
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Alternatively, the indirect coupling can be described as the magnetic field

generated by the nucleus L which is in turn experienced by nucleus K:

B(RK) =
2π

h̄γKγL
J
KL
.µL, (2.19)

where RK is the position of nucleus K.

The magnetic field experienced by nucleus K can be further decomposed

into components arising from the orbital and spin moments of the electrons.

The magnetic moment of nucleus L induces an orbital current j(r) which in

turn generates a magnetic field experienced by nucleus K. The magnetic

moment of nucleus L will also interact with the spin of the electrons, which

generates an electronic spin polarisation and which in turn interacts with

the magnetic moment of nucleus K. This is expressed as

B(RK) =
µ0

4π

∫
j(r)× rK

|rK |3
d3r

+
µ0

4π

∫
m(r).

[
3rKrT

K − 1|rK |2
|rK |5

]
d3r

+
µ0

4π

8π

3

∫
m(r)δ(rK)d3r,

(2.20)

where m(r) is the electronic magnetisation of the system and rK = r −

RK . The first term is the orbital contribution, and the second and third

terms are the spin contributions. The first term can be further decomposed

into diamagnetic and paramagnetic contributions.4 The second term is the

spin-dipolar contribution (and is of a very similar form to equation 2.17)

and the third is the Fermi-contact term. The latter two terms are forms

of hyperfine interaction (discussed in section 2.2.3). The spin-dipolar and

Fermi-contact terms are the anisotropic and isotropic components of the

hyperfine interaction respectively.

4The decomposition depends on the gauge, though the sum of the parts is not affected.
It is natural to set the gauge origin on the atom.
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2.2.2 Quadrupolar coupling and electric field gradients

For nuclei with spin I > 1
2 , the charge distribution of the nucleus is not

spherical and therefore the nucleus possesses a quadrupole moment, eQ.

This quadrupole moment interacts with the electric field gradient (EFG)

of the surrounding electrons and ions. Note that quadrupolar coupling is

purely electric in origin; it is not magnetic. Nevertheless, it affects spin

energies and therefore affects NMR.

The rank-2 EFG tensor, Gαβ(r), is defined by

Gαβ(r) =
∂Eα(r)

∂rβ
− 1

3
δαβ

∑
γ

∂Eγ(r)

∂rγ
, (2.21)

where α, β and γ represent Cartesian coordinates and Eα(r) is the compo-

nent α of the local electric field at position r [1]. This tensor is symmetric

and traceless. Once diagonalised, the tensor may be characterised by two

parameters: the nuclear quadrupolar coupling constant, CQ, and the asym-

metry, ηQ. If the tensor’s eigenvalues, Vxx, Vyy and Vzz are assigned such

that |Vzz| > |Vyy| > |Vxx| (adopting the convention in CASTEP), the nuclear

quadrupolar coupling constant is defined as

CQ =
eVzzQ

h
(2.22)

and the asymmetry as

ηQ =
Vxx − Vyy

Vzz
. (2.23)

The strength of the quadrupolar coupling is therefore dependent both on

the strength of the EFG (characterised by the largest principal component,

Vzz) and the quadrupole moment of the nucleus, eQ. Since the EFG tensor

is traceless, quadrupolar coupling does not affect the resonance frequencies
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of solution-based NMR. However, it still affects relaxation processes and

therefore line broadening.

Quadrupolar coupling leads to significant line broadening in solid-state

NMR. The number of peaks in the spectrum are determined by the number

of transitions between the possible nuclear-spin states. The shape of the

profile is determined by ηQ and the width of the profile is determined by

CQ. Figure 2.3 shows a set of example spectra for a spin-1 nucleus in differ-

ent ηQ environments.5 Experimentally, ηQ and CQ are obtained by fitting

experimental spectra to empirical simulations, for example using Dmfit [10].

It is not possible to determine the sign of CQ.

If the quadrupolar interaction is particularly large, the second order per-

turbations to the Zeeman energy will be large enough to have a noticable

effect on experimental spectra. This will manifest as additional anisotropic

line broadenings and shifts. In situations where these second-order quadrupo-

lar interactions are significant, the quadrupolar product, PQ, is commonly

used:

PQ = CQ(1 + η2
Q/3)1/2. (2.24)

Methods for removing first- and second-order quadrupolar broadening

from solid-state spectra are discussed in section 2.2.6.

2.2.3 The hyperfine interaction

In the field of magnetic resonance, the hyperfine interaction is defined as the

interaction between the spin of the nucleus, I, and the spin of the electron,

5In the case of odd multiples of spin- 1
2

nuclei, the line shapes will consist of a large
central peak corresponding to the I = 1

2
↔ − 1

2
transition, known as the central transition.

This will be surrounded by a series of smaller peaks corresponding to the other allowed
spin transitions, known as side transitions. In the case of even multiples of spin- 1

2
nuclei,

the two central peaks will correspond to central transitions of equal intensity.
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3. Q=0.8

4. Q=1.0

1. Q=0

2. Q=0.4

Figure 2.3: Example NMR line-shapes for a spin I = 1 nucleus across a
range of different ηQ values.

S ([5, p. 211] and [11, p. 97]).

The Hamiltonian for hyperfine coupling, ĤHF, can be expressed as the

interaction between the magnetic dipole moment, µI , of the nucleus with

the magnetic field generated by the atomic electrons, Be, according to

ĤHF = −µI .Be. (2.25)

Since the nuclear spin magnetic dipole moment µI is directly propor-

tional to I (equation 2.1), and Be is directly proportional to the total angular
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momentum of the electron J ([11, p. 97-101]), equation 2.25 becomes

ĤHF = AI.J, (2.26)

where A is a constant. For light elements, relativistic effects do not have

a measurable effect on the hyperfine interaction [12, 13]. In these cases

spin-orbit effects can be excluded and the hyperfine Hamiltonian can be

expressed as

ĤHF = AI.S. (2.27)

Incorporating into the hyperfine Hamiltonian the interaction between the

electron and M nuclear spins Il, where l denotes the lth nucleus at position

Rl, equation 2.27 becomes

ĤHF =
∑
l=1,M

STA(l)Il, (2.28)

where A(l) is the hyperfine coupling tensor for the lth nucleus [14]. This can

be separated into two parts corresponding to the isotropic Fermi-contact

interaction and the anisotropic spin-dipolar interaction according to

A
(l)
ij = a(l)δij + b

(l)
ij , (2.29)

where a(l) is the isotropic hyperfine (Fermi-contact) interaction, b
(l)
ij is the

anisotropic hyperfine (spin-dipolar) interaction, δij is the Kronecker delta

and i and j are Cartesian axes.

Physically the Fermi-contact interaction is the magnetic (spin-spin) in-

teraction between the electron and the nucleus when the electron is inside

the nucleus. The strength of the Fermi-contact interaction is directly pro-

portional to γeγI.S [15, p. 465] and can therefore be expressed in atomic

units as

a(l) =
8π

3
gsµBγlµNρs(Rl), (2.30)
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where ρs(Rl) is the electron spin density (ρs = ρ↑ − ρ↓) at the centre of

the lth nucleus, γl is the gyromagnetic ratio for the lth nucleus, gs is the

dimensionless g-factor for a free electron, γe is the gyromagnetic ratio for a

free electron, µB is the Bohr magneton and µN is the nuclear magneton [14].

Since ρs is directly proportional to the square of the electron wavefunction

at the centre of the nucleus, |Ψ(Rl)|2, the Fermi-contact interaction is only

affected by s-like electrons, because only s-like wavefunctions are non-zero

at the nucleus.

By contrast, the spin-dipolar interaction is caused by non s-like electrons,

for example those with p or d symmetries. In atomic units, the spin-dipolar

interaction is

b
(l)
ij = gsµBγlµN

∫
3rirj − r2δij

r5
d3r, (2.31)

where r is expressed in relation to the position of the nucleus at Rl and

r = |r| [14].

In paramagnetic materials, the ground-state electronic spin density causes

a hyperfine interaction which can be measured with NMR or electron para-

magnetic resonance (EPR).6 In diamagnetic and paramagnetic materials the

hyperfine interaction can also be induced by the nuclear spin, resulting in

J -couplings. In metallic systems the hyperfine interaction induced by B0

also causes a ‘Knight shift’ in NMR spectra.

2.2.4 The Knight shift

First observed by Knight in 1949 [2], this is a systematic shift in the reso-

nance frequencies of metallic systems which is not observed in the resonance

frequencies of the same element in non-metallic systems. To a first approx-

6EPR is similar to NMR but it measures the resonance of unpaired electron spins
instead of nuclear spins.
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imation, this shift occurs because an external magnetic field will induce a

magnetisation, M , in the material. The magnetisation arises from the un-

equal change in energy of the conduction electrons (those close to the Fermi

energy, EF ) between those with spin = 1
2 and those with spin = −1

2 . Thus

the material acquires a magnetisation, characterised by the average spin of

the conduction electrons 〈Sz〉 or by the Pauli spin susceptibility χs, where

M = gsNµB〈Sz〉 = χs|B0| (where gs is the free electron g-factor and N is

Avogadro’s number). This net electron spin creates a magnetic field, addi-

tional to B0, which interacts with the nuclear spin magnetic moment via the

hyperfine interaction. This produces a shift in energy levels which manifests

as a shift in resonance frequencies. The Knight shift, K, is defined as [16,

p. 478]

K = −|∆B|
|B0|

=
a(l)χs

gsNµBγlh̄
, (2.32)

where a(l) is the Fermi-contact constant as defined for the lth nucleus in

equation 2.30. Thus K is proportional to the value of the electron spin

density at the nucleus according to

K ≈ χs|Ψ(Rl)|2
N

. (2.33)

The theoretical evaluation of |Ψ(Rl)|2 poses some difficulties as discussed in

section 4.3.1.

The magnitude of the Knight shift at each crystallographically distinct

nucleus in a sample will differ. Since a sample will contain several environ-

ments (for example those of the bulk and surface), the range of Knight shifts

will result in inhomogeneous broadening of the NMR spectra.
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2.2.5 Spin-lattice relaxation and the spin-lattice relaxation
time, T1

Spin-lattice relaxation occurs due to the interaction between the nuclear

spins and the surrounding lattice. When a sample is placed in an external

magnetic field the degeneracy of the spin-states is instantaneously lowered.

However, it takes time for the spins to respond and reorient themselves in

such a way as to re-establish a Boltzmann equilibrium. This occurs due to

multiple mechanisms, for example dipolar coupling between the nuclei and

the motion of surrounding nuclei or quadrupolar interactions [17].

In the case of spin-1
2 nuclei, assuming the time-dependence of the system

re-establishing Boltzmann equilibrium is exponential (which is appropriate

in most cases), the difference in the m = 1
2 and m = −1

2 populations is given

by

∆n(t) = ∆neq[1− e−t/T1 ], (2.34)

where ∆n(t) is the difference in the two spin populations for a total of n

spins, ∆neq is the difference in the spin populations at equilibrium, t is the

time after the initial application of the external magnetic field and T1 is the

spin-lattice relaxation time [7, p. 56]. In this way T1 is the time it takes

for the spin population difference to reach 63% of its value at equilibrium.

The energy absorbed or emitted due to nuclear spins changing spin-states

is taken from or released into the motion of the lattice.

Spin-lattice relaxation tends to be most efficient when the mean com-

ponent of the molecular motion coincides with the Larmor frequency of the

spins (of the order of MHz for nuclei). In the case of liquid samples, the

tumbling motion of the molecules results in it being fairly likely that a com-

ponent frequency of this motion coincides with the Larmor frequency of the
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nuclei and thus for spin-1
2 nuclei T1 is usually of the order of seconds [7,

p. 56]. In solids, however, the motions tend to be predominantly vibrational

and thus of higher frequency than the Larmor frequency. Thus a smaller

fraction of the motion coincides with the Larmor frequency, resulting in

higher T1 values of the order of seconds to kiloseconds [5, p. 36].

The spin-lattice relaxation time T1 affects the time between recording

spectra as time should be allowed for the system to establish equilibrium

(and thus maximum magnetisation) before applying radiofrequency pulses.

It also affects the degree of line broadening of the spectral peaks due to the

Heisenberg Uncertainty Principle. Most importantly, in the context of this

thesis, T1 can be used to probe the local density of states at the Fermi level

(Ef -LDOS) via the Korringa relation (see chapter 7).

2.2.6 Experimental solid-state NMR

As discussed above, experimental solid-state NMR spectra contain large

amounts of line broadening due to the inherent anisotropy of the solid sam-

ples. This leads to difficulties pertaining to the sensitivity and resolution of

spectra. Notable anisotropic interactions include chemical shift anisotropy

(CSA), dipolar coupling and quadrupolar coupling [5, p. 28]. Whilst it may

be desirable to remove these interactions from spectra to aid interpretation,

the interactions themselves can provide further valuable information about

the sample. Dipolar coupling provides information on the distances between

nuclei and atomic structure, CSA can provide structural information and J -

coupling can provide information on chemical bonding and geometry. There

therefore exist methods for selectively reintroducing interactions in spectra.

An overview of the experimental methods to both remove and reintroduce
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interactions is presented in the extensive review paper by Bonhomme et al.

[1].

The most common technique for removing broadening due to CSA,

dipolar coupling and quadrupolar coupling is magic angle spinning (MAS)

[18, 19]. These interactions involve a dependency on the orientation of the

crystal relative to the applied magnetic field of the form 3 cos2 θ−1, where θ

is the angle between the crystallographic principal axis and the applied mag-

netic field. When θ = 54.736°, 3 cos2 θ − 1 = 0. Associated broadening can

therefore be removed by rapidly spinning the sample at the ‘magic angle’ of

54.736° to the applied magnetic field. Figure 2.4 illustrates how anisotropic

interactions are gradually removed with increasing rotation rate. Depending

on the strength of the interactions present it is not always possible to spin

the specimen fast enough to achieve isotropic conditions. Rotation rates

tend to be 5-70 kHz [1], however rates of up to 110 kHz may be used [20].

In the case of paramagnetic materials, where there are unpaired electrons

present, the anisotropy associated with the hyperfine interaction can be very

large and therefore very high rotation rates are required in order to achieve

spectra of a suitable resolution [5, p. 213].

For quadrupolar nuclei, MAS can remove the broadening associated with

first-order quadrupolar interactions, however additional techniques are re-

quired to remove second- and higher-order effects. Double rotation (DOR)

experiments, in which the sample is rotated about two angles simultane-

ously, can be used to average out second-order quadrupolar interactions.

However, the samples cannot be rotated at such high rates as are used in

MAS, resulting in a large number of sidebands which may hinder interpreta-

tion [5, p. 161]. Multiple quantum magic-angle spinning (MQMAS) experi-
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Figure 2.4: NMR spectra for 31P nuclei (I = 1
2) in ammonium dihydrogen

phosphate. Part a shows the broadened resonance peak recorded under
static conditions. At a low rotation MAS rate (here 1.25 kHz) this peak
resolves into a set of sharp sidebands (part b). As the rotation rate increases
(in this case to 10 kHz) these sidebands resolve into the spectrum obtained
under isotropic conditions—in this case there is only one resonance (part c).
[Reprinted (adapted) with permission from [1]. Copyright 2012 American
Chemical Society.]

ments are the most common method for removing or studying second- and

higher-order effects. The sample is spun at a single angle, and a sequence

of radiofrequency pulses is applied to selectively excite certain transitions.

A good introduction into this diverse technique is given by Apperley et al.

[5, p. 163].

Despite the plethora of different techniques available for probing the

structure, interactions and chemical environments in solids, the experiments
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are time-consuming and restricted to certain systems, and it can be difficult

to acquire spectra of sufficient resolution for analysis. Theoretical calcula-

tions of relevant NMR parameters therefore provide a much-needed, if not

essential, aid for the prediction and interpretation of experimental spectra,

and offer valuable insight into the active mechanisms in a system.
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Chapter 3

First-principles
methodologies

3.1 First-principles calculations

A first-principles approach is one which is founded only on the basic laws

of physics. No extra parameters should be introduced to fit the model to

experimental data. Since the mechanisms involved in NMR are quantum

mechanical in origin, it is most appropriate to calculate their relevant pa-

rameters using quantum theory.

For a system containing electrons and nuclei, the time-independent non-

relativistic Schrödinger equation, ĤΨ = EΨ, can be expressed as[
−
∑
i

h̄2

2me
∇2
i −

∑
I

h̄2

2MI
∇2
I −

∑
i,I

e2

4πε0

ZI
|ri −RI |

+
1

2

∑
I 6=J

e2

4πε0

ZIZJ
|RI −RJ |

+
1

2

∑
i 6=j

e2

4πε0

1

|ri − rj |

]
Ψtot = EtotΨtot,

(3.1)

where ri and RI are the spatial coordinates of the electrons and nuclei

respectively, MI is the mass of the nucleus, me the mass of the electron, ZI

the absolute charge of the nucleus, ε0 the permittivity of free space and e

the charge of the electron ([21, p. 22] and [22, p. 52]). Since the nuclei have

a much greater mass than the electrons, the nuclei can be treated as static

27
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with respect to the motion of the electrons. The nuclear kinetic energy is

therefore taken to be zero (or treated classically in some situations where

nuclear motion is significant), and the nuclear-nuclear potential energy is

a constant. Furthermore, the total wavefunction, Ψtot, can be rewritten as

a product of the fully electronic and fully nuclear wavefunctions, such that

Ψtot = Ψ(r1, r2, . . . , rN )Φ(R1,R2, . . . ,RM ), where N and M are the total

number of electrons and nuclei respectively. The nuclear components of

equation 3.1 can therefore be decoupled from the electronic components in

accordance with the Born-Oppenheimer approximation [21, p. 52–54]. The

Schrödinger equation for the electrons is therefore:

[
−
∑
i

h̄2

2me
∇2
i −

∑
i,I

e2

4πε0

ZI
|ri −RI |

+
1

2

∑
i 6=j

e2

4πε0

1

|ri − rj |

]
Ψ = EΨ, (3.2)

where E is the total electronic energy and Ψ is the electronic wavefunction.

Solving equation 3.2 for more than one electron is computationally chal-

lenging. The difficulty lies with the calculation of the electron-electron in-

teractions. The computational power required scales to the power of 3N ,

where N is the number of electrons. Many methods have been developed to

make equation 3.2 computationally viable. A commonly used example is the

Hartree-Fock method which treats the interaction between electrons as an

interaction between a single electron and the mean field of all the other elec-

trons [23]. Whilst this method can be practically applied to small molecules,

it is computationally expensive for solid systems. Density functional the-

ory is a significantly cheaper alternative and has been widely adopted by

theoretical and experimental communities for calculating NMR parameters

[1].
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3.1.1 Density functional theory (DFT)

The DFT formalism begins with the premise that the total ground state

energy, E0, of a system is a unique functional of the total electron density,

ρ, of the system, as formally proved by Hohenberg and Kohn in 1964 [24]:

E0 = E0[ρ]. (3.3)

Unfortunately the functional E0[ρ] is not known exactly. In 1965 Kohn

and Sham developed a method that circumvented this by supposing that

there existed a system of fictitious non-interacting single electrons whose

density was identical to that of the original ground state density of the

interacting system [25]. In atomic units, the set of Schrödinger equations

for the electrons, i, can be expressed as ([21, p. 40]):

[
− 1

2
∇2 + Vn(r) + VH(r) + Vxc(r)

]
ψi(r) = εiψi(r). (3.4)

The kinetic energy of the electron is expressed by −1
2∇2. Vn(r) is the poten-

tial of the nuclei. VH(r) is known as the Hartree potential: it is the Coulomb

interaction between the electron and the mean field of all the electrons. ψi(r)

are the single electron wavefunctions and εi are the corresponding single

electron eigenvalues.

The unknown many-body interactions are placed in the exchange-correlation

potential Vxc(r). The unknown contribution to the energy is therefore con-

fined to a small fraction (approximately 10%) of the total energy, in contrast

to equation 3.2 where the unknown interactions were present throughout the

whole equation. The total energy for the whole system, E, is now expressed
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as [21, p. 39-40]:

E =Ekin + En + EH [ρ] + Exc[ρ]

=−
∑
i

∫
ψ∗i (r)

∇2

2
ψi(r)d3r

+

∫
ρ(r)Vn(r)d3r +

1

2

∫∫
ρ(r)ρ(r′)
|r− r′| d3rd3r′ + Exc[ρ],

(3.5)

where the exchange-correlation energy, Exc[ρ], is related to Vxc(r) via:

Vxc(r) =
δExc[ρ]

δρ

∣∣∣∣
ρ(r)

. (3.6)

Equation 3.2 therefore becomes a set of single electron equations which

are coupled together through the electron charge density ρ(r) via:

ρ(r) =
∑
i

|ψi(r)|2. (3.7)

These equations can be solved iteratively in a set of self-consistent (SCF)

cycles (see figure 3.1). However, to begin with, Exc[ρ] still has to be approx-

imated.

3.2 Exchange-correlation functionals

The simplest approximation for Exc[ρ] is the ‘local density approximation’

(LDA) [27, 28]. This assumes that Exc[ρ] depends only on the charge density

at each point and is of the form

ELDAxc [ρ] =

∫
εLDAxc (ρ(r))d3r, (3.8)

where εLDAxc is the exchange-correlation energy per unit volume [29]. Usually

the exchange-correlation energy at each point is taken to be that of a ho-

mogeneous electron gas of the same charge density present at that point. In

this case the exchange part of εLDAxc is εLDAx = −(3/4)(3/π)1/3ρ4/3 [29]. The
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Figure 3.1: The iterative solving of the Kohn-Sham equations for the total
energy, E. Self-consistency is reached when the difference in E between a
set number of successive iterations is within a set tolerance. [Reprinted with
permission from [26].]

correlation component cannot be expressed analytically, however a form has

been obtained using Quantum Monte Carlo methods [27]. There have also

been several parameterisations of the correlation energy, of which the most

commonly used is by Perdew and Zunger [28].

By additionally taking into account the gradient at each point more

advanced ‘generalised gradient approximation’ (GGA) exchange-correlation
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functionals are obtained which are of the form [29]

EGGAxc [ρ] =

∫
εGGAxc (ρ(r),∇ρ(r))d3r. (3.9)

The most commonly used exchange-correlation functional used for cal-

culating NMR parameters in solids is the GGA functional formulated by

Perdew, Burke and Ernzerhof (PBE) [30]. Calculated NMR parameters are

extremely sensitive to lattice constants and therefore require lattice con-

stants to be obtained with high accuracy. LDA is found to underestimate

lattice constants by approximately 1%, whereas PBE overestimates them

by the same degree. The PBEsol functional is a more recent varient of

PBE that has been developed to calculate more accurately the properties of

solids [31]. In a small study of simple metals, semiconductors, ionic solids

and transition metals, PBEsol was found to reduce the lattice parameter

mean error to approximately a quarter of that obtained when using PBE

[31].

3.3 Practical implementation of Density Functional
Theory

In order to solve equation 3.5 in practice a set of numerical approximations

need to be made.

3.3.1 Basis set

The wavefunction needs to be expressed as a set of functions constructed

in linear combination. This ‘basis’ could be a set of localised atom-centred

orbitals, for example the Gaussian-type orbitals used in the CRYSTAL [32,

33] and SIESTA [34] codes. Another possibility is a set of planewaves as
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used in the CASTEP code [4]:

ψk(r) =

Gmax∑
G=0

ck+G
1√
Ω
ei(k+G).r, (3.10)

where k is an electron wavevector in the first Brillouin zone, G is a recip-

rocal lattice vector and Ω is the volume of the primitive cell. Calculations

using a planewave basis are also easily parallelised across multiple computer

processors [35].

The size of the basis set must be carefully chosen. The highest compo-

nent plane-wave is determined by an energy ‘cut-off’, εcut−off , such that

1

2
|k + Gmax|2 ≤ εcut−off . (3.11)

Increasing the number of planewaves increases the accuracy of the cal-

culations but at the expense of requiring increased computational power. A

set of calculations over a range of energy cut-offs is therefore conducted. As

the energy cut-off is increased, the property being calculated converges to a

single value—for example, as in figure 3.2. The final chosen energy cut-off

is taken to be that for which the property is converged within a required

tolerance.

3.3.2 Periodicity of the structures

In order to reduce the number of atoms in the solid-state system to a com-

putationally realistic level, the periodicity of the crystal lattice is exploited

using Bloch’s theorem [16, p. 163]:

|ψk(r + L)|2 = |ψk(r)|2, (3.12)

where L is the real space lattice vector. In this way the wavefunction is

expressed as

ψk(r) = eik.ruk(r), (3.13)
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Figure 3.2: Convergence of the Knight shift in bulk Pd with respect to
energy cut-off.

where eik.r is the spatial phase factor and uk(r) is a periodic function. Con-

sequently, only the unit cell needs to be considered.

When investigating non-periodic structures using methodologies which

employ periodicity, the structure must be made periodic by containing all

the structural information of interest in a supercell. This might be the case

for investigations of defects in solids, surfaces or single molecules (see figure

3.3). In the latter two cases, a vacuum region needs to be incorporated in

the supercell. A set of convergence calculations must be conducted with

increasing supercell size until there is no interaction between the periodic

images as this would be non-physical.
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a.

b.

c.

Figure 3.3: Schematic periodic supercells for a. a defect, b. a surface and c.
a molecule.

3.3.3 Sampling of k-points

The charge density must be sampled at a set of discrete points in the Bril-

louin zone. If the number, Nk, of these k-points is sufficiently large, the sum

of the charge densities will be sufficiently close to the total charge density:

ρ(r) ≈ 1

Nk

∑
ki

|ψki(r)|2. (3.14)

These k-points are typically chosen to form a grid as developed by

Monkhorst and Pack [36]. The total number of k-points used in a cal-
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culation may be reduced by accounting for symmetry. The computing time

scales linearly with the number of k-points.

The k-point densities between different unit cells are often quoted as a

k-point spacing.1 The CASTEP code, in accordance with crystallographic

convention, uses the definition of reciprocal lattice vectors which includes a

factor of 2π.2 To reflect this, the k-point spacings in this thesis are quoted

in units of 2πÅ−1.

3.3.4 Pseudopotentials

Valence wavefunctions oscillate rapidly near the nucleus and therefore re-

quire high energy cut-offs in order to be accurately described. To reduce

the energy cut-off, and thus increase computational efficiency, the potential

close to the nucleus, defined within a radius rc, is smoothed. This results in

a pseudopotential and a correspondingly smoothed pseudowavefunction, as

shown in figure 3.4. Crucially, the energy eigenvalues are not affected. This

is known as the ‘pseudopotential approximation’.

There are many types of pseudopotentials: the two used in this the-

sis are ‘norm-conserving’ pseudopotentials and ‘ultrasoft’ pseudopotentials.

Norm-conserving pseudopotentials are easier to incorporate into quantum

mechanical codes but may still require high energy cut-offs—they are there-

fore said to be ‘hard’. The ‘norm-conserving’ constraint means that the

total charge density within rc must be the same for the real wavefunctions

and pseudowavefunctions. Commonly used smooth norm-conserving pseu-

dopotentials include those developed by Troullier and Martins [37]. Vander-

1Unless otherwise stated, k-point spacings are assumed to be the same along all three
reciprocal lattice vectors.

2For example, if the real space lattice vectors are denoted as a, b and c, the reciprocal
lattice vector a∗ is defined as 2π b×c

a.b×c
.
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r (a.u.)

rψ
all-electron wavefunction
pseudowavefunction

Figure 3.4: The 4s wavefunction (red dotted line) and corresponding pseu-
dowavefunction (green line) for Pd using a norm-conserving pseudopotential
(the 4p, 4d and 5s wavefunctions are similarly pseudised in the full pseu-
dopotential). The cut-off radius, rc, is marked by the dotted brown line.
Note how the wavefunction and pseudowavefunction are the same above rc.

bilt developed a methodology for relaxing the norm-conserving constraint

without sacrificing computational accuracy, thus producing much smoother

pseudopotentials [38]. The removed charge is reincorporated at a later stage

in the calculation.3 In doing so the energy cut-off can be substantially low-

ered. These ‘ultrasoft’ pseudopotentials are more difficult to incorporate in

quantum mechanical codes, though they are commonly used in the CASTEP

code.

3The removed charge is known as the ‘augmentation charge’ and is stored on a grid
which is finer than the grid used to store the basis functions. This augmentation charge
grid is known as the ‘fine grid’. In CASTEP it is set by default to being 1.75 times
finer than the ‘standard grid’ used for the basis functions. The cut-off radius, rc, for the
ultrasoft region of the pseudopotential is often set to being lower than the cut-off radius
for the overall pseudopotential.
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In most cases the pseudopotential approximation is only applied to the

valence electrons. The orbitals for the core electrons, since they are not

involved in bonding, are assumed to be the same as those in an isolated atom

and therefore can be easily calculated without the need for pseudopotentials.

This is known as the ‘frozen core approximation’. Whilst the frozen core

approximation is valid for the calculation of magnetic shieldings [39], it is

not appropriate for hyperfine parameters which are highly influenced by core

polarisation. Alternative methodologies to the frozen core approximation

for hyperfine calculations will be discussed in section 4.3.1 and in chapter

8. In order to obtain accurate results, it is sometimes necessary to use

pseudopotentials for outer ‘core’ electrons, for example the 4s and 4p states

in Rh and Pd, and the 4f, 5s and 5p states in Pt (chapters 6 and 7). These

states are known as ‘semi-core’ states.

In the case of NMR parameters, which by nature involve quantum me-

chanical interactions in the vicinity of the nucleus, the use of pseudopoten-

tials for valence electrons is problematic because the valence pseudowave-

functions are non-physical within rc. This is corrected by the ‘Projector

Augmented Wave method’.

Projector Augmented Wave method (PAW)

The true all-electron non-pseudised wavefunction for valence electrons can be

recreated from the pseudowavefunction within the core region, as developed

by Blöchl [40, 41]. The pseudowavefunction |ψ̃〉 is mapped onto the all-

electron wavefunction |ψ〉 by the operator T̂ according to

|ψ〉 = T̂ |ψ̃〉, (3.15)
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where

T̂ = 1 +
∑
n

(|φn〉 − |φ̃n〉)〈p̃n|. (3.16)

Within the core region (bounded by rc), the pseudowavefunction is com-

posed of a linear combination of pseudo atomic-states |φ̃n〉. Equation 3.16

therefore corresponds to removing the section of |φ̃n〉 located within rc and

replacing it with the equivalent all-electron atomic-states |φn〉. |p̃n〉 is a

function strongly localised within rc and is therefore used to ensure that

only the section of |ψ̃〉 within rc is altered. A pictorial representation of

equation 3.16 is given in figure 3.5 [35].
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The shielding of the reference standard, σ iso
ref , could be

obtained by performing a calculation on the standard com-
pound itself, but this is often not convenient—for example, if
the reference is a liquid or solution. For this reason, most stud-
ies have obtained σ iso

ref as the intercept of a line of unit gradient
fitted to a graph of calculated shieldings against experimental
shifts.

3.2 Core States and Pseudopotentials

In the planewave-pseudopotential approach, it is implicit that
the core electrons can be treated separately from the valence
states in an atomic code. Historically, the validity of the frozen
core approximation for NMR properties had been doubted, but
a careful study by Gregor, Mauri, and Car11 showed that,
if the core and valence states are partitioned in a gauge-
invariant way, the shielding of the core electrons is chemically
insensitive. The contribution of the core electrons to chemical
shifts can hence be neglected. If absolute shieldings are
required, the core contribution is most conveniently calculated
by setting the gauge origin at the atomic center, so that
the shielding is purely diamagnetic and given by the Lamb
formula,

σij = δij
µ0e

2

4πme

∫
d3r

n(r)
r

(23)

As shown in Figure 2, the use of pseudopotentials implies
a nonphysical form for the wavefunction in the region
close to the nucleus. For this reason, a formalism based on
pseudopotentials might appear a poor choice for the calculation
of nuclear magnetic resonance parameters. The upper part of
Figure 4 shows shieldings computed for a range of isolated
molecules by using only the pseudowavefunctions (i.e.,
neglecting the fact that the pseudowavefunction differs from
the true all-electron wavefunction close to the nucleus), and the
corresponding large basis set quantum-chemical calculations.
For proton shieldings, the agreement is reasonable. For 13C,
the pseudopotential results reproduce the general trend of
the all-electron shieldings although the slope is somewhat
less than unity. Uncorrected pseudopotential calculations for
proton and first row elements have been presented (see e.g.,
Ref. 12); the agreement can be improved by using rather
hard pseudopotentials (i.e., a small matching radius). For the
second row elements, Si and P, Figure 4 shows the impact of
the pseudopotential approximation to be dramatic with almost
all of the chemical sensitivity lost. In order to make direct
comparison to experiment, it is therefore vital to correctly
account for the use of pseudopotentials and to obtain shieldings
with the accuracy of all-electron calculations.

The basis for such an approach was provided by projector
augmented wave (PAW) method introduced by van de Walle
and Blöchl.14 In this scheme, a linear transformation T maps
the valence pseudo wavefunctions |$̃〉 onto the corresponding
all-electron wavefunctions, |$〉 = T |$̃〉,

T = 1 +
∑

R,n

[|φR,n〉 − |φ̃R,n〉]〈p̃R,n| (24)

|φR,n〉 are all-electron atomiclike states obtained from
a calculation on an isolated atom and |φ̃R,n〉 are the
corresponding pseudized states. 〈p̃R,n| are a set of projectors
such that 〈p̃R,n|φ̃R′,m〉 = δR,R′δn,m. R labels the atomic site
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Figure 4 Isotropic magnetic shielding for nuclear sites in a range of
molecules. The graphs show shieldings obtained by the GIPAW method
and ultrasoft pseudopotentials plotted against all-electron shielding. The
straight line represents perfect agreement. The upper figure (a) shows
the contribution without GIPAW augmentation, the lower figure (b) plots
the total contribution. (Reproduced from Ref. 13.  American Physical
Society, 2007)

and n is a composite index that accounts for the angular
momentum and the number of projectors. In simple terms, the
PAW transformation works by computing the component of a
certain atomic-like state (say 2p) in a pseudowavefunction,
and replacing the pseudized component by its all-electron
form. This may seem like a rather approximate procedure,
but because the atomic states form a good basis for the
wavefunction in the region close to the nucleus, it can be
made highly accurate by using multiple projectors.

Within the PAW scheme, for an all-electron local or
semilocal operator O , the corresponding pseudooperator, Õ,
is given by

Õ = O +
∑

R,n,m

|p̃R,n〉
[
〈φR,n|O|φR,m〉

− 〈φ̃R,n|O|φ̃R,m〉
]
〈p̃R,m| (25)

As constructed in equation (25), the pseudooperator Õ
acting on pseudowavefunctions will give the same matrix
elements as the all-electron operator O acting on all-electron
wavefunctions.

For a system under a uniform magnetic field, PAW alone
is not a computationally realistic solution. In using a set of
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As shown in Figure 2, the use of pseudopotentials implies
a nonphysical form for the wavefunction in the region
close to the nucleus. For this reason, a formalism based on
pseudopotentials might appear a poor choice for the calculation
of nuclear magnetic resonance parameters. The upper part of
Figure 4 shows shieldings computed for a range of isolated
molecules by using only the pseudowavefunctions (i.e.,
neglecting the fact that the pseudowavefunction differs from
the true all-electron wavefunction close to the nucleus), and the
corresponding large basis set quantum-chemical calculations.
For proton shieldings, the agreement is reasonable. For 13C,
the pseudopotential results reproduce the general trend of
the all-electron shieldings although the slope is somewhat
less than unity. Uncorrected pseudopotential calculations for
proton and first row elements have been presented (see e.g.,
Ref. 12); the agreement can be improved by using rather
hard pseudopotentials (i.e., a small matching radius). For the
second row elements, Si and P, Figure 4 shows the impact of
the pseudopotential approximation to be dramatic with almost
all of the chemical sensitivity lost. In order to make direct
comparison to experiment, it is therefore vital to correctly
account for the use of pseudopotentials and to obtain shieldings
with the accuracy of all-electron calculations.
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and Blöchl.14 In this scheme, a linear transformation T maps
the valence pseudo wavefunctions |$̃〉 onto the corresponding
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Figure 4 Isotropic magnetic shielding for nuclear sites in a range of
molecules. The graphs show shieldings obtained by the GIPAW method
and ultrasoft pseudopotentials plotted against all-electron shielding. The
straight line represents perfect agreement. The upper figure (a) shows
the contribution without GIPAW augmentation, the lower figure (b) plots
the total contribution. (Reproduced from Ref. 13.  American Physical
Society, 2007)

and n is a composite index that accounts for the angular
momentum and the number of projectors. In simple terms, the
PAW transformation works by computing the component of a
certain atomic-like state (say 2p) in a pseudowavefunction,
and replacing the pseudized component by its all-electron
form. This may seem like a rather approximate procedure,
but because the atomic states form a good basis for the
wavefunction in the region close to the nucleus, it can be
made highly accurate by using multiple projectors.

Within the PAW scheme, for an all-electron local or
semilocal operator O , the corresponding pseudooperator, Õ,
is given by

Õ = O +
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]
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As constructed in equation (25), the pseudooperator Õ
acting on pseudowavefunctions will give the same matrix
elements as the all-electron operator O acting on all-electron
wavefunctions.

For a system under a uniform magnetic field, PAW alone
is not a computationally realistic solution. In using a set of
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As shown in Figure 2, the use of pseudopotentials implies
a nonphysical form for the wavefunction in the region
close to the nucleus. For this reason, a formalism based on
pseudopotentials might appear a poor choice for the calculation
of nuclear magnetic resonance parameters. The upper part of
Figure 4 shows shieldings computed for a range of isolated
molecules by using only the pseudowavefunctions (i.e.,
neglecting the fact that the pseudowavefunction differs from
the true all-electron wavefunction close to the nucleus), and the
corresponding large basis set quantum-chemical calculations.
For proton shieldings, the agreement is reasonable. For 13C,
the pseudopotential results reproduce the general trend of
the all-electron shieldings although the slope is somewhat
less than unity. Uncorrected pseudopotential calculations for
proton and first row elements have been presented (see e.g.,
Ref. 12); the agreement can be improved by using rather
hard pseudopotentials (i.e., a small matching radius). For the
second row elements, Si and P, Figure 4 shows the impact of
the pseudopotential approximation to be dramatic with almost
all of the chemical sensitivity lost. In order to make direct
comparison to experiment, it is therefore vital to correctly
account for the use of pseudopotentials and to obtain shieldings
with the accuracy of all-electron calculations.
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augmented wave (PAW) method introduced by van de Walle
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Figure 4 Isotropic magnetic shielding for nuclear sites in a range of
molecules. The graphs show shieldings obtained by the GIPAW method
and ultrasoft pseudopotentials plotted against all-electron shielding. The
straight line represents perfect agreement. The upper figure (a) shows
the contribution without GIPAW augmentation, the lower figure (b) plots
the total contribution. (Reproduced from Ref. 13.  American Physical
Society, 2007)

and n is a composite index that accounts for the angular
momentum and the number of projectors. In simple terms, the
PAW transformation works by computing the component of a
certain atomic-like state (say 2p) in a pseudowavefunction,
and replacing the pseudized component by its all-electron
form. This may seem like a rather approximate procedure,
but because the atomic states form a good basis for the
wavefunction in the region close to the nucleus, it can be
made highly accurate by using multiple projectors.

Within the PAW scheme, for an all-electron local or
semilocal operator O , the corresponding pseudooperator, Õ,
is given by
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acting on pseudowavefunctions will give the same matrix
elements as the all-electron operator O acting on all-electron
wavefunctions.

For a system under a uniform magnetic field, PAW alone
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As shown in Figure 2, the use of pseudopotentials implies
a nonphysical form for the wavefunction in the region
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Figure 4 Isotropic magnetic shielding for nuclear sites in a range of
molecules. The graphs show shieldings obtained by the GIPAW method
and ultrasoft pseudopotentials plotted against all-electron shielding. The
straight line represents perfect agreement. The upper figure (a) shows
the contribution without GIPAW augmentation, the lower figure (b) plots
the total contribution. (Reproduced from Ref. 13.  American Physical
Society, 2007)

and n is a composite index that accounts for the angular
momentum and the number of projectors. In simple terms, the
PAW transformation works by computing the component of a
certain atomic-like state (say 2p) in a pseudowavefunction,
and replacing the pseudized component by its all-electron
form. This may seem like a rather approximate procedure,
but because the atomic states form a good basis for the
wavefunction in the region close to the nucleus, it can be
made highly accurate by using multiple projectors.

Within the PAW scheme, for an all-electron local or
semilocal operator O , the corresponding pseudooperator, Õ,
is given by
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[
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As constructed in equation (25), the pseudooperator Õ
acting on pseudowavefunctions will give the same matrix
elements as the all-electron operator O acting on all-electron
wavefunctions.

For a system under a uniform magnetic field, PAW alone
is not a computationally realistic solution. In using a set of

(d)

Figure 3.5: Schematic of the PAW method [35]. The horizontal axis signifies
the radial distance from the nucleus. Figure (a) represents the initial pseu-
dowavefunction |ψ̃〉. Figure (b) represents two separate pseudo atomic-states
|φ̃n〉. Figure (c) represents two corresponding all-electron atomic-states |φn〉.
Figure (d) represents the final reconstructed all-electron wavefunction |ψ〉.
[Reprinted with permission from [35]. Copyright © 2010 John Wiley &
Sons, Ltd.]
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All-electron (AE) methodologies

Many codes used by the quantum chemistry community do not use pseu-

dopotentials but instead use the full electron wavefunctions. In some cases,

however, the core electrons are replaced with those of an isolated atom.

The GAUSSIAN codes [42] use localised Gaussian functions as a basis set

and can compute a large number of NMR parameters. They are, however,

limited to isolated systems. Gaussian functions can be used to calculate the

NMR parameters of solids in codes such as CRYSTAL [32, 33]. CRYSTAL

can be used to calculate hyperfine parameters and electric field gradients as

these are ground-state properties. However, it is not capable of calculating

response properties, for example magnetic shieldings, Knight shifts and J -

couplings. The reason for this is that CRYSTAL becomes very unstable

when using the large basis sets that would be required to converge the values

of the response properties.

3.4 Metals

The treatment of metallic systems requires additional care. In a metal,

the bands near the Fermi surface are partially occupied and so there are

a different number of occupied bands at each k-point. A (slightly) larger

number of bands is required than for insulators in order to make sure that

all bands crossing the Fermi level are accounted for.

The Fermi surface is also recalculated during each SCF cycle. This will

result in bands entering or exiting the sum of occupied states with each SCF

iteration if the Brillouin zone is not sampled finely enough. The number of

k-points required to overcome this numerical instability will be too large to

be computationally practical [43, p. 136]. In order to reduce the number
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of k-points required to a realistic level, a smearing function is applied to

each band [44, 45, 3]. This could take the form of a Gaussian [46], Hermite

polynomials or a Fermi function, to name a few.4 Gaussian smearing is

the most stable and is therefore used in my calculations. The width of

the smearing function must be investigated carefully for each calculated

property. As noted by d’Avezac et al., convergence with respect to smearing

width may be very slow [3].

Even with the application of smearing schemes, the k-point densities

required are still significantly higher for metals than for insulators—see fig-

ure 3.6. Therefore k-point spacings must be very carefully converged as

illustrated in chapters 6 and 7.

3.5 Geometry optimisations

Before the properties of a structure are calculated, the structure should

first be relaxed. This helps to remove any inconsistencies from a starting

structure that may have been obtained via experiment or are contained

within a structure that has yet to be experimentally verified. Sometimes the

structure may involve a defect or some other detail that cannot be revealed

via experiment in sufficient detail. For example, X-ray diffraction can only

record the average crystallography of a sample. In these cases geometry

optimisations provide insight into the atomic arrangement around a defect

site.

A geometry optimisation calculation runs as follows. The energy, forces

and stresses in the unit cell are calculated. These are then used to generate

4The Fermi distribution can also be employed to simulate the effect of finite tem-
perature on electrons, however in the context of accurate Fermi surface sampling the
‘temperature’ is purely numerical and has no physical meaning.
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Figure 3.6: Convergence of the total energy with respect to k-point spacing
for diamond (a typical insulator) and aluminium (a typical metal).

a new unit cell of lower enthalpy. For the calculations in this thesis, the

minimising algorithm used for this process was the BFGS minimiser [47].

The algorithm then iterates through a series of unit cell geometries of de-

creasing enthalpy until a set of specified convergence criteria are satisfied.

In CASTEP 8 the default convergence criteria are: the change in the total

energy must fall below 2× 10−5 eV/atom, the atomic displacement must be

below 0.001 Å, the forces on the atoms must fall below 0.05 eV/Å and the

stress on the unit cell must fall below 0.1 GPa. These tolerances can be

made more stringent if required.

Additionally, certain constraints may be placed on the unit cell by the

user: the angles and lengths of the unit cell may be held constant or the

positions of the ions may be fixed. Supercells involving large amounts of



3.5. GEOMETRY OPTIMISATIONS 43

vacuum are one example in which it is beneficial to fix the vacuum spacing

so that the periodic images do not move away or towards one another.

NMR parameters are particularly sensitive to structural changes. Struc-

tures therefore require careful relaxation before the NMR paramaters can

be calculated. By way of example, figure 3.7 shows a set of 93Nb σiso val-

ues calculated before and after a geometry optimisation. The structure is a

perovskite KNbO3 supercell into which a sodium atom has been substituted

onto a potassium site. Relaxing the structure changes both the distances

between the 93Nb and 23Na nuclei and has a significant effect on the 93Nb

σiso values.

3.3 3.4 3.5 3.6 3.7
Nb-Na separation / Å

365

370
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380

385

390

93
N

b 
σ is

o/p
pm
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Figure 3.7: The effect of relaxing the structures on 93Nb σiso for a 2×2×2
supercell of KNbO3 in which a Na atom has been substituted onto a K site.



44 CHAPTER 3. FIRST-PRINCIPLES METHODOLOGIES

3.6 Convergence, precision and accuracy

There are two types of approximations used in first-principles methodolo-

gies: numerical and physical approximations. Numerical approximations

relate to the values chosen by the user for computational parameters such

as the planewave cut-off, k-point sampling, the supercell size and smearing

width. A further numerical approximation is the type of pseudopotential

used because it is a non-physical parameter which affects the final result.

It is extremely important to ensure that calculations are sufficiently con-

verged with respect to these parameters if meaningful results are to be ob-

tained. Common sense should determine how rigorously results should be

converged. There is little to be gained wasting computational resources

by significantly over-converging results if equivalent experimental measure-

ments have large margins of error, or if the errors inherent to the model

outweigh those of convergence.

Physical approximations are those which are inherent to the model.

These include the type of exchange-correlation functional used, relativistic

effects, whether the frozen core approximation is used and whether thermal

effects are taken into account. These approximations determine how closely

a methodology replicates experiment. In the context of my calculations, I

have included scalar-relativistic corrections (which do not take into account

spin-orbit coupling). No thermal simulations have been included, with the

exception of the fictitious ‘electronic temperature’ due to smearing at the

Fermi surface.

This leads us to think about how to quantify the quality of a calcula-

tion. ‘Precision’ is a measure of how a calculation compares to an equivalent
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calculation obtained using different numerical parameters (i.e. during con-

vergence tests) or obtained using a different code. ‘Accuracy’ is a measure

of how a calculation compares to experiment.

There is no universal procedure for quantifying the precision or accuracy

of a calculation. Comparisons with experiment must be made with caution,

taking into account experimental errors, and the numerical and physical

approximations of the model. When assessing precision, one approach for

structural calculations is to compare the result of one methodology (a) with

that of another (b) using the ∆ gauge:

∆(a, b) =

√∫ 1.06V0
0.94V0

(Eb(V )− Ea(V ))2dV

0.12V0
, (3.17)

where V0 is the equilibrium volume and E(V ) is the total energy as a function

of volume [48]. In this way, in 2016, Lejaeghere et al. assessed the precision

of 40 methodologies [49].
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Chapter 4

Calculation of NMR
parameters

The initial theoretical framework for NMR parameters was developed by

Ramsey in the 1950s [50, 51, 52]. Since then computational methods pertain-

ing to the NMR parameters for diamagnetic materials have been developed

including the magnetic shielding tensor [53, 54], electric field gradients [55]

and J -coupling [56]. For metallic systems, progress has been made in the

calculation of magnetic shielding tensors and Knight shifts [3]. In terms of

hyperfine parameters, early qualitative attempts to calculate Fermi-contact

shifts involved calculations on molecular solids using Hartree-Fock and DFT

[57, 58, 59, 60]. There is also wide interest in calculating the hyperfine in-

teraction for single molecules [23, p. 209][61, 62, 63]. This chapter will cover

the relevant methodologies for calculating those parameters covered in the

subsequent results chapters.

4.1 Magnetic shielding in diamagnetic systems

As discussed in chapter 2, an applied magnetic field induces current loops in

the electrons surrounding a nucleus. These currents in turn induce a local

47
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magnetic field which shields (or deshields) the nuclear magnetic moment

from the applied magnetic field. The nuclear magnetic moment therefore

experiences the sum of the applied and local magnetic fields as expressed by

equation 2.8.

Calculating the magnetic shielding tensor, σ, is therefore a matter of

calculating the induced current, j(1)(r), and the induced magnetic field at

the nucleus, Bin(R), where r and R are the position vectors of the electron

current and the nucleus respectively.

The relation between Bin(R) and j(1)(r) is given by the Biot-Savart law:

Bin(R) =
µ0

4π

∫
j(1)(r)× (r−R)

|r−R|3 d3r. (4.1)

Within the formalism of quantum mechanics, the current density is ex-

pressed (in atomic units) as

j(r) = ψ∗p̂ψ + ψp̂ψ∗. (4.2)

In the presence of an external magnetic field, the momentum, p̂, should

be replaced with the canonical momentum, p̂ + 1
c Â, where A is the vector

potential and c = 1/α where α is the fine structure constant. Equation 4.2

therefore becomes

j(r) = −ψ∗p̂ψ + ψp̂ψ∗ +
1

c
Âψ∗ψ. (4.3)

Under experimentally realistic magnetic fields, the induced current and

resulting change in the magnetic field are small. It is therefore reasonable to

treat the induced current as a perturbation of the system. The total current,

j(r), is therefore

j(r) = j(0)(r) + j(1)(r), (4.4)
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where j(0)(r) is the ground-state current and j(1)(r) is the induced current.

The associated current density operator, Ĵ , is therefore

Ĵ = Ĵ (0) + Ĵ (1), (4.5)

where Ĵ (0) is the zeroth order current operator and Ĵ (1) is the contribution

to Ĵ which is linear in B.

The wavefunction can be expanded to first order in the applied magnetic

field, B, as

|ψ〉 = |ψ(0)〉+ |ψ(1)〉+O(B2). (4.6)

The expectation value for the current density is therefore

〈J〉 =〈ψ(0)|Ĵ (0)|ψ(0)〉+ 〈ψ(1)|Ĵ (0)|ψ(0)〉

+ 〈ψ(0)|Ĵ (0)|ψ(1)〉+ 〈ψ(0)|Ĵ (1)|ψ(0)〉+O(B2).

(4.7)

The ground-state expectation value is therefore

j(0)(r) = 〈ψ(0)|Ĵ (0)|ψ(0)〉 (4.8)

and the expectation value for the induced current is

j(1)(r) = 〈ψ(1)|Ĵ (0)|ψ(0)〉+ 〈ψ(0)|Ĵ (0)|ψ(1)〉+ 〈ψ(0)|Ĵ (1)|ψ(0)〉. (4.9)

The current operators are expressed as

Ĵ (0) = |r〉〈r|p̂ + p̂|r〉〈r| = Ĵp (4.10)

and

Ĵ (1) =
1

c
Â|r〉〈r| = Ĵd, (4.11)

where Ĵp and Ĵd are known as the paramagnetic and diamagnetic contribu-

tions respectively.
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The expectation value for the induced current, j(1)(r), can be further

expressed as

j(1)(r) = 4
∑
occ

Re[〈ψ(0)
occ|Ĵp|ψ(1)

occ〉] + 2
∑
occ

〈ψ(0)
occ|Ĵd|ψ(0)

occ〉 (4.12)

with a factor of 2 accounting for spin. The sum is over all occupied states.

The Coulomb gauge, A = 1
2B× (r−d), is now adopted. d is a constant

known as the gauge origin which is usually set to the origin of the coordinate

system (d = 0). Rewriting the charge density as
∑
occ

〈ψ(0)
occ|r〉〈r|ψ(0)

occ〉 = ρ(r)

gives

j(1)(r) = 4
∑
occ

Re[〈ψ(0)
occ|Ĵp|ψ(1)

occ〉] +
1

2c
B× rρ(r), (4.13)

where the first term is the paramagnetic term and the second term is the

diamagnetic term.

|ψ(1)〉 can be obtained through the relation

|ψ(1)
occ〉 = G(ε(0)

occ)Ĥ
(1)|ψ(0)

occ〉. (4.14)

G is a Green’s function, which in this context, is defined as

G(ε(0)
occ) =

∑
unocc

|ψ(0)
unocc〉〈ψ(0)

unocc|
εocc − εunocc

, (4.15)

where the sum is over all unoccupied states. The Green’s function is there-

fore a sum of the unoccupied ground-state wavefunctions, |ψ(0)
unocc〉. Ob-

taining these can be extremely computationally expensive. However, for-

tunately, the calculation of G(ε
(0)
occ) can be recast as an iterative problem

involving only ground-state wavefunctions [53].

All that remains is to find a suitable expression for Ĥ(1).
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4.1.1 Hamiltonian in a magnetic field

From the standard Hamiltonian Ĥ = 1
2 p̂2 + V̂ , we substitute p̂ for p̂ + 1

c Â

to obtain

Ĥ =
1

2
p̂2 + V̂ +

1

2c
(p̂.Â + Â.p̂) +

1

2c2
A2. (4.16)

Under the Coulomb gauge Â = 1
2B × r, p̂.Â = Â.p̂ so equation 4.16

becomes

Ĥ =
1

2
p̂2 + V̂ +

1

2c
L.B +

1

8c2
(B× r)2, (4.17)

where

Ĥ(0) =
1

2
p2 + V̂ , (4.18)

Ĥ(1) =
1

2c
L.B =

1

2c
(p.B× r) =

1

2c
(B.r× p) (4.19)

and

Ĥ(2) =
1

8c2
(B× r)2. (4.20)

4.1.2 Calculating the current in molecules

The current in isolated molecules can be calculated directly from equation

4.13 using quantum chemistry codes with local orbital basis sets [64]. The

current should not change depending on the gauge chosen, however this is

only true if a complete basis set is used. In practice a basis set cannot be

complete which means that the calculated current will change depending on

which coordinate system is chosen. The problem is known as the ‘gauge

origin problem’ [23, p. 198–199].

The reason for the gauge origin problem is that the diamagnetic and

paramagnetic terms converge at different rates with respect to the size of

a Gaussian basis set. In practice, the diamagnetic term is well-converged
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whereas the paramagnetic term is not. This means that the computed para-

magnetic value is sensitive to the position from the gauge origin. Method-

ologies to ‘restore gauge-invariance’ have been developed within quantum

chemistry codes [1]. Two common methodologies are ‘individual gauges for

local orbitals’ (IGLO) [65] and the ‘gauge-including atomic orbital’ (GIAO)

[66, 67].

4.1.3 Calculating the current in infinite solids

Directly solving equation 4.13 for an infinite system is problematic because

the diamagnetic term clearly diverges with increasing r. Fortunately there

is an equal and opposite divergence in the paramagnetic term so that the

paramagnetic and diamagnetic terms can be summed to give

j(1)(r) = 4
1

2c

∑
occ

Re[〈ψ(0)
occ|ĴpG(ε(0)

occ)(r− r′)× p|ψ(0)
occ〉]. (4.21)

This expression for j(1)(r) is now well-defined for infinite crystals because

the absolute positions given by r have been replaced by relative positions

r − r′. The Green’s function is calculated using an equivalent iterative

methodology to that implemented for molecules.

Nevertheless, calculating j(1)(r) from equation 4.21 is subject to several

computational challenges:

1. Ĥ(1) is not representable under periodic boundary conditions due to

the r × p term in equation 4.19. A solution to this was developed

by Mauri, Pfrommer and Louie in which the magnetic field was rep-

resented as a sinusoidal function which was taken to the limit of an

infinite wavelength [68]. Sebastiani et al. developed an alternative ap-

proach based on Wannier functions however it is not compatible with

pseudopotentials and is therefore only feasible for hydrogen [69, 70].
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2. Within the formalism of Mauri et al. discussed in point 1, the con-

vergence of the core electron wavefunctions is slow when calculating

chemical shifts. Gregor, Mauri and Car found that the core electrons

could be treated as if they were in an isolated atom [39]. This signifi-

cantly improved convergence rates without affecting the values of the

calculated chemical shifts.

3. Equation 4.21 should not be affected by the gauge origin problem,

however, due to the 1
r3

dependence of the induced magnetic field (see

equation 4.1), only the current close to the nucleus has a significant

effect on the magnetic shielding. When using pseudopotentials, the

wavefunctions close to the nucleus are pseudised and therefore non-

physical. The ‘true’ wavefunction near the nucleus therefore has to

be restored using PAW if an accurate value of j(1)(r) is to be ob-

tained. However the localised orbital wavefunctions generated with

PAW reintroduce the gauge dependence! Instead, the PAW approach

can be replaced with the Gauge Including Projector Augmented Wave

method (GIPAW) which once again removes the gauge dependence

[53].

4.2 Calculation of electric field gradients

The calculation of electric field gradients is much more straightforward than

other NMR parameters as it only requires knowledge of the ground-state

charge density. The electric field Eα(r) in equation 2.21 can be obtained by

summing the nuclear and electronic charge density, n(r′), according to

Eα(r) =

∫
n(r′)
|r− r′|3 (rα − r′α)d3r′. (4.22)
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The electronic component of n(r′), ρc(r′), is readily obtained with DFT

as outlined in chapter 3. Electric field gradients can also be calculated for

paramagnetic materials [71].

4.3 Calculation of NMR parameters for paramag-
netic and metallic systems

The methodologies described in section 4.1 are fully developed for diamag-

netic materials, however they are not sufficient for paramagnetic and metal-

lic systems. For diamagnetic materials only the orbital contribution to the

induced magnetic field needs to be taken into account, however for param-

agnetic and metallic systems there are additional contributions arising from

the electronic spin magnetisation, m(r).

The combined effect of the spin and orbital contributions to the induced

magnetic field is

Bin(R) =
µ0

4π

∫
j(r)× (r−R)

|r−R|3 d3r

+
µ0

4π

8π

3

∫
m(1)(r)δ(r−R)d3r

+
µ0

4π

∫
m(1)(r).

[
3(r−R)(r−R)T − |(r−R)|2

|(r−R)|5
]
d3r,

(4.23)

where m(1)(r) is the response of the electronic magnetisation to first order

in the applied field. The methodology for incorporating spin (the second

and third terms in equation 4.23) has been developed by d’Avezac, Marzari

and Mauri [3]. The density of the spin-‘up’ states is given, to first order, by

ρ
(1)
↑ =

∑
occ

[
〈ψ0
↑|r〉〈r|ψ1

↑〉+ 〈ψ1
↑|r〉〈r|ψ0

↑〉
]
, (4.24)

and likewise for the density of the spin-‘down’ states,

ρ
(1)
↓ =

∑
occ

[
〈ψ0
↓|r〉〈r|ψ1

↓〉+ 〈ψ1
↓|r〉〈r|ψ0

↓〉
]
. (4.25)
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The first order change in the spin density is therefore

ρ(1)
s = ρ

(1)
↑ − ρ

(1)
↓ , (4.26)

and the first order change in the charge density is

ρ(1)
c = ρ

(1)
↑ + ρ

(1)
↓ = 0. (4.27)

Therefore the first-order response to m(r) can be expressed in terms of one

spin-state only and doubled to incorporate the other:

m(1)(r) = 2
∑
occ

[
〈ψ1
↑|r〉〈r|ψ0

↑〉+ 〈ψ0
↑|r〉〈r|ψ1

↑〉
]
. (4.28)

Equation 4.28 can be solved directly using all-electron codes (these do

not employ pseudopotentials). In the case of methodologies which require

pseudopotentials, the equivalent pseudowavefunctions can be obtained with

PAW. GIPAW is not required because there is no gauge choice. The Hamil-

tonian incorporating spin is

Ĥ =
1

2
p2 + V + gµBB.S = Ĥ(0) + Ĥ(1), (4.29)

where g is the Landé g-factor, µB is the Bohr magneton, S is the spin vector

incorporating the Pauli spin matrices and B is the external magnetic field.

In the case of the calculation of the orbital contribution in equation 4.23

for metallic systems, the methodology outlined in section 4.1 for diamagnetic

systems can be employed. However the technicalities for metallic systems

outlined in section 3.4 must be applied.

There are two possible ways to calculate the Knight shift in metallic

systems. The first-order perturbation to the spin magnetic moment can be

calculated from equation 4.28 (the linear response approach). This is the

methodology used for the calculations in chapters 6 and 7. Alternatively,
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the overall spin response (all orders of m(r)) can be calculated by applying

an external field in accordance with the B.S term in equation 4.29; this is

known as the finite field approach.

4.3.1 Hyperfine parameters and core polarisation

The hyperfine interaction depends on the electron spin density at the nucleus

(ρs(R)). Therefore in order to calculate hyperfine parameters for paramag-

netic materials, two challenges must be overcome:

1. Within the pseudopotential approximation, the wavefunctions for va-

lence electrons are smoothed pseudowavefunctions within rc. This

leads to non-physical charge densities close to the nucleus and there-

fore incorrect hyperfine parameters.

2. The wavefunctions for the core electrons are calculated within the

frozen core approximation. However the spin of the valence electrons

can cause spin polarisation of the core electrons. Because accurately

computing the Fermi-contact interaction relies on knowing the spin

density at the nucleus exactly, failure to include this core polarisation

will lead to significant errors.

The first problem is solved using the Projector Augmented Wave method-

ology, as outlined in section 3.3.4 [40]. Applying the PAW methodology to

the Fermi-contact interaction results in the associated operator [35]:

ĤFC = C
∑
n,m

|p̃n〉〈φn|δ(Rl)|φm〉〈p̃m|, (4.30)

where C is a constant and δ(Rl) is the Dirac delta function positioned at

the nucleus.
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The second problem is more difficult to solve. Progress on accurately

modelling core polarisation was begun by Yazyev et al. through the core

spin-polarisation correction method (CSPC) [72]. The all-electron wavefunc-

tion for the core electrons was reconstructed in the presence of the valence

electrons with the valence states being approximated to those in an iso-

lated atom. This produced a significant improvement on the Fermi-contact

term for a series of small molecules. Declerck et al. proposed an alterna-

tive hybrid method for the inclusion of core polarisation which combined

an all-electron calculation for the atom of interest with a pseudopotential

calculation for all the others [73]. Not only could this hybrid method be

applied to single atoms and small molecules, it could also be applied to pe-

riodic systems. The hyperfine interaction of the L-α-alanine R2 radical in a

crystal of L-α-alanine molecules was calculated as an example of this.

Bahramy et al. developed a further improvement through calculating

the core polarisation using first-order perturbation theory [74, 75]. The

method consists of two steps as follows [75]. First, the PAW method of

Blöchl is used to reconstruct the all-electron wavefunctions of the core and

valence electrons within rc. Second, these wavefunctions are used to create

a perturbing potential, ∆V , based on the local charge densities of single

occupied molecular orbitals, ρSOMO:

∆V = ∆V↑ −∆V↓ = − 2

π

ρSOMO(r)

ρ
2/3
c (r)

. (4.31)

The factor of 2 arises from the inclusion of both spin up and down, the

contributions of which differ only in sign. This perturbing potential is used

to calculate the spin density of the core electrons, ρcs(r), using first-order
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perturbation theory according to

ρcs(r) = ρc↑(r)− ρc↓(r) = 4
∑
λ

Re

[
〈φλ|r〉

∑
κ6=λ

Cλκ〈r|φκ〉
]
, (4.32)

where φκ and φλ are non-spin-polarised eigenstates and

Cλκ =
〈φκ|∆V |φλ〉
ελ − εκ

. (4.33)

This methodology has been used by Filidou et al. to evaluate the hyper-

fine parameters for small organic molecules and optically excited fullerene

derivatives [14]. When compared to values obtained by all-electron method-

ologies and experiment, the values obtained using the methodology of Bahr-

amy et al. are an improvement on those obtained without considering core

polarisation. There is still however room for further improving the accuracy

of the calculations. Chapter 8 tests an alternative methodology for incorpo-

rating core polarisation in which all the electrons are included in the pseu-

dopotential. Due to the difficulty in accurately modelling core polarisation,

a complete methodology for calculating NMR parameters for paramagnetic

materials has yet to be developed.

4.4 Overview of the applications of calculating NMR
parameters

The methodologies outlined above have been a great success for calculat-

ing NMR parameters for diamagnetic materials. The calculations have of-

fered invaluable insight into the structure, disorder and dynamics of sys-

tems. They have aided the interpretation of experimental solid-state spec-

tra, predicted results and guided future experimental research. For example,

the calculation of hyperfine parameters by Carlier et al. showed that the
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previous assignment of Ni peaks in experimental MAS NMR spectra for

LiNi(1−y)CoyO2 materials should have been reversed [76, 60].

The extensive review paper by Bonhomme et al. documents all appli-

cations of the GIPAW methodology outlined above from the development

of GIPAW to 2011 [53]. These structures include organic molecules such as

aromatics and carbohydrates [77], amino acids [78], graphene oxide [79], car-

bon nanotubes [80, 81], inorganic materials (silicates [55], niobates [82, 83],

phosphates [8] and so on), polymers and hybrid materials [84, 85], bioma-

terials [86], nanoparticles (for example ZnSe nanoparticles [87]), surfaces

[88, 89], and disordered structures such as glasses [90, 91].

In the next three chapters I present the results of two investigations. The

first (chapter 5) concerns the calculation of NMR parameters for disordered

systems of perovskites which employs the methodologies for diamagnetic

systems outlined in sections 4.1 and 4.2. The next two chapters (chapters

6 and 7) are an investigation of the Knight shift in Pt, Pd and Rh (in bulk

and surface forms) which employs the methodologies outlined in sections

4.3. Finally, chapter 8 presents a further investigation on core polarisation,

which builds on the discussion in section 4.3.1.
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Chapter 5

NMR parameters of group I
niobate perovskites

Perovskites are a set of structures, of general formula ABX3, which consist

of a framework of corner-sharing octahedra of ‘X’ anions with ‘B’ cations at

their centres and ‘A’ cations in between them as shown in figure 5.1. They

have attracted considerable interest due to their broad range of materials

properties, for example ferroelectric or superconducting properties, which

emerge as a result of the large number of structural arrangements afforded

by the structure.

Structural distortions include displacements of the ‘A’ cations, and octa-

hedral distortions and tilting. Glazer characterised a set of 23 different tilt

systems, based on the assumption that the octahedra were ideal and rigid

[92]. Octahedral distortions can be quantified using two parameters [93].

The first is the shear strain, |ψ|, which provides a measure of how much the

X–B–X bond angle, θi, differs from the ideal bond angle, θo, of 90°:

|ψ| =
∑
i

| tan(θi − θo)|. (5.1)

The second is the longitudinal strain, |α|. This provides a measure of how

much the B–X bond lengths, li, differ from the ideal bond lengths, lo, where
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Figure 5.1: A general perovskite structure comprising ‘X’ anions (red), ‘A’
cations (orange) and ‘B’ cations (blue). The structure can be visualised as
a framework of corner-sharing octahedra with an ‘X’ anion at each vertex
and a ‘B’ anion at its centre.

the ideal bond length is defined as the bond length of an ideal octahedron

of the same volume as that for the octahedron with bond lengths li:

|α| =
∑
i

∣∣∣∣ ln( lilo
)∣∣∣∣. (5.2)

This chapter will focus on the calculation of the NMR parameters of the

two most commonly studied room temperature phases of NaNbO3 (Pbcm

and P21ma) and the room temperature phases of KNbO3 (Amm2) and

LiNbO3 (R3c). The solid solutions NaxK1−xNbO3, KxNa1−xNbO3 and

LixNa1−xNbO3 (‘disordered structures’) will also be investigated. 23Na,

93Nb, 7Li, 39K and 17O nuclei are all quadrupolar. 93Nb has spin 9
2 and 17O

has spin 5
2 , whilst the three group I nuclei all have spin 3

2 . Experimental

solid-state NMR spectra of these nuclei therefore suffer from a large degree of

quadrupolar broadening, particularly 93Nb, 23Na and 39K.1 First-principles

1The degree of quadrupolar broadening pertaining to a nucleus in a given EFG is
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calculations are therefore a valuable aid for interpreting these spectra, whilst

also offering insight on the reasons for observed spectral trends. The aim

of this chapter therefore is to identify how the NMR parameters for these

structures are influenced by the geometry and defects.

5.1 Sodium niobate, NaNbO3

Sodium niobate (NaNbO3) is a perovskite well-known for its piezoelectric

properties. The pure compound and the related KxNa1−xNbO3 system have

been much studied as a replacement candidate for lead-based piezoelectric

materials such as PZT (Pb(Zr1−xTix)O3) [95, 96]. NaNbO3 has a particu-

larly complex phase diagram with multiple phase transitions as a function

of temperature and pressure.

There has been much work in characterising these phases. Megaw orig-

inally characterised NaNbO3 as having seven phases. These were denoted

N, P, R, S, T1, T2 and U in order of ascending temperature, with phase

P being stable at room temperature [97]. At the same time there was also

known to be an additional ‘Q’ phase which could be formed at room tem-

perature in the presence of an electric field [98]. Since then, another two

phases have been found to exist at room temperature [99, 100]. Peel et

al. conducted an in-depth investigation on the high temperature R and S

phases [101]. Using a combination of X-ray and neutron diffraction and

first-principles CASTEP calculations, they presented a model for phase S

and two candidate structures for phase R.

dictated by the strength of the quadrupole moment of that nucleus. For the nuclei
studied in this chapter their quadrupole moments are 93Nb =−320 mb, 23Na = 104 mb,
39K = 58.5 mb, 7Li =−40.1 mb and 17O =−25.6 mb. The linewidth of the central peak is
given by the second-order quadrupolar broadening factor. For the nuclei in this chapter
these are 93Nb = 1.28, 23Na = 2.64, 39K = 4.20, 7Li = 0.228 and 17O = 0.0640 relative to
27Al [94, p. 14–16].
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5.1.1 The room temperature phases of NaNbO3

The room temperature phases NaNbO3 have been the subject of particu-

lar investigation. Which phases are present depend on factors such as the

synthesis route, doping and pressure. It is generally stated that phase P

is antiferroelectric, with an orthorhombic crystal structure and space group

Pbcm [102]. However, Darlington and Knight report phase P as possessing

a slight monoclinic distortion [103]. A further study by Yuzyuk et al., based

on Raman spectroscopy, suggests that there are three variants of phase P:

a monoclinic phase between 250–410 K, an incommensurate phase between

410–460 K and an orthorhombic phase between 460–633 K [104].

The other room temperature polymorph of interest, phase Q, is ferro-

electric, and is tentatively believed to have an orthorhombic crystal struc-

ture and a space group of P21ma [83, 105, 106]. However some studies

have suggested that it too possesses a slight monoclinic distortion [83]. Re-

cent work on characterising these room temperature phases of NaNbO3 has

been conducted using a combination of solid-state NMR, X-ray and neutron

diffraction, and first-principles calculations [83, 105, 102].

Characterisation of the room temperature NaNbO3 phases using
NMR

Ashbrook et al. analysed the crystal structures of two room temperature

NaNbO3 samples—one commercially produced, the other formed by a ‘low

temperature hydrothermal method’ [82]. Using a combination of 23Na MQ-

MAS NMR experiments and DFT calculations, they concluded that the

commercial sample consisted of the Pbcm polymorph, whereas the second

sample was likely to consist of a combination of Pbcm and P21ma poly-
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morphs.

In a later study, Johnston et al. synthesised a range of NaNbO3 sam-

ples and characterised them by a combination of MQMAS NMR, X-ray and

neutron diffraction, second harmonic generation experiments and CASTEP

calculations [83]. A commercial control sample was again found to be of

space group Pbcm, with two distinct 23Na sites and one 93Nb site, the lat-

ter of which exhibited some broadening attributed to slight disorder within

the structure. A set of samples synthesised by solid-state and molten salt

techniques contained a mixture of two phases (as indicated by four distinct

23Na resonances in the MQMAS NMR spectra): the Pbcm phase as found

in the commercial sample, and a second undetermined phase. A higher pro-

portion of the Pbcm phase was always formed; the authors suggested that

this indicated that Pbcm was the more thermodynamically stable phase. It

was possible to produce an almost pure sample of Pbcm via the molten salt

method. A final sample, synthesised using sol-gel techniques, was shown to

be composed of ∼90% of the ‘second phase’ and ∼10% of the Pbcm phase.

Second harmonic generation experiments on the sol-gel sample were there-

fore used to characterise this ‘second phase’ as a noncentrosymmetric polar

phase. Calculated NMR parameters for a range of candidate structures

resulted in P21ma providing the best fit to experimental data. It should

also be noted that the sol-gel sample had not been placed in an electric

field. This indicates that the ‘P21ma’ structure (considered to be synony-

mous with the ‘phase Q’ mentioned earlier) can be synthesised without the

presence of an electric field. A re-analysis of subtle peak broadenings in

experimental spectra indicated that this ‘P21ma’ structure was likely to

possess a slight monoclinic distortion (i.e. β 6= 90°).
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To shed more light on the problem of characterising the polar phase,

Johnston et al. conducted a thorough investigation on whether 93Nb NMR

could be used to characterise the NaNbO3 phases [105]. Contrary to a pre-

vious study by Hanna et al. [107], it was shown that the 93Nb resonances for

the Pbcm and supposed ‘P21ma’ polymorphs were almost identical. MQ-

MAS, wideline static NMR and MAS NMR spectra were recorded under a

range of experimental parameters (magnetic field strengths and sample ori-

entations), all with the same conclusion. By way of example, the MQMAS

spectra are shown in figure 5.2.

Figure 5.2: 93Nb MQMAS experimental structures for three NaNbO3 sam-
ples, recorded by Johnston et al. Sample ‘a’ is almost pure Pbcm, sample
‘b’ is a mixure of Pbcm and P21ma, and sample ‘c’ is almost pure P21ma.
[Reprinted (adapted) from [105] with permission from the PCCP Owner
Societies. http://dx.doi.org/10.1039/C1CP20258H ]

Attempts to correlate 93Nb quadrupolar interactions with O6 octahedral

distortions have also been made [107, 105]. Both studies found no correlation

between CQ values and |ψ| nor |α|. The study by Hanna et al. was conducted

over a range of structures [107]. They suggested that the lack of correlation

was due to the presence of long range distortions. Johnston et al. used a

smaller range of structures, but there was still considerable scatter even with

similar crystal structures. There was perhaps a weak correlation between
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CQ and |ψ| [105].

5.1.2 KxNa1−xNbO3 and LixNa1−xNbO3 solid solutions

It has been found that phase Q can be obtained if phase P is doped by only

2 molar % of either K or Li [108], as shown by the phase diagram in figure

5.3 and by Rödel et al. [96]. The phase diagram of KxNa1−xNbO3 has

been fairly thoroughly investigated [109, 110], however the phase diagram

of LixNa1−xNbO3 is less well understood.

Preliminary investigations on the LixNa1−xNbO3 system have been con-

ducted by Nitta, Zeyfang et al. and Jiménez et al. [111, 112, 113]. Using a

combination of X-ray and neutron diffraction and solid-state NMR, Peel et

al. conducted a further investigation across the full composition range using

a range of synthesis techniques—see figure 5.3 [102]. They also found that,

within the 0.05–0.20 molar % Li range, the fraction of phase Q decreased

over time whilst the R3c phase increased.

In contrast to the multiple room temperature phases of NaNbO3, the

pure KNbO3 room temperature phase has been well characterised as having

an orthorhombic crystal structure and Amm2 space group [114]. The pure

LiNbO3 has a rhombohedral crystal structure with space group R3c [115].

Figure 5.3: The phase diagram of NaNbO3–LiNbO3 constructed by Peel
et al. [Reprinted (adapted) with permission from [102]. Copyright 2013
American Chemical Society.]
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5.2 Calculations on ordered structures

Experimental structures from the ICSD database for KNbO3 Amm2 [114],

LiNbO3 R3c [115], NaNbO3 Pbcm [116] and NaNbO3 P21ma [117] were

used as a starting point. The structures were obtained via X-ray diffrac-

tion (XRD) and are shown in figures 5.4 and 5.5. The lattice parame-

ters are recorded in table 5.1. All my calculations in this chapter were

run using CASTEP version 8.0, with ultrasoft pseudopotentials from the

‘OTFG9’ set [49]. The isotropic magnetic shielding was converged to within

at least ±1 ppm, CQ to within at least ±0.03 MHz and η to within ±0.01 (or

±0.1 for 39K) using a planewave cut-off of 800 eV and a k-point spacing of

0.04×2πÅ−1. Similarly, Johnston et al. used a planewave cut-off of 812 eV

(60 Ry) and a k-point spacing of 0.04×2πÅ−1 for their calculations [83, 105].

Structure a / Å b / Å c / Å

KNbO3 3.971 5.697 5.723
LiNbO3 5.142 5.142 13.843

NaNbO3 Pbcm 5.506 5.566 15.520
NaNbO3 P21ma 5.569 7.790 5.518

Table 5.1: Experimental lattice parameters obtained via XRD for the
KNbO3, LiNbO3, Pbcm NaNbO3 and P21ma NaNbO3 perovskite struc-
tures [114, 115, 116, 117].

5.2.1 Geometry optimisations

The structures were carefully relaxed until the forces on the atoms were less

than 2.5×10−2 eV/Å, the stress on the unit cell was less than 0.05 GPa, the

total energy change between iterations was less than 1 × 10−5 eV and the

change in atomic displacement between successive iterations was less than

5×10−4 Å. Both the unit cell and the atomic positions were allowed to move,

as also allowed for by Johnston et al. in their calculations used to interpret
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Figure 5.4: The experimental structures for both NaNbO3 polymorphs.
Oxygen atoms are shown in red, sodium in purple and the oxygen octa-
hedra encapsulating the niobium atoms in teal.

experimental solid-state NMR spectra [83]. Visually, the relaxed structures

are almost identical to the experimental ones.

Forces

As noted in the literature ([101, 105]) the experimental structures contain

high forces on some of the atoms, particularly on the Nb and O atoms. The

largest force was 2.50 eV/Å for the Nb atoms in the NaNbO3 Pbcm struc-

ture. Table 5.2 shows the maximum forces in each of the four perovskite

structures, calculated using both PBE and PBEsol functionals. After relax-

ation all forces were reduced to less than 2.50× 10−2 eV/Å.
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Figure 5.5: The experimental structures for LiNbO3 and KNbO3 perovskite
structures. Lithium atoms are shown in green, sodium atoms in orange,
oxygen in red and the oxygen octahedra encapsulating the niobium atoms
in teal.

PBE PBEsol

|Fmax|(eV/Å) Atom |Fmax|(eV/Å) Atom

NaNbO3 Pbcm 2.50 Nb 2.48 Nb
NaNbO3 P21ma 0.194 Nb 0.190 Nb

LiNbO3 R3c 0.898 O 0.883 O
KNbO3 Amm2 0.184 Nb 0.162 Nb

Table 5.2: Maximum forces on the experimental perovskite structures prior
to structural relaxation.

Lattice parameters

Tables 5.3 and 5.4 show the percentage change in the lattice parameters and

unit cell volume as a result of relaxing these structures. Geometry optimi-

sations using the PBE functional caused the structures to expand whereas
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those using PBEsol caused the structures to contract. Notably, the percent-

age changes were in general much smaller when using the PBEsol functional

(i.e. the relaxed structure did not differ so much from the experimental

structure as it did when using PBE). This implies that PBEsol produces a

more accurate representation of the perovskite structures.

Change in lattice parameter/%
Structure a(PBE) b(PBE) c(PBE) a(PBEsol) b(PBEsol) c(PBEsol)
KNbO3 0.526 1.442 1.612 -0.154 -0.341 -0.509
LiNbO3 0.878 0.878 1.206 -0.214 -0.214 -0.155

NaNbO3 P21ma 1.530 0.051 1.245 -0.134 -0.551 -0.262
NaNbO3 Pbcm 1.171 1.496 0.448 -0.127 -0.091 -0.275

Table 5.3: Percentage change in unit cell axes between the initial experi-
mental and geometry optimised structures. Percentages are expressed with
respect to initial unit cell axes.

Change in cell volume/%

Structure PBE PBEsol

KNbO3 3.619 -1.001
LiNbO3 2.991 -0.581

NaNbO3 P21ma 2.847 -0.944
NaNbO3 Pbcm 3.144 -0.492

Table 5.4: Percentage volume change between the initial experimental and
geometry optimised structures. Percentages are expressed with respect to
initial volume.

5.2.2 NMR parameters

The magnetic shielding and quadrupolar parameters were calculated before

and after the structures were relaxed. In the tables and graphs in this

section, calculations on the pre-relaxed structures will be labelled as ‘XRD’

whilst those on the relaxed structures will be labelled ‘OPT’. The NMR

parameters reported in this section have been calculated using the same

functional as that used for the structural relaxation.
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NaNbO3 structures—23Na NMR parameters

Both Pbcm and P21ma polymorphs have two distinct 23Na resonances, in-

dicating that there are two different Na environments in each structure.

Table 5.5 shows the NMR parameters for these two Na nuclei in the Pbcm

polymorph; table 5.6 shows the equivalent for the two Na nuclei in the

P21ma polymorph. In all four tables experimental values and the results of

CASTEP calculations reported in the literature are shown alongside the re-

sults of my own CASTEP calculations. My calculated 23Na σiso values have

been converged to within at least 1 ppm, CQ values to within 0.01 MHz, and

ηQ to within at least 0.01. All 23Na δiso values are quoted using equation

2.11. The reference magnetic shielding used for the data quoted from John-

ston et al. [83] was σref = 565.84 ppm [100]. In the case of my calculations

I have taken reference shieldings from the y-intercept of the y = −x+b lines

of best fit shown in figure 5.6.2

Despite the planewave cut-off and k-point spacing being almost the same

for my calculations and those quoted in the literature (planewave cut-off of

800 eV versus 816 eV and a k-point spacing of 0.04×2πÅ−1 in both cases),

there is still a difference in the values of the calculated NMR parameters,

with my results being generally closer to the experimental values, particu-

larly in the case of δiso. Partly this will be due to differences in the pseu-

dopotential: the calculations reported in the literature date back to 2010,

and since then the accuracy of ultrasoft pseudopotentials in CASTEP has

improved. By way of comparison, the ∆ values for the 2010 pseudopoten-

tials and the up-to-date ones used in my calculations are 2.6 meV/atom and

2Fitting y = −x + b lines to trends of calculated magnetic shieldings enables a σref

value to be obtained which is consistent with the level of theory used to obtain the σiso

values in the first place.
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0.7 meV/atom respectively [49].3 Small structural differences in the relaxed

unit cells may also have contributed to the differences in the calculated NMR

parameters. Johnston et al. state that the forces on their relaxed structures

were below 0.04 eV/Å [105]. By contrast, the forces on my relaxed struc-

tures were below 0.025 eV/Å, indicating that my structures may have been

closer to the bottom of the energy minimum than those previously used in

the literature.

Tables 5.5 and 5.6 also show that PBE tends to overestimate σiso, whereas

PBEsol underestimates it. The calculated δiso values for my relaxed struc-

tures are closer to the experimental values than are the calculated values for

the XRD structures. Furthermore, the PBEsol(OPT) δiso values are closer

to the experimental values than are the PBE(OPT) values. The calculated

quadrupolar products are in good agreement with those obtained via exper-

iment. The quadrupolar products for the two Na sites in a given polymorph

differ by approximately 1–1.2 MHz, implying that PQ is a good indicator of

the Na site as noted by Peel et al. [102].

Figure 5.6 shows my calculated isotropic magnetic shielding values against

the experimental chemical shifts corresponding to ‘Exp2’ in tables 5.5 and

5.6. The figure shows that the relaxed structures produce a more consistent

set of magnetic shieldings. This is quantitatively expressed by calculating

the root-mean-square deviations from the lines of best fit, as recorded in

table 5.7. Structures relaxed using PBEsol produce a gradient that is closer

to -1 compared to that for PBE (see figure 5.6) and a RMS deviation for

y = −x+ b that is much smaller than the corresponding value for PBE (see

3The ∆ values are quoted as averages over all all-electron methods as presented in table
2 in the paper by Lejaeghere et al. [49]. The 2010 pseudopotentials would have been the
same as the ‘OTFG7’ (i.e. ‘C7’) set, whilst the ‘C8’ set used for my calculations is the
same as the ‘OTFG9’ (‘C9’) set quoted in the paper for the elements studied.
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a. 23Na1 in NaNbO3 Pbcm

Structure σiso/ppm δiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz
Exp1 [83] 566.44(5) -0.6(5) - - - - 2.2(1)
Exp2 [83] 566.34(5) -0.5(5) - - 2.1(1) 0.0(1) 2.1(1)
Calc1 [83] 570.64 -4.8 - - 2.22 0.17 2.23
Calc2 [83] 570.64 -4.8 - - 2.27 0.07 2.27

PBE(XRD) 567.3 -1.6 -11.7 0.35 2.04 0.78 2.23
PBEsol(XRD) 565.8 -1.6 -13.5 0.18 1.93 0.79 2.12

PBE(OPT) 567.1 -0.1 -9.7 0.38 2.28 0.07 2.28
PBEsol(OPT) 562.5 -0.6 -15.0 0.25 2.37 0.20 2.38

b. 23Na2 in NaNbO3 Pbcm

Structure σiso/ppm δiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz
Exp1 [83] 570.04(5) -4.2(5) - - - - 1.2(2)
Exp2 [83] 570.04(5) -4.2(5) - - 1.0(2) 0.8(1) 1.2(2)
Calc1 [83] 574.84 -9.0 - - 0.87 0.79 0.96
Calc2 [83] 574.74 -8.9 - - 0.89 0.71 0.96

PBE(XRD) 570.6 -4.9 14.7 0.31 1.07 0.58 1.13
PBEsol(XRD) 569.1 -4.9 14.4 0.37 1.00 0.52 1.05

PBE(OPT) 571.9 -4.9 15.3 0.45 1.04 0.59 1.09
PBEsol(OPT) 566.5 -4.6 15.3 0.47 1.02 0.60 1.08

Table 5.5: NMR parameters for 23Na1 (a.) and 23Na2 (b.) in the NaNbO3

Pbcm structure. The positions of Na1 and Na2 are shown in figure 5.6.
‘Exp1’ corresponds to an experimental measurement obtained by Johnston
et al. on a commercial sample [83]. ‘Exp2’ corresponds to an experimen-
tal measurement obtained by Johnston et al. using an external field of
9.4 T on a sample synthesised by solid-state techniques (‘Solid-state sam-
ple A’) [83]. The numbers in the brackets show the uncertainty in the last
digit. ‘Calc1’ and ‘Calc2’ are the results of CASTEP calculations, using
PBE, also conducted by Johnston et al. on relaxed structures [83]; the
pre-relaxed structures were obtained by experiment by Sakowski-Cowley et
al. [116] and Johnston et al. [83] respectively. For the results obtained
in my own calculations, the relaxed (OPT) structures were obtained us-
ing the same functional as that used for calculating the NMR parameters.
The σref values used to obtain δiso for each of my calculated σiso val-
ues were σref [PBE(XRD)]= 565.75 ppm, σref [PBEsol(XRD)]= 564.23 ppm,
σref [PBE(OPT)]= 566.96 ppm and σref [PBEsol(OPT)]= 561.91 ppm; these
were obtained from the y = −x+ b lines of best fit in figure 5.6.
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a. 23Na1 in NaNbO3 P21ma

Structure σiso/ppm δiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz
Exp2 [83] 567.24(5) -1.4(5) - - 2.1(1) 0.9(1) 2.4(1)
Exp3 [83] 567.34(5) -1.5(5) - - - - 2.4(1)
Calc3 [83] 570.74 -4.9 - - 2.33 0.71 2.52
Calc4 [83] 571.54 -5.7 - - 2.22 0.85 2.47

PBE(XRD) 566.6 -0.9 20.4 0.87 2.27 0.80 2.50
PBEsol(XRD) 564.8 -0.6 19.3 0.98 2.12 0.79 2.33

PBE(OPT) 567.6 -0.6 21.0 0.94 2.48 0.71 2.68
PBEsol(OPT) 562.7 -0.8 -21.7 0.89 2.41 0.63 2.57

b. 23Na2 in NaNbO3 P21ma

Structure σiso/ppm δiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz
Exp2 [83] 570.94(5) -5.1(5) - - 1.1(2) 0.7(1) 1.2(2)
Exp3 [83] 570.94(5) -5.1(5) - - - - 1.2(2)
Calc3 [83] 575.34 -9.5 - - 1.01 0.8 1.11
Calc4 [83] 575.74 -9.9 - - 0.80 0.82 0.89

PBE(XRD) 569.7 -4.0 15.4 0.29 1.17 0.72 1.26
PBEsol(XRD) 568.4 -4.2 15.4 0.51 1.09 0.70 1.17

PBE(OPT) 572.5 -5.5 15.1 0.29 1.01 0.79 1.11
PBEsol(OPT) 567.2 -5.3 15.9 0.44 1.02 0.76 1.11

Table 5.6: NMR parameters for 23Na1 (a.) and 23Na2 (b.) in the NaNbO3

P21ma structure. The positions of Na1 and Na2 are shown in figure 5.6. As
in table 5.5, ‘Exp2’ corresponds to an experimental measurement obtained
by Johnston et al. using an external field of 9.4 T on a sample synthesised
by solid-state techniques (‘Solid-state sample A’) [83]. ‘Exp3’ corresponds
to an experimental measurement also obtained by Johnston et al. on a sol-
gel sample hypothesised to be the P21ma polymorph [83]. The numbers in
the brackets show the uncertainty in the last digit. ‘Calc3’ and ‘Calc4’ are
the results of CASTEP calculations, using PBE, conducted by Johnston et
al. on relaxed structures; the pre-relaxed structures were experimentally ob-
tained by Shuvaeva et al. [117] and Johnston et al. [83] respectively. For the
results of my own calculations, the relaxed (OPT) structures were obtained
using the same functional as was used for calculating the NMR parame-
ters. The σref values used to obtain δiso for each of my calculated σiso val-
ues were σref [PBE(XRD)]= 565.75 ppm, σref [PBEsol(XRD)]= 564.23 ppm,
σref [PBE(OPT)]= 566.96 ppm and σref [PBEsol(OPT)]= 561.91 ppm; these
were obtained from the y = −x+ b lines of best fit in figure 5.6.
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table 5.7). This implies that PBEsol produces a more accurate representa-

tion of the structure.

RMS of residuals PBE(XRD) PBEsol(XRD) PBE(OPT) PBEsol(OPT)
for initial y = mx+ c 1.098 1.153 0.4056 0.4390

for y = −x+ b 1.037 1.011 0.6989 0.4212

Table 5.7: Table showing the root-mean-square deviations from the lines of
best fit shown in figure 5.6.

NaNbO3–93Nb NMR parameters

There is a single Nb environment for each of the NaNbO3 Pbcm and P21ma

polymorphs. The NMR parameters for these are shown in table 5.8. Since

there were only two σiso environments from which to obtain a σref from my

calculations (unlike for 23Na, where there were four), σref was taken to be

-648.12 ppm, a value obtained by Johnston et al. [83] and used for further

related work [105]. The blue entries are where I have completed the entries

from the literature. For the Pbcm structures, my calculated σiso values

are converged to within at least ±0.2 ppm, CQ to at least ±0.02 MHz and

ηQ to within ±0.005. In the case of the P21ma structures, σiso values are

converged to within ±1 ppm, CQ to ±0.03 MHz and ηQ to ±0.005.

As in the case for the 23Na calculations, my calculations are in closer

agreement to experiment than are the calculations in the literature [83,

105]. Again, this is probably due to the increased accuracy of the modern

pseudopotentials, and in part to the more stringent tolerances placed on my

structures during relaxation.

Comparing calculations for my relaxed structures to experiment shows

that the PBEsol calculations are in closer agreement to experiment than

those with PBE. It can also be seen that, for the relaxed structures, PBEsol
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overestimates σiso whilst PBE underestimates it, which is the opposite trend

to that observed for 23Na. In the case of |CQ|, PBEsol underestimates it

whilst PBE overestimates it.

In agreement with the measurements by Johnston et al., my calculations

do not indicate that there should be a distinct difference between the 93Nb

NMR spectra for the Pbcm and P21ma structures. This correlates with

the earlier calculations of Johnston et al., from which they concluded that

the 93Nb NMR parameters could not be used to distinguish the Pbcm and

P21ma polymorphs.

NaNbO3—17O NMR parameters

There are four separate oxygen environments for each NaNbO3 polymorph.

The values of σiso for each of these environments are shown in figure 5.7.

Note that the line shapes in figure 5.7 do not take into account any form of

physical broadening—quadrupolar or otherwise. The CQ values at all 17O

sites are however small at no more than 1.5 MHz.

To date there have been no published measurements for 17O NMR in

NaNbO3. Of the three stable oxygen isotopes (16O, 17O and 18O), only

17O has a non-zero spin. This isotope has a minute natural abundance of

0.037% [94, p. 333]. The only practical way to obtain a sample with a strong

enough 17O signal is by enrichment which is extremely expensive. Figure

5.7 shows that the polymorphs have similar 17O magnetic shieldings after

the structures have been relaxed (OPT), implying that 17O NMR may not

be a good method with which to distinguish between the two polymorphs.
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a. 93Nb—NaNbO3 Pbcm

Structure σiso/ppm δiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

Exp [83] 430.2(5) -1078.3(5) - - 19.6(2) 0.7(1) 21.2(2)
Exp [105] 430(10) -1078(10) -60(10) 0.3(1) 19.5(7) 0.7(1) 21.1(4)

Calc(XRD[118]) [105] 422.7 -1070.8 31.2 0.38 45.1 0.80 49.7
Calc(OPT[118]) [105] 408.0 -1056.1 -75.5 0.14 26.4 0.98 30.3
Calc(XRD[83]) [105] 440.9 -1089.0 -46.9 0.48 14.8 0.96 16.9
Calc(OPT[83]) [105] 409.8 -1057.9 -78.4 0.17 27.0 0.99 31.1

PBE(XRD) 446.7 -1094.8 67.1 0.51 19.6 0.23 19.7
PBEsol(XRD) 426.4 -1074.5 70.1 0.47 19.7 0.22 19.8

PBE(OPT) 395.4 -1043.5 108.4 0.20 24.3 0.91 27.4
PBEsol(OPT) 418.9 -1067.0 88.1 0.34 16.8 0.82 18.6

b. 93Nb—NaNbO3 P21ma

Structure σiso/ppm δiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

Exp [105] 430(10) -1078(10) -90(10) 0.5(1) 20.3(7) 0.7(1) 21.5(6)

Calc(XRD[117]) [105] 429.2 -1077.3 -58.8 0.23 15.1 0.27 15.3
Calc(OPT[117]) [105] 406.9 -1055.0 -72.9 0.11 25.2 0.91 28.5
Calc(XRD[83]) [105] 442.3 -1090.4 -72.9 0.27 19.3 0.53 20.2
Calc(OPT[83]) [105] 407.3 -1055.4 -74.6 0.08 26.5 0.92 30.0

PBE(XRD) 425.8 -1073.9 88.8 0.22 14.6 0.28 14.8
PBEsol(XRD) 406.3 -1054.4 88.9 0.21 14.6 0.29 14.8

PBE(OPT) 394.5 -1042.6 114.4 0.08 25.6 0.98 29.4
PBEsol(OPT) 415.6 -1063.7 91.7 0.29 17.8 0.75 19.4

Table 5.8: 93Nb NMR parameters for the NaNbO3 Pbcm (a.) and P21ma
structures (b.). ‘Exp’ entries are experimental data from the literature; the
brackets give the uncertainty in the measurements. ‘Calc’ entries correspond
to CASTEP calculations in the literature, all using the PBE functional.
‘PBE/PBEsol’ entries are my CASTEP calculations. ‘XRD’ and ‘OPT’ re-
fer to whether the structure used was from experiment or relaxed/optimised
respectively. The sources of the initial structures are referenced where ap-
propriate. The signs of the calculated ζ values have been reversed so that
they may be compared to experiment in accordance with the procedure by
Johnston et al. [105].

NMR parameters in LiNbO3

Table 5.9 shows the calculated NMR parameters for 7Li, 93Nb and 17O in

LiNbO3 R3c, alongside experimental measurements from the literature. It

can be seen that there is a single chemical environment each for Li, Nb and

O. The range of σiso values for 17O and 93Nb indicate that these nuclei are

relatively sensitive to changes in geometry and the functional used for the

calculations, as was the case for NaNbO3. By contrast, the σiso values for
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7Li are relatively insensitive to changes in geometry and functional. For the

Li and Nb nuclei, ηQ = 0 indicating that these nuclei are in a cylindrical

environment with respect to the electric field gradient. The CQ values for

7Li are small—of the order of kHz, compared to MHz for the other nuclei.

Structural relaxation appears to significantly improve the 93Nb CQ val-

ues with respect to experiment. This could be related to the relatively

high forces on the O nuclei prior to structural relaxation (table 5.2). The

oxygen octahedral arrangements would therefore alter significantly during

geometry optimisation calculations, thus changing the electric field gradient

experienced by the niobium nuclei. In the case of Nb and O, ζ is of the

order of a few hundreds of ppm, implying that the electronic environment

around the oxygen octahedra is far from isotropic.

NMR parameters in KNbO3

Two subtly different unit cells for the KNbO3 Amm2 structure are reported

in the literature from X-ray diffraction data [114, 126]. The Kawamura cell is

approximately the primitive cell of the Shuvaeva cell and also includes frac-

tional occupancy of the Nb atoms. Both cells upon relaxation have similar

NMR parameters, for example the σiso values across all the nuclei differ by

no more than 2 ppm. Cycling through the four possible permutations for the

positions of the Nb atoms in the Shuvaeva cell produces at most a 0.1 ppm

change in the 93Nb σiso value and corresponds to a 0.040 Å change in the

position of the Nb atom along the a-axis. The cell measured by Shuvaeva

et al. has been chosen for all subsequent calculations so that the structure

can be easily compared to the supercells for the disordered NaxK1−xNbO3

structures later in this chapter.
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a. 7Li—LiNbO3

Structure σiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

Exp1 [120] - - - 0.0552(4) 0 -
Exp2 [121, 122] - - - 0.054(1) 0 -

PBE(XRD) 88.78 -2.28 0.19 0.0365 0.00 0.04
PBEsol(XRD) 88.29 -2.31 0.19 0.0351 0.00 0.04

PBE(OPT) 89.17 -0.27 0.02 0.0165 0.00 0.02
PBEsol(OPT) 88.42 -0.66 0.09 0.0080 0.00 0.0080

b. 93Nb—LiNbO3

Structure σiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

Exp1 [123] - - - 22.02(4) 0 -
Exp2 [124] - - - - - 22.1(5)

PBE(XRD) 370.52 -117.79 0.00 7.060 0.00 7.06
PBEsol(XRD) 354.19 -119.60 0.00 7.272 0.00 7.27

PBE(OPT) 341.11 -174.43 0.00 22.34 0.00 22.34
PBEsol(OPT) 370.54 -168.98 0.00 20.94 0.00 20.94

c. 17O—LiNbO3

Structure σiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

Exp1 [125] - - - 3.4 - -

PBE(XRD) -219.7 393.8 0.19 1.043 0.87 1.17
PBEsol(XRD) -224.9 387.6 0.19 0.9623 0.96 1.10

PBE(OPT) -224.4 437.8 0.36 1.193 0.96 1.36
PBEsol(OPT) -216.3 409.1 0.33 1.130 0.74 1.23

Table 5.9: 7Li, 93Nb and 17O NMR parameters for the LiNbO3 R3c struc-
ture. For 7Li, the σiso values have been converged to within ±0.2 ppm
and CQ to within ±0.005 MHz. For 93Nb, the σiso values have been con-
verged to within ±1 ppm and the CQ values to within ±0.01 MHz. For 17O,
the σiso values have been converged to within ±0.7 ppm and CQ to within
±0.01 MHz. All ηQ values have been converged to within ±0.005.
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Table 5.10 shows the results of my NMR calculations for 39K, 93Nb and

17O. In general, there is an absence of suitable experimental NMR data in

the literature to compare my results to. Nevertheless, the calculations reveal

some interesting trends. There is a single environment each for the K and Nb

nuclei, but two distinct environments for the three oxygen sites. The single

39K environment is relatively isotropic, as indicated by the small ζ values

and CQ of the order of tens of kHz. The Nb and O environments are more

anisotropic, particularly in the case of the oxygen sites which have ζ values

twice as large as σiso. The CQ values for the oxygen sites are around 1 MHz.

The Nb CQ values are higher, at 20–35 MHz. Note that the relaxed PBEsol

structure has a 93Nb CQ value that is considerably closer to experiment than

that for the relaxed PBE structure.

5.2.3 The effect of functional on calculated NMR parame-
ters: PBE versus PBEsol

When investigating the NMR parameters for a given system, the structure

should first be relaxed before the NMR parameters are calculated. The

choice of functional can therefore indirectly affect the NMR parameters

through its effect on structural distortions, in addition to directly affect-

ing the NMR parameters via the NMR calculation. This section examines

both of these effects by investigating the changes in σiso across the pure

NaNbO3, LiNbO3 and KNbO3 structures discussed above.

The effect of geometry optimisations using PBE or PBEsol on σiso

How does the choice of functional for a geometry optimisation indirectly

affect the relaxed structure’s NMR parameters? By way of example, figure

5.8 shows the difference in σiso between structures relaxed with either PBE
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a. 39K—KNbO3

Structure σiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

PBE(XRD) 1161.0 -7.9 0.97 0.0173 0.72 0.0188
PBEsol(XRD) 1150.0 -8.4 0.97 0.0161 0.81 0.0178

PBE(OPT) 1171.3 -10.8 0.90 0.0419 0.59 0.0443
PBEsol(OPT) 1146.9 -7.1 0.88 0.0402 0.73 0.0436

b. 93Nb—KNbO3

Structure σiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

Exp [127] - - - 23.1 0.80 -
PBE(XRD) 390.2 93.5 0.70 23.46 0.79 25.79

PBEsol(XRD) 371.8 93.1 0.71 23.14 0.83 25.66
PBE(OPT) 361.8 99.3 0.77 34.18 0.65 36.51

PBEsol(OPT) 370.3 81.4 0.63 19.50 0.78 21.39

c. 17O—KNbO3

Structure σiso/ppm ζ/ppm η |CQ|/MHz ηQ |PQ|/MHz

A PBE(XRD) -241.3 412.7 0.18 1.373 0.02 1.373
B PBE(XRD) -276.2 478.1 0.20 0.787 0.24 0.795

A PBEsol(XRD) -247.7 405.4 0.18 1.249 0.03 1.249
B PBEsol(XRD) -282.5 470.9 0.21 0.679 0.28 0.688

A PBE(OPT) -241.4 413.4 0.23 1.623 0.02 1.623
B PBE(OPT) -289.5 497.6 0.23 0.918 0.20 0.924

A PBEsol(OPT) -255.4 414.0 0.14 1.111 0.05 1.111
B PBEsol(OPT) -282.4 464.3 0.17 0.663 0.23 0.669

Table 5.10: 39K, 93Nb and 17O (in two different environments—‘A’ and ‘B’)
NMR parameters for the KNbO3 Amm2 structure. For 39K, the σiso values
have been converged to within ±0.1 ppm, CQ to within ±0.001 MHz and
ηQ to within at least ±0.1. For 93Nb, the σiso values have been converged
to within ±1 ppm, CQ to within ±0.01 MHz and ηQ to within ±0.005. For
17O, the σiso values have been converged to within ±1 ppm, CQ to within
±0.005 MHz and ηQ to within ±0.01.

or PBEsol (‘OPT’) and the initial experimental structure (‘XRD’). In or-

der to directly compare the structural effect on σiso, the NMR calculation

has been performed using PBEsol irrespective of whether the structure has

been relaxed with PBEsol or PBE or not at all. The 93Nb and 17O σiso

values are particularly sensitive to structural relaxation. Furthermore, the

change in σiso as a result of relaxing with PBEsol is much smaller than that
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Figure 5.8: The difference between σiso for a relaxed (‘OPT’) structure and
the initial experimental (‘XRD’) structure. Triangles denote relaxations
using PBE, crosses—relaxations using PBEsol. All σiso values shown have
been calculated using PBEsol. Orange denotes potassium nuclei, green—
lithium, black—sodium, blue—niobium and red—oxygen.

when relaxing with PBE. In the most extreme case, the 93Nb σiso value

deviates by 51 ppm between the PBE-relaxed and the initial XRD struc-

ture. By contrast, the equivalent deviation for the PBEsol-relaxed structure

is only -7.5 ppm. This implies that PBEsol more accurately represents the

experimental structures, and that therefore NMR parameters calculated on

structures which have been optimised using PBEsol will be more consistent

with experiment, particularly for 93Nb nuclei.
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The effect of using PBE or PBEsol to calculate σiso for a given
structure

How does the choice of functional directly affect the calculated NMR pa-

rameters for a given structure? Figure 5.9 shows the difference between the

calculated σiso values obtained using PBE and PBEsol for the same struc-

ture i.e. for the initial experimental structures (‘XRD’), the PBE-relaxed

(‘PBE(OPT)’) structures and the PBEsol-relaxed (‘PBEsol(OPT)’) struc-

tures.

The σiso values for the group I cations are relatively insensitive to the

choice of functional when compared to a range of experimental chemical

shifts of suitable compounds. The 7Li σiso values are changed by approx-

imately 0.5 ppm with respect to functional, compared to a general chem-

ical shift range of ∼4 ppm over a range of lithium-containing compounds

[94, p. 630–1]. The 23Na values are changed by up to 2 ppm with func-

tional, compared to an experimental chemical shift range of ∼5 ppm for the

NaNbO3 structures (from tables 5.5 and 5.6) and ∼20 ppm over a range of

other Na-containing compounds [94, p. 403-11]. The 39K σiso values differ by

∼11 ppm with respect to functional. In the absence of any experimental 39K

NMR measurements, this can only be placed in the context of a σiso range

of other potassium-containing compounds which extend over ∼160 ppm [94,

p. 497].

The 17O σiso values are also relatively insensitive to the choice of func-

tional. 17O σiso values are changed by up to 7 ppm with respect to func-

tional, relative to a chemical shift range of ∼59 ppm across two measured

17O chemical shifts in LiNbO3 ([94, p. 357–8] after [125]). In the context of

the overall chemical shift range for 17O, which is greater than 1000 ppm over
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a range of compounds, the effect of functional is diminished even further [94,

p. 357–8].

Finally, the 93Nb σiso values are affected by up to ∼20 ppm depending on

the functional, however the range of chemical shifts across LiNbO3, NaNbO3

and KNbO3 is ∼69 ppm so the relative effect of the choice of functional is

not as great as it might seem when considering absolute values [94, p. 665].4
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Figure 5.9: The difference between σiso calculated using PBE and
PBEsol for a given structure. Crosses denote structures before relaxation
(‘XRD’), triangles denote structures which have been relaxed using PBE
(‘PBE(OPT)’) and plusses denote structures which have been relaxed using
PBEsol (‘PBEsol(OPT)’). Orange denotes potassium nuclei, green—lithium,
black—sodium, blue—niobium and red—oxygen.

This change in the calculated σiso as a result of changing the functional

4The experimental 93Nb chemical shifts relative to NbCl5 in acetonitrile are -1004 ppm
[124] or -1009 ppm [123] for LiNbO3, -1073 ppm for NaNbO3 (polymorph unspecified)
[124, 123] and -1050 ppm for KNbO3 [127, 123] as given by Mackenzie and Smith [94,
p. 665].
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could originate from either the core electrons, the valence electrons or a

combination of both. Table 5.11 shows that the contribution to σiso from

the core electrons is hardly affected by functional. Therefore the functional

must predominantly affect the valence electrons (shown for completeness in

figure 5.10).

Nucleus Core with PBE (ppm) Core with PBEsol (ppm) PBE-PBEsol (ppm)
17O 271.08 270.50 0.57

93Nb 3782.13 3780.74 1.39
39K 1193.41 1192.38 1.03
7Li 0.00 0.00 0.00

23Na 377.27 376.66 0.61

Table 5.11: Core contributions to the magnetic shielding tensor when using
PBE and PBEsol. All of these core magnetic shielding tensors are isotropic.

Overall, the effect of the functional on the NMR calculations has a

smaller effect on the final σiso values than the initial geometry optimisa-

tion, as can be seen by comparing the absolute magnitudes of the change in

σiso for graphs 5.8 and 5.9. The σiso deviations range from ∼-30—20 ppm

in the case of altering the geometry (with the PBE 93Nb value for NaNbO3

Pbcm being an outlier at -51 ppm). In the case of altering the functional

used for the NMR calculations for a given geometry, σiso values ranged only

from 0—20 ppm.

In all cases, whether the functional was changed for the geometry opti-

misations or for the NMR calculations, the 93Nb σiso values were the most

sensitive.
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Figure 5.10: The difference between the valence contribution to σiso cal-
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tained by subtracting the relevant core contribution to σiso (shown in table
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which have been relaxed using PBEsol. Orange denotes potassium nuclei,
green—lithium, black—sodium, blue—niobium and red—oxygen.
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5.2.4 The effect of octahedral distortions on 93Nb CQ

As discussed above, the choice of functional has a greater effect on the calcu-

lated magnetic shielding tensor through its effect on geometry optimisations

than directly through the NMR calculations. Out of all the nuclei studied,

the 93Nb are the most sensitive. A similar sensitivity could be expected

for the electric field gradient tensor, as has been alluded to in section 5.2.2,

again particularly in the case of the 93Nb nuclei. To a first approximation,

it could be assumed that the 93Nb CQ values are most affected by the Nb

nucleus’s nearest neighbours. In this case, these are six oxygen atoms which,

if not evenly spaced around the Nb atom, will produce an electric field gra-

dient which in turn will interact with the quadrupole moment of the 93Nb

nucleus. Investigating the correlation between 93Nb CQ values and oxygen

octahedral distortions provides insight into how the 93Nb nuclei are affected

by the arrangement of their nearest neighbours. This in turn provides valu-

able information for predicting and interpreting experimental 93Nb NMR

spectra.

Figure 5.11 shows 93Nb CQ plotted against the longitudinal and shear

strain parameters—defined by equations 5.2 and 5.1—across the range of

pure LiNbO3, NaNbO3 and KNbO3 perovskite structures. The correlation

between the longitudinal strain and 93Nb CQ values is positive and reason-

ably strong. By contrast, the correlation between the shear strain and 93Nb

CQ values is much weaker, though it appears to be positive if each compound

is considered separately.

Similar plots by Johnston et al. across a range of NaNbO3 perovskite

space groups display much weaker positive correlations [105]. This could be
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due to the use of PBE instead of PBEsol for their structural relaxations.

For the octahedral site in aluminosilicates, Ghose and Tsang have found

that there is a strong positive correlation between 27Al CQs and longitudinal

strain, but that the correlation with shear strain is ‘very poor’ [93]. Similarly,

the correlation between 25Mg and shear strain has been shown to be poor,

but that there is a reasonably strong positive correlation with longitudinal

strain [128]. The correlation between 45Sc and shear strain has also been

shown to be poor [129]. Conversely, the correlation for 49Ti has been shown

to be poor with respect to longitudinal strain but reasonably strong and

positive with respect to shear strain [130]. Owing to the extreme sensitivity

of the octahedral arrangements to the parameters employed when optimising

my niobate structures and the subsequent sensitivity of the 93Nb CQ values,

it is likely that similar trends would be exhibited in the CQ of other nuclei

surrounded by oxygen octahedra. A degree of caution should therefore be

taken in assigning too much validity to favourable comparisons between

older results in the literature and up-to-date calculations.

Note too the range of octahedral strains calculated as a function of relax-

ation. This provides an indication of how much the geometry of the oxygen

octahedra is changed as a result of structural relaxation and functional. The

difference between the octahedral strains for the relaxed structures and the

experimental structure is smaller when using PBEsol than PBE. Again this

implies that PBEsol provides a better representation of the structure than

PBE.
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Figure 5.11: Plots of CQ against the longitudinal strain |α| (top) and the
shear strain |ψ| (bottom). The CQ values have all been calculated using
PBEsol. Crosses denote the experimental structures (XRD), triangles—
relaxations using PBE (PBE(OPT)), and plusses—relaxations using PBEsol
(PBEsol(OPT)). Orange denotes KNbO3, green—LiNbO3, red—NaNbO3

P21ma, and blue—NaNbO3 Pbcm.
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5.2.5 Conclusions for the pure perovskite structures

My calculations on the pure NaNbO3, LiNbO3 and KNbO3 perovskite struc-

tures have shown that the NMR parameters for the 93Nb nuclei are particu-

larly sensitive to structural distortions, with the 17O NMR parameters being

the second most sensitive. The forces on the Nb and, to a lesser extent, the

O atoms in the XRD structures were particularly large, and therefore the

geometry optimisation calculations were dominated by subtle structural re-

configurations in the vicinity of the oxygen octahedra and the niobium atoms

inside these octahedra. By examining both the geometries and the NMR

parameters of the relaxed structures, it was found that PBEsol produced ge-

ometries which were closer to experiment than those produced using PBE.

The calculated NMR parameters were correspondingly closer to experiment

when using PBEsol than with PBE, particularly in the case of 93Nb CQ in

KNbO3 which was calculated as 34.2 MHz using PBE and 19.5 MHz with

PBEsol compared to an experimentally measured value of 23.1 MHz. The

trends in the calculated 23Na δiso values across the two NaNbO3 polymorphs

were also closer to experiment when using PBEsol instead of PBE.

By examining the trends in σiso across the five nuclei in the XRD and

PBE/PBEsol optimised structures, it was found that the differences in the

calculated magnetic shielding between using PBE or PBEsol were more

significantly affected by the initial changes in geometry due to relaxation

than from the actual NMR calculation itself. Again, it was evident that

the PBEsol functional produced more subtle geometrical changes when the

structures were relaxed which resulted in smaller deviations in σiso from the

σiso values calculated for the XRD structures.
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Finally, the relationship between the 93Nb CQ values and the geometri-

cal arrangements of the surrounding oxygen atoms was investigated. There

is a fairly strong correlation with a positive gradient between 93Nb CQ and

the longitudinal strain in the oxygen octahedra, however the correlation

with shear strain is much weaker (still with a positive gradient). This im-

plies that the electric field gradient experienced by a 93Nb nucleus in these

perovskites is strongly affected by the relative distances of the surrounding

nearest neighbour oxygen atoms, but that any effects from torsions within

the oxygen octahedra are much weaker or of longer range.

5.3 Calculations on disordered structures

Substituting an impurity atom into the pure ordered perovskite structures

introduces a degree of disorder. In this section we investigate the rela-

tionship between this disorder and the structure’s NMR parameters. The

disordered systems investigated are a set of solid solutions related to the

pure perovskites previously discussed: NaxK1−xNbO3, KxNa1−xNbO3 and

LixNa1−xNbO3. In cases where the main structure is NaNbO3, the Pbcm

polymorph has been used. Having concluded that the PBEsol functional

produces better representations of the pure perovskite structures than those

produced with PBE, and that the agreement of the calculated 93Nb NMR pa-

rameters (which are extremely sensitive to geometrical distortions) to mea-

sured values is much improved, all calculations in this section have been

performed with the PBEsol functional.

Models of solid solutions with differing concentrations have been con-

structed using a range of supercell sizes formed from the PBEsol-optimised

pure unit cells studied above. The impurity atom was then substituted onto
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a suitable Na/K site and the structure relaxed before calculating the NMR

parameters. All calculations were performed with a planewave cut-off of

800 eV, and a k-point spacing of 0.04×2πÅ−1. The tolerances employed for

structural relaxation were the same as those used for the pure structures.

Figure 5.12 shows an example relaxed supercell structure, in this case a

2×2×2 KNbO3 supercell in which the K atom closest to the origin has been

replaced with a Na atom. Table 5.12 lists the different structures studied in

this section alongside their equivalent molar concentrations.

Supercell size No. ‘A’ sites Molar conc./%

1Na-KNbO3

primitive 1 100
1×1×1 2 50
2×1×1 4 25
2×2×1 8 12.5
2×2×2 16 6.25
3×2×2 24 4.17

2Na-KNbO3

2×2×2 16 12.5

1K-NaNbO3 and 1Li-NaNbO3 (Pbcm)

1×1×1 8 12.5
1×2×1 16 6.25
2×2×1 32 3.13
2×3×1 48 2.08

Table 5.12: Summary of the supercell structures investigated and their cor-
responding impurity concentrations.

5.3.1 KNbO3 with one Na substituted for one K (1Na-KNbO3)

The 1Na-KNbO3 supercells were constructed by substituting a Na atom

onto the K site closest to the origin as shown in figure 5.12.
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Figure 5.12: The PBEsol-relaxed structure for the 2×2×2 1Na-KNbO3 su-
percell.

Behaviour of 23Na

The 23Na isotropic magnetic shielding, σiso, varies by only 0.7 ppm across

the supercell sizes investigated, as shown in table 5.13. This indicates that

23Na σiso is relatively insensitive to the separation between Na atoms and

implies that 23Na NMR is not a good probe of the level of Na doping in

KNbO3. However, the 23Na σiso value of 577 ppm differs by 10–15 ppm from

the equivalent 23Na resonances in the pure NaNbO3 polymorphs.5 This

implies that, whilst 23Na NMR cannot be used to finely measure the Na

concentration, it can be used to investigate whether the Na concentration is

low enough that the overall structure is based on KNbO3.

The 23Na CQ values are small, of the order of tens of kHz, in contrast to

23Na CQ in the pure NaNbO3 polymorphs which were generally of the order

of MHz. However, in comparison to the 39K CQ values in pure KNbO3 the

23Na values are generally an order of magnitude larger.

5For comparison, the PBEsol 23Na σiso values for NaNbO3 Pbcm are 562.5 ppm and
566.5 ppm, and for P21ma 562.7 ppm and 567.2 ppm.
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Note also the entries for the ‘primitive’ cell in table 5.13. This cell has

only one Na, one Nb and three O nuclei. The cell therefore contains no

K nuclei but it still exhibits a pure KNbO3 structure. The value of 23Na

σiso for the relaxed primitive cell is the same as that for the supercells (i.e.

577 ppm), implying that the magnetic shielding for Na is not affected by the

presence of K nuclei.

Supercell size 23Na σiso/ppm 23Na |CQ|/MHz ηQ Na–Na separation/Å

primitive 577.4 0.32 0.38 3.91
1×1×1 577.1 0.41 0.37 3.94
2×1×1 577.8 0.39 0.29 5.66
2×2×1 577.8 0.09 0.17 5.69
2×2×2 577.5 0.18 0.88 7.93
3×2×2 577.3 0.22 0.62 11.34

Table 5.13: Table showing the calculated 23Na isotropic magnetic shield-
ing, σiso, with nearest neighbour Na-Na separation in 1Na-KNbO3. All
structures were relaxed with PBEsol before σiso was calculated, also with
PBEsol.

Behaviour of 39K, 93Nb and 17O

Figures 5.13 and 5.14 show values of σiso for 39K, 93Nb and 17O as a function

of distance from the Na impurity. As the separation between the K/Nb/O

and Na nuclei increases, the σiso values tend to the equivalent values for pure

KNbO3. ‘Pure’ σiso values are observed to within ∼3 ppm at separations

of at least 6.5 Å. A similar trend is also observed with the 93Nb CQ values,

shown in figure 5.14. However the decay to the ‘pure’ value is not as rapid

as it is for σiso, with there still being a reasonable spread in CQ values at

the largest separation.
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Figure 5.13: The value of 39K σiso (top) and 17O σiso (bottom) as a func-
tion of separation from the Na impurity for the set of relaxed 1Na-KNbO3

supercells. The dotted lines denote equivalent 39K and 17O σiso values in
pure relaxed KNbO3 (top and bottom figures respectively).
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KNbO3 supercells. The dotted lines denote equivalent 93Nb σiso and |CQ|
values in pure relaxed KNbO3 (top and bottom figures respectively).



100CHAPTER 5. NMR PARAMETERS OF GROUP I NIOBATE PEROVSKITES

The effect of oxygen octahedral distortions on Nb

As was the case for the pure KNbO3, NaNbO3 and LiNbO3 structures, the

93Nb CQ values in the 1Na-KNbO3 supercells will be affected by the subtle

structural distortions of the surrounding oxygen atoms. Figure 5.15 shows

the correlations between 93Nb CQ and the longitudinal and shear strains

in the surrounding oxygen octahedra. For small supercells (i.e. those with

a high Na concentration), the correlation between CQ and the longitudinal

strain is negative. Supercells with a Na concentration below 6.25% (i.e. the

2×2×2 and 3×2×2 supercells) display a positive correlation, as was also

observed for the pure structures in section 5.2.4. The correlations between

CQ and the shear strain are negative across all supercells, although for the

largest supercell the line of best fit is almost horizontal. By contrast, the

correlations for the shear strain in the pure structures were positive, albeit

fairly weak. It can also be seen that there is considerable scatter about the

lines of best fit in both figures.

These trends can be explained if the distortion parameters are consid-

ered as a function of distance from the impurity Na atom, as shown in figure

5.16. Both |α| and |ψ| tend to their equivalent values in pure KNbO3 with

increasing Na–Nb separation. The scatter about the lines of best fit in figure

5.15 can therefore be explained by the increasing number of environments

in which the Nb nuclei are situated as the supercell size increases. The in-

creasing number of Nb nuclei in a comparatively ‘pure’ KNbO3 environment

with increasing supercell size also explains why the correlations of CQ with

|α| and |ψ| tend towards those of ‘pure’ KNbO3 with increasing supercell

size (although this trend is less pronounced for |ψ|).
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Figure 5.15: The correlation between 93Nb |CQ| and the longitudinal strain
|α| (top) and the shear strain |ψ| (bottom) of the oxygen octahedra in the
relaxed 1Na-KNbO3 supercells. The straight lines are lines of best fit.
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Figure 5.16: The longitudinal strain |α| (top) and the shear strain |ψ| (bot-
tom) of the oxygen octahedra as a function of distance between the Nb atom
inside the oxygen octahedron and the impurity Na atom for the 1Na-KNbO3

supercells. The dotted lines show the equivalent |α| and |ψ| values in pure
KNbO3 (top and bottom figures respectively).
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5.3.2 KNbO3 with two Na atoms substituted for two K atoms
(2Na-KNbO3)

The 1Na-KNbO3 structures simulate a solid-solution in which the impurity

Na atoms are uniformly distributed throughout the structure. In reality this

will not be the case. A second Na atom was therefore substituted into the

2×2×2 1Na-KNbO3 supercell on a variety of K sites in order to simulate a

degree of non-uniformity. These structures were then relaxed using PBEsol,

a planewave cut-off of 800 eV and a k-point sampling of 0.04×2πÅ−1. The

resulting set of relaxed structures, denoted ‘a’–‘g’, is shown in figure 5.17.

Figures 5.18, 5.19 and 5.20 show the change in NMR parameters as a

function of distance from the nearest neighbour Na atom.6 The 2×2×1 1Na-

KNbO3 supercell contains the same 12.5% molar Na concentration as the

2Na-KNbO3 structures. The relevant 1Na-KNbO3 NMR parameters have

therefore been included in the 2Na-KNbO3 figures. Structure ‘f’ contains

the same arrangement of Na atoms as the 2×2×1 1Na-KNbO3 structure,

however with twice as many atoms in the unit cell. Having relaxed the

structures, a degree of periodicity is therefore removed from structure ‘f’ as a

result of there being two 1Na-KNbO3 unit cells in the supercell. Nevertheless

the σiso values for 39K, 17O, and 93Nb coincide quite well between the 1Na-

KNbO3 2×2×1 and ‘f’ structures. The only notable discrepancy is in the

93Nb CQ values at ∼6.6 Å where there is a difference of ∼3 MHz. The overall

decay of values with increasing separation is similar to that for the 1Na-

KNbO3 supercells. By a separation of 6.5 Å the σiso values for 39K are within

∼1 ppm of the pure KNbO3 value, for 93Nb they are within ∼6 ppm and for

6There are two possible Na–K/O/Nb/Na separations per K/O/Nb/Na atom because
there are two Na atoms per unit cell. The larger separation has therefore been neglected
even in the cases where the K/O/Nb atom is approximately equidistant from both Na
atoms.
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17O they are within ∼2.5 ppm. The 93Nb CQ values decay more slowly, as

also observed for the 1Na-KNbO3 supercells, and are within ∼5 MHz by a

separation of 6.5 Å.

The range of 23Na σiso values, shown in figure 5.18, is greater than in

1Na-KNbO3. Whereas the range across the 1Na-KNbO3 structures was

0.7 ppm, in the case of the 2Na-KNbO3 structures, the range is ∼2.2 ppm.

Figure 5.21 shows the 93Nb CQ values as a function of longitudinal and

shear strains in the surrounding oxygen octahedra. The equivalent values

for the 1Na-KNbO3 2×2×1 supercell are also included. These values do

not coincide with the equivalent values for structure ‘f’. This implies that

the reduced periodicity in structure ‘f’ compared to in the 1Na-KNbO3

2×2×1 structure increases the allowed range of octahedral distortions in

the structure. The correlations are also much weaker for the 2Na-KNbO3

structures in comparison to the 1Na-KNbO3 structures. The correlation

with respect to shear strain is negative, whilst the equivalent for longitudinal

strain is weakly positive in most structures.
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Figure 5.18: 23Na σiso as a function of Na–Na separation in the 2Na-KNbO3

supercells. The brown dotted line shows the equivalent 23Na σiso value in
the 1Na-KNbO3 2×2×1 supercell.
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Figure 5.19: 39K σiso (top) and 17O σiso (bottom) as a function of Na–Na
separation in the 2Na-KNbO3 supercells. The brown dotted lines show the
equivalent 39K σiso and 17O σiso values in pure KNbO3 (top and bottom
figures respectively) and the filled red triangles show the equivalent data for
the 1Na-KNbO3 2×2×1 supercell.
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Figure 5.20: 93Nb σiso (top) and |CQ| (bottom) as a function of Nb–Na
separation in the 2Na-KNbO3 supercells. The brown dotted lines shows the
equivalent 93Nb σiso and |CQ| values (top and bottom figures respectively)
in pure KNbO3 and the filled red triangles show the equivalent data for the
1Na-KNbO3 2×2×1 supercell.
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Figure 5.21: 93Nb CQ as a function of longitudinal strain |α| (top) and shear
strain |ψ| (bottom) of the surrounding oxygen octahedra in the 2Na-KNbO3

supercells. The filled red triangles show the equivalent 1Na-KNbO3 2×2×1
values for comparison.
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5.3.3 1K-NaNbO3-Pbcm and 1Li-NaNbO3-Pbcm

Previous investigations of KxNa1−xNbO3 and LixNa1−xNbO3 in the litera-

ture have already been outlined in section 5.1.2. It was found that doping

Pbcm-NaNbO3 with more than 2% Li or K produced a P21ma structure. I

have therefore substituted Li and K atoms into supercells of Pbcm-NaNbO3

across a concentration range of 2.1%–12.5% as outlined in table 5.12.

From section 5.2.2, it can be seen that there are two Na atomic envi-

ronments, therefore the effect of substituting a Li or K atom for a Na atom

is expected to be dependent on the substitution site. Figure 5.22 shows

the substitution of a K atom in four different places: two in one chemical

environment, two in another. Table 5.15 shows the 39K σiso and CQ values

for each of these four sites. As expected, the ‘A’ and ‘B’ sites are almost

equivalent, and the same is true for the ‘C’ and ‘D’ sites. For simplicity,

all subsequent structures in this section involve the K or Li impurity atom

being substituted onto the ‘A’ site. In the supercells this corresponds to the

‘A’ site that is closest to the origin.

Geometry optimisations

Upon relaxation with PBEsol, none of the structures became P21ma in

contrast to experimental observations. The degree of structural distortion

in the oxygen octahedra could however be seen to increase, particularly in

the vicinity of the impurity atom. The supercells also all became slightly

monoclinic upon relaxation. In the 1K-NaNbO3 structures, the angle α

decreased from 90° upon relaxation, whereas in the 1Li-NaNbO3 structures

α became larger than 90°. The change in α ranged from 89.87° in the 1×1×1

1K-NaNbO3 structure to 90.34° in the 1×1×1 1Li-NaNbO3 structure. The
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degree of distortion was greatest in the 1×1×1 unit cells and decreased

with increasing supercell size. Experimentally, monoclinic phases have been

observed in KxNa1−xNbO3 solid solutions for concentrations of K up to 30%

[109].

NMR parameters

The 17O σiso values appear to tend towards their pure NaNbO3 Pbcm equiv-

alents with increasing separation from the impurity atom, as shown in figures

5.23 and 5.26. A similar trend is observed for the 93Nb σiso and CQ val-

ues (figures 5.24 and 5.27), although 93Nb σiso may be tending towards a

value approximately 2.5 ppm lower than that in pure NaNbO3 with increas-

ing Nb-K separation. Larger supercells would be required to investigate this

further.

In the 1K-NaNbO3 structures, the 23Na σiso values appear to be tending

towards values that are 0.7–0.9 ppm lower than the pure NaNbO3 values (fig-

ure 5.23). In the 1Li-NaNbO3 structures the effect is even more noticeable,

with 23Na σiso values being 1.5–1.8 ppm below the pure equivalent (figure

5.26). This suggests that doping Pbcm NaNbO3 with Li and K has an ex-

perimentally measurable effect on 23Na NMR spectra. Table 5.14 shows the

23Na experimental chemical shifts for a pure NaNbO3 sample and a solid so-

lution of Li0.3Na0.7NbO3, both assigned as phase P21ma. The difference in

the chemical shifts between the Na sites with similar quadrupolar products

(PQ) is 0.5–0.8 ppm (±1 ppm if experimental errors are taken into account).

The shift in the calculated 23Na σiso values in 1Li-NaNbO3, albeit in the

context of a Pbcm structure, may be linked to this experimental observation.

Whilst the 23Na NMR parameters in 1Na-KNbO3 were independent of
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Sample δiso/ppm PQ/MHz

Exp2 Pbcm [83] Na1 -0.5(5) 2.1(1)
Exp2 Pbcm [83] Na2 -4.2(5) 1.2(2)

Exp2 P21ma [83] Na1 -1.4(5) 2.4(1)
Exp2 P21ma [83] Na2 -5.1(5) 1.2(2)

Li0.3Na0.7NbO3 P21ma [102] Na1 -4.6(5) 1.1(1)
Li0.3Na0.7NbO3 P21ma [102] Na2 -0.6(5) 2.3(1)

Table 5.14: Experimental 23Na chemical shifts for a pure mixed-phase
NaNbO3 sample and a 3% Li-NaNbO3 sample of phase P21ma. The pure
NaNbO3 measurements are the same as presented in tables 5.5 and 5.6, and
labelled ‘Exp2’. All chemical shifts have been measured with respect to 1 M
NaCl(aq) and a secondary reference of NaCl(s) (with δiso = 7.8 ppm).

supercell size, this is not the case for K in Pbcm-NaNbO3, where 39K σiso

varies by up to 7.9 ppm (shown in table 5.16). In the case of Li in Pbcm

NaNbO3, 7Li σiso varies across a smaller range of 1.1 ppm across the su-

percells studied (shown in table 5.17). These changes in σiso may be ex-

perimentally measurable, implying that 39K, and to a lesser extent 7Li, are

potential probes for NaNbO3 doping.

The correlations between 93Nb CQ values and the octahedral strains all

have a firmly positive gradient (figures 5.25 and 5.28). By contrast, the

shear strains for the disordered KNbO3 structures have a generally negative

gradient whilst those for the pure structures were positive. The greater the

concentration of impurity atoms, the greater the deviation from the trends

identified in the pure structure. The Pbcm NaNbO3 has eight oxygen octa-

hedra in the 1×1×1 unit cell, whereas the KNbO3 1×1×1 unit cell has only

two. Therefore the disordered Pbcm NaNbO3 supercells studied generally

contain lower impurity concentrations than the 1Na-KNbO3 supercells. It is

therefore not surprising that the 1Li-NaNbO3 and 1K-NaNbO3 |CQ|–strain

correlations are closer to the pure structure correlations than those of the
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Figure 5.22: Four 1K-NaNbO3 Pbcm structures in which the K atom is
substituted onto four different sites. The pure NaNbO3 Pbcm structure is
included for comparison. All structures have been relaxed with PBEsol.

K position σiso/ppm |CQ|/MHz

A 1123.1 1.740
B 1122.9 1.740
C 1128.4 0.982
D 1128.5 1.005

Table 5.15: The 39K σiso and |CQ| values for one K substituted in turn onto
a different Na site in 1K-NaNbO3 Pbcm as shown in figure 5.22.

1Na-KNbO3 structures.

Nevertheless, as was the case for the pure perovskites and disordered

KNbO3 structures, the correlations with longitudinal strain are stronger

than those with shear strain, implying that the longitudinal distortions in

the oxygen octahedra have a greater effect on the EFG experienced by the

93Nb nuclei than the shear strains do. The equivalent CQ–strain values for

pure Pbcm NaNbO3 also lie on, or very close to, the lines of best fit.
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Figure 5.23: 23Na σiso (top) and 17O σiso (bottom) as a function of separa-
tion from the impurity K atom in the 1K-NaNbO3 supercells. The brown
dotted lines show the equivalent σiso values in pure Pbcm NaNbO3.
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Figure 5.24: 93Nb σiso (top) and |CQ| (bottom) as a function of Nb–K
separation in the 1K-NaNbO3 supercells. The brown dotted lines show the
equivalent 93Nb values in pure Pbcm NaNbO3.
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Figure 5.25: 93Nb |CQ| as a function of longitudinal strain |α| (top) and
shear strain |ψ| (bottom) of the oxygen octahedra in the 1K-NaNbO3 su-
percells. The orange diamonds show the equivalent 93Nb values in pure
Pbcm NaNbO3 and the straight lines are lines of best fit.
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Figure 5.26: 23Na σiso (top) and 17O σiso (bottom) as a function of separa-
tion from the impurity Li atom in the 1Li-NaNbO3 supercells. The brown
dotted lines show the equivalent σiso values in pure Pbcm NaNbO3.
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Figure 5.27: 93Nb σiso (top) and |CQ| (bottom) as a function of Nb–Li
separation in the 1Li-NaNbO3 supercells. The brown dotted lines show the
equivalent 93Nb values in pure Pbcm NaNbO3.
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Figure 5.28: 93Nb |CQ| as a function of longitudinal strain |α| (top) and
shear strain |ψ| (bottom) of the oxygen octahedra in the 1Li-NaNbO3 su-
percells. The orange diamonds show the equivalent 93Nb values in pure
Pbcm NaNbO3 and the straight lines are lines of best fit.
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Supercell σiso/ppm CQ/MHz ηQ K–K separation/Å

1×1×1 1123.1 1.740 0.16 5.53
1×2×1 1121.4 1.898 0.15 5.51
2×2×1 1116.1 2.031 0.15 11.01
2×3×1 1115.2 2.042 0.16 11.00

Table 5.16: The NMR parameters for 39K in 1K-NaNbO3 Pbcm with in-
creasing K–K separation.

Supercell σiso/ppm CQ/MHz ηQ Li–Li separation/Å

1×1×1 89.5 0.177 0.10 5.46
1×2×1 88.9 0.158 0.17 5.47
2×2×1 88.7 0.156 0.22 10.97
2×3×1 88.4 0.151 0.21 10.98

Table 5.17: The NMR parameters for 7Li in 1Li-NaNbO3 Pbcm with in-
creasing Li–Li separation.
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5.3.4 Conclusions for the disordered perovskite structures

The NMR parameters for the 1Na-KNbO3, 2Na-KNbO3, 1K-NaNbO3 and

1Li-NaNbO3 structures have been analysed as a function of distance from

the impurity atoms and in terms of strain parameters which quantify the

subtle distortions within the oxygen octahedra.

The σiso values of individual nuclei generally tend towards their equiva-

lent values in the pure perovskites as the distance from the impurity atom

increases. σiso values are close to their pure equivalents by a separation of

6.5 Å in the case of the disordered KNbO3 structures, and by up to 9.5–11 Å

for the disordered NaNbO3 structures.7 In order to assess these trends in

the disordered NaNbO3 structures more thoroughly, the P21ma structure

should be investigated. A range of other disordered and pure NaNbO3 poly-

morphs could be investigated using the ab initio random structure searching

(AIRSS) technique [131].

The strength of the correlations between 93Nb |CQ| and octahedral strains

were found to be linked to the degree of disorder within the structure. The

greater the range of environments in which the 93Nb were situated, the

weaker the correlations—as shown by the plots of octahedral strains as a

function of distance from the impurity Na atom in the 1Na-KNbO3 super-

cells, and from the study of 2Na-KNbO3 supercells. Structures with lower

impurity concentrations were found to exhibit positive-gradient |CQ|–strain

correlations that were close to that for pure perovskites. An increase in

impurity concentration was correspondingly accompanied by an increasing

deviation from the trends observed for the pure structures. This was most

7In the case of Nb in the disordered NaNbO3 structures, the decay appears to be still
slower than this, though larger supercells would be required to investigate this further.
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notable in the 1Na-KNbO3 structures (for which the correlations ranged

from a negative to positive gradient), the supercells of which extended to

higher impurity concentrations than examined in the 1Li-NaNbO3 and 1K-

NaNbO3 structures (for which the correlations all had a positive gradient).

The strength of the 93Nb |CQ| correlations with longitudinal strain were

stronger than those with shear strain, implying that the electric field gra-

dient experienced by the 93Nb nuclei is affected more by the Nb–O bond

lengths than their angular orientation.

5.4 Overall conclusions

In this chapter I have presented calculated NMR parameters for the per-

ovskite structures for pure NaNbO3, LiNbO3 and KNbO3, and the solid so-

lutions of NaxK1−xNbO3, KxNa1−xNbO3 and LixNa1−xNbO3 across a range

of compositions. It was found that the NMR parameters were very sensitive

to structural distortions, particularly in the case of the Nb and O nuclei

due to their complex octahedral arrangements. When relaxing the initial

experimental structures, PBEsol was found to give a better representation

of the structures than the commonly-used PBE functional. The choice of

functional for the initial geometry optimisation was found to have a greater

effect on the calculated NMR parameters than the choice of functional for the

NMR calculation itself. Therefore calculations using PBEsol were found to

produce calculated NMR parameters which were closer to experiment than

those using PBE, particularly in the case of 93Nb CQ values. By extension,

these investigations highlight the importance of performing careful geometry

optimisations for any material before calculating NMR parameters.

My investigations of 23Na σiso values indicate that 23Na can be used to
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infer whether a NaxK1−xNbO3 sample is based on the pure KNbO3 or Pbcm

NaNbO3 structures. In the case of structures based on KNbO3, which are

likely to contain low Na concentrations, 23Na NMR cannot be used to obtain

a definitive measurement of the Na concentration. In the case of structures

based on Pbcm NaNbO3 however, the 23Na σiso values are much more sen-

sitive to Na concentration and it may be possible to use them to accurately

measure the Na concentrations. In the case of the LixNa1−xNbO3 system,

figure 5.26 implies that the two experimental 23Na peaks will shift by ap-

proximately 1–4 ppm (from σiso =∼561 ppm to σiso =∼557–560 ppm) and

∼1.5 ppm (from σiso =∼565 ppm to σiso =∼563.5 ppm) respectively as the

Li impurity concentration is increased from 2% to 12.5%. In the case of the

KxNa1−xNbO3 system, figure 5.23 implies that the two experimental 23Na

peaks will shift by ∼3.5 ppm (from σiso =∼565.5 ppm to σiso =∼569 ppm)

and by 2.5–3.5 ppm (from σiso =∼561.5 ppm to σiso =∼564–565 ppm) re-

spectively as the K impurity concentration increases from 2% to 12.5%. The

spread of 23Na σiso values in figures 5.23 and 5.26 further implies that the

degree of broadening will increase with increasing impurity concentrations,

however such an effect may be experimentally obscured by large amounts of

quadrupolar broadening.

The correlation between 93Nb CQ values and the octahedral distortions

in the surrounding arrangement of nearest neighbour oxygens has also been

investigated. It was found that the correlations were linked to the degree

of disorder in the structure. The degree of disorder can be examined in

terms of the range of environments within a structure (linked to the range

of separations between the 93Nb nuclei and the impurity atom), the impurity

concentration and the strain within a given oxygen octahedron. The range



124CHAPTER 5. NMR PARAMETERS OF GROUP I NIOBATE PEROVSKITES

of environments was found to affect the strength of the 93Nb CQ–strain cor-

relations: the greater the number of 93Nb environments, the weaker the cor-

relation. The impurity concentration affected whether the correlation had a

positive (as it was for the pure structures) or negative gradient: structures

with high impurity concentrations tended towards negative gradients (i.e.

the correlations deviated most from the trends exhibited by the pure struc-

tures). The change in the gradient of the CQ–strain correlations may be

experimentally observable as a change in the degree of quadrupolar broad-

ening. A correlation with an almost flat gradient could lead to only small

amounts of quadrupolar broadening.

By analysing the octahedral strains as a function of Nb–impurity sepa-

ration in the 1Na-KNbO3 supercells, I was able to show that the octahedral

strains tended to their values in the pure KNbO3 structure with increasing

separation and within a separation of ∼8.5 Å. The |CQ|–longitudinal strain

correlations were stronger than those with shear strain, implying that the

distribution in the lengths of the Nb–O bonds has a more direct effect on

the 93Nb CQ values than the angles between the Nb–O bonds.

When analysing the correlation between the strain in a given octahedron

and the 93Nb CQ values, a greater strain correlated to a greater 93Nb |CQ|

in the pure perovskite structures. This implies that an increased octahedral

strain led to an increased Vzz component in the electric field gradient and

resulted in higher 93Nb |CQ| values. However introducing a high impurity

concentration could result in negative 93Nb |CQ|–strain correlations. The

change in the electric field gradients (and therefore 93Nb |CQ| values) could

arise from a combination of two effects. First, the effect of the octahedral

distortions arising from the presence of the impurity atom (as alluded to
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in the discussions above)—i.e. an indirect effect from the impurity atom.

Second, the direct effect of the impurity atom on the electric field gradient.

The relative strengths of these two effects could be investigated further.

The oxygen octahedra could be distorted manually in order to investigate

the effect of octahedral distortions on 93Nb |CQ|. Furthermore, the direct

effect of the impurity atoms could be investigated by manually distorting

their positions or hybridising all the group I nuclei via the virtual crystal

approximation.

This level of structural analysis and attention to their correlations with

NMR parameters highlights the value of calculating NMR parameters from

first-principles. NMR experiments measure the aggregate response of nuclei

in the same atomic environment, and there is no direct indication of where

these atomic environments are located within the structure. By contrast,

it is possible from calculations to obtain the magnetic response for each

individual nucleus. Such calculations can then be used to interpret existing

experiments and inform the creation of new ones.
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Chapter 6

The Knight shift in bulk
platinum, palladium and
rhodium

Platinum, palladium and rhodium have long been prized as catalysts, being

commonly used in catalytic converters, fuel cells and in the petroleum in-

dustry. Their chemical inertness and low toxicity to humans have led them

to being used in a variety of medical applications, whilst their low electrical

resistance has made them favourable materials for electrical contacts and,

in the case of Pt and Pd, as thermocouples.

The measurement of the Knight shift in the NMR spectra of metals

potentially provides valuable information on local electronic environments,

which in the case of Pt, Pd and Rh is used to tailor their catalytic efficiency.

Most of the existing experimental research on the Knight shift in Pt, Pd

and Rh concerns Pt particles which may be coated in Pd or Rh, or the

interaction of adsorbates on the catalyst’s surface.

To date, there has been very little research on the calculation of the

Knight shift from first-principles. The linear response approach for calcu-

lating Knight shifts was developed by d’Avezac et al. and tested on Al,

127
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Li and Cu [3]. Laskowski and Blaha used the finite field approach to cal-

culate the Knight shift in a range of metals up to Ag [132]. In addition

to the particularly fine k-point grids required for the calculation of NMR

parameters in metals, and the slow convergence with respect to smearing

(section 4.3), the authors also discuss the difficulty of modelling core polar-

isation. D’Avezac et al. used a planewave-pseudopotential approach which

does not include the effects of core polarisation. They however mention that

previous studies by Gaspari et al. indicate that core polarisation may not

significantly contribute to the Knight shift—the core polarisation in Li was

estimated as being only ∼5% of the total Knight shift [133]. By contrast,

the calculations of Laskowski and Blaha used an all-electron methodology

which was automatically capable of including core polarisation. In the ex-

perimental literature, it is assumed that the effect of core polarisation on

the Knight shift is significant, as will be discussed in section 6.1.

In this chapter and the next I present the first first-principles calcula-

tions of the Knight shift in Pt, Pd and Rh. This chapter focusses on the

bulk structures and how their calculated Knight shifts are affected by k-

point sampling and smearing widths. The assumption in the experimental

literature that core polarisation has a major effect on the Knight shift is also

preliminarily assessed. In the next chapter I shall discuss the Knight shift

in infinite slabs of the same metals with an eye to furthering the existing

research on catalytic efficiency.

A note on nomenclature and sign conventions: The ‘Knight shift’,

K, is experimentally defined as the ratio of the additional magnetic field

experienced by a nucleus in a metallic material (∆Bmet) compared to that
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which is experienced in an equivalent diamagnetic material (Bdia):

K = −∆Bmet
Bdia

. (6.1)

In the absence of spin-orbit coupling, the Knight shift can be decomposed

into a contribution from the electron spin interacting with the nucleus (i.e.

a hyperfine interaction) and from the orbital electron currents interacting

with the nucleus (i.e. a magnetic shielding component).

In experimental NMR papers, the ‘total’ Knight shift, as expressed in

equation 6.1, is often referred to as the ‘Knight shift’ or sometimes the

‘metallic shift’. However, papers with a more theoretical focus often reserve

the term ‘Knight shift’ to express the spin component. For the sake of

clarity I shall refer to the total Knight shift as the ‘metallic shift’, the spin

component as the ‘Knight shift’, and the orbital component as the ‘orbital

shift’.

By convention, the sign of the metallic shift is the opposite to that of the

chemical shift. A negative metallic shift therefore corresponds to a magnetic

shielding, Bs, that is parallel to the applied magnetic field B0.

6.1 Experimental Knight shifts

The value of the metallic shift will differ depending upon the reference com-

pound chosen and the temperature at which the measurements are taken.

In order to present values that are more readily comparable to other stud-

ies, the measurements are therefore extrapolated to 0 K and presented with

respect to a diamagnetic reference compound. The methodologies used to

estimate this ‘true metallic shift’, irrespective of temperature or reference

compound, are briefly outlined below so that the values reported in the
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literature can be placed in an appropriate context.

6.1.1 Extrapolation to 0 K

The methodology to extrapolate metallic shifts to 0 K was developed by

Jaccarino et al. in the 1960s [134] for d -band superconductors, and subse-

quently employed for 195Pt, 105Pd and 103Rh [135, 136, 137].

The methodology is founded on the assumption that the Knight shift

could be considered as arising from non-interacting contributions from the s-

band and d -band electrons and that these contributions are directly propor-

tional to their respective densities of states (or partial densities of states—

PDOS).

The metallic shift (or total ‘Knight shift’), K, is decomposed into a sum

of three contributions:

� the (Fermi-)contact interaction arising from the s-band electrons at

the Fermi level (Ks),

� the effect of d -band electrons at the Fermi level inducing a core polar-

isation on the inner s electrons (Kd),

� the orbital paramagnetism of the d -band electrons (Korb),

such that1

K = Ks +Kd +Korb. (6.2)

Likewise, the total susceptibility χ is expressed as

χ = χs + χd + χorb, (6.3)

1In some cases (e.g. [138]) a further diamagnetic contribution is included (δKdia), but
this is considered to be negligible.
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where χs and χd are the magnetic spin susceptibilities for s-band and d -

band electrons respectively, and χorb is the paramagnetic orbital magnetic

susceptibility.

Each component i of the susceptibility is taken to be proportional to the

equivalent Knight shift component according to

Ki = αiχi, (6.4)

where αi is a fitted parameter.

The components of K corresponding to a contact interaction are corre-

lated to the spin-lattice relaxation time, T1, and the temperature, θ, through

the Korringa relation:

K2 =
a

T1θ
, (6.5)

where a is a constant [139, 140].

The temperature dependence of the Knight shift is assumed to arise

from the temperature dependence of the d -like DOS. By contrast, it is as-

sumed that the s-like DOS is temperature-independent [141, 140]. Since

the Knight shift can arise only from s-like electrons, it is assumed that the

d -like electrons must polarise the core s-electrons, leading to a temperature

dependence in the Knight shift. The orbital component of the metallic shift

is also considered to be temperature-dependent.

In this way, Kd is deduced by plotting K against the susceptibility χ with

temperature as the implicit parameter (often referred to as K-χ analysis)

and by measuring the temperature dependence of the spin-lattice relaxation

time T1. Korb is deduced by a combination of K-χ analysis and atomic

Hartree-Fock calculations of 〈r−3〉. Ks is obtained by estimating the s-like

DOS at the Fermi surface, often by empirical methods based on experimental
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electronic specific heat coefficients.

6.1.2 Reference compounds

The choice of reference compound is of paramount importance because it de-

termines the ‘zero point’ of the experimental Knight shift scale. Ideally, the

reference compound should be wholly diamagnetic, and its chemical shift

should only contain orbital components as expressed in equation 4.1. As

discussed by van der Klink and Brom [142], it can be useful to separate the

chemical shift of the reference compound into the sum of the diamagnetic

contribution of the core electrons, the diamagnetic contribution of the va-

lence electrons and a paramagnetic contribution of the electrons as a whole.

The diamagnetic contribution of the core electrons can be accurately ap-

proximated to that of an isolated atom (the ‘frozen core approximation’

discussed in section 3.3.4). The diamagnetic contribution from the valence

electrons is considered to be small compared to the paramagnetic contribu-

tion by the same electrons. The compound with the smallest paramagnetic

contribution is then chosen as the reference so that the full effect of the para-

magnetic orbital contribution in the elemental metal can be measured [143].

In some studies, any remaining paramagnetic contribution in the reference

compound is estimated and removed from the measured metallic shift (for

example, in Drain’s estimate of the metallic shift in Pt [144]). An evaluation

of different reference compounds is presented by van der Klink and Brom in

their comprehensive review paper of metallic NMR [142].

Chloroplatinic acid (H2PtCl6) is a common reference compound for Pt

[145], or in some cases iodoplatinic acid (H2PtI6) [142].2 There has been

2It has been pointed out by Clogston et al. that there is still some degree of paramag-
netic contribution from the d-shell in H2PtCl6 [135].
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some difficulty finding suitable diamagnetic compounds containing Rh or

Pd. In the case of Rh, RhSn2 was originally selected by Seichik et al. in the

first measurement of this Knight shift [137], however Brown and Green sug-

gested that HRh(Ph3P)3CO contained a smaller paramagnetic contribution

[143]. Finding a Pd-containing diamagnetic compound has been a particular

problem. Through analogy to Pt, hexachloropalladate has been used, with

an attempt at ‘zeroing’ the scale by taking into account the resonance be-

haviours of Pt and Rh hexachloro complexes [142]. In the earliest Pd Knight

shift study, Seitchik et al. investigated several candidate compounds, how-

ever all were found to be unsuitable due to large quadrupolar broadening

[136].

6.1.3 Experimental values

Tables 6.1, 6.2 and 6.3 show the measured metallic shifts of Pt, Pd and Rh

respectively, along with their estimated Ki components where applicable.

In order to provide a meaningful comparison to my DFT calculations only

measurements taken close to or extrapolated to 0 K have been presented.3

I have included an additional column for the sum of Ks and Kd which gives

a total estimated Knight shift. This will be discussed in the context of my

calculations later in this chapter.

It can be seen from table 6.1 that the Pt data are relatively numerous

and consistent with each other. 195Pt is a relatively straightforward nucleus

to measure, with a reasonably high gyromagnetic ratio and no quadrupolar

broadening. As discussed in section 6.1.2, the choice of reference compound

3The 103Rh measurement by Brown and Green was taken at room temperature, however
given the difficulty with finding a suitable reference compound and the estimations made
to correct for this, I have included it nevertheless.
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is well established.

By contrast, there is a greater range of values for Pd and Rh, and fewer

measurements. The small number of studies could be due to the difficulty in

taking NMR measurements for these nuclei. The 103Rh nucleus, whilst 100%

naturally abundant, is not particularly sensitive (approximately one hundred

times less so than 195Pt) and has a long relaxation rate (three hundred times

slower than 195Pt) [146]. By the mid 1980s, techniques for detecting 103Rh

had however improved [147]. 105Pd has a large quadrupole moment and

its spectra therefore exhibit large amounts of quadrupolar broadening. The

range of values could be attributed to at least three causes. First and fore-

most is the considerable difficulty finding suitable reference compounds for

Pd and Rh, as discussed in section 6.1.2. Of particular note is the 103Rh

measurement by Brown and Green. They chose HRh(Ph3P)3CO as a ref-

erence, in comparison to the earlier use of RhSn2 by Seitchik et al., and

estimated the remaining paramagnetic contribution. Their total metallic

shift of 0.04± 0.05% is an order of magnitude smaller than other measure-

ments before and after. Second, there has been difficulty in measuring the

magnetic moments of these nuclei to a sufficient degree of accuracy. This

was a notable problem in the papers of Seitchik et al. in the 1960s [136, 137].

Third, some of the assumptions underlying the methodologies may not hold

true for Rh and Pd. In the case of Rh, the validity of K-χ analysis has been

doubted because it is not clear that the temperature dependence of χ de-

pends only on the d -spin susceptibility [148].4 In the case of Pd, it has been

noted that there may be non-negligible exchange interactions between the

4Furthermore, Burnet et al. report that the Knight shift in Rh is almost independent
with respect to temperature up to 100 K.
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electrons which could invalidate the assumption that there is no interaction

between s-band and d -band electrons [142].
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6.2 Initial DFT calculations

Calculations were performed using the PBE functional, and ultrasoft pseu-

dopotentials from the ‘OTFG9’ ∆ = 0.5 meV set [49]. Initial FCC struc-

tures were relaxed taking the lattice parameters from the ∆ gauge paper of

Lejaeghere et al. [49]. The planewave cut-off and k-point spacings were con-

verged so that the relaxed lattice parameters were within ±0.001 Å for Rh,

±0.005 Å for Pd and ±0.001 Å for Pt. The tolerances placed on the geome-

try optimisations were the same as those placed on the perovskite structures

in chapter 5: the forces between atoms had to be less than 2.5×10−2 eV/Å,

the stress on the unit cell was less than 0.05 GPa, the change in the free

energy per atom between successive iterations was within 1 × 10−5 eV and

the change in atomic displacement between successive iterations was less

than 5× 10−4 Å.

The resulting lattice constants were benchmarked against those quoted in

the impressively comprehensive paper by Lejaeghere et al. from 2016 which

compared the accuracy and precision of structural calculations performed

using 15 DFT codes [49]. Compared to these lattice constants quoted for

‘OTFG9’ in the ∆ gauge paper [49], the Pt lattice parameter expanded by

0.06%, the Pd lattice parameter by 0.31% and the Rh lattice parameter

contracted by a tiny 0.008%. The reason for relaxing the structures in

the first place was to maintain consistency with the energy cut-off and k-

point parameters converged for the total energy. The input benchmark

lattice constants had been obtained by Lejaeghere et al. using extremely fine

parameters that would not be computationally reasonable to use for further

study for, for example, calculating band structures or densities of states.



140 CHAPTER 6. THE KNIGHT SHIFT IN BULK PT, PD AND RH

The benchmark calculation parameters included an energy cut-off of 700 eV

and k-point spacings of at most 0.0125×2πÅ−1. By way of comparison, the

equivalent values used for my calculations were an energy cut-off of at most

650 eV and a k-point spacing of 0.04×2πÅ−1.

6.2.1 Band structures and densities of states (DOS)

The band structures and densities of states (DOS) for bulk Pt, Pd and Rh are

typical of transition metals and indicate that these structures have similar

electronic characteristics to one another (figures 6.1 and 6.2). The valence s

electrons display high degrees of delocalisation, as indicated by the parabolic

bands in the band structures in figure 6.1. A number of flatter bands are

situated near the Fermi energy (Ef ). These are predominantly d -like with a

small p-like contribution, as indicated by their projected densities of states

(PDOS) in figure 6.2. At the lowest energies in the valence bands (around

-7 to -5 eV below the Fermi energy) the electronic character is entirely s-

like and corresponds to the parabolic band located about Γ in the band

structures. The main difference between the structures is the position of the

Fermi level (Ef ).

Since the Knight shift originates from the behaviour of electrons at Ef ,

it makes sense to note the electronic characteristics in this region. The band

structures of Pt and Pd reveal the presence of flattened bands that lie almost

at Ef , whereas in Rh these flat bands lie approximately 0.5–0.8 eV above

Ef . The DOS of Pt and Pd show a corresponding peak of strong d -like

character at Ef whereas in Rh this peak is situated 0.5eV above Ef . For

all three structures, the s-like contribution at Ef is very small. The narrow

d -like peak and the almost flat s-like band in the PDOS at Ef has also
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been noted by Rao et al. in their investigations of the Knight shift of 100Rh

in very dilute Pd -Rh alloys [138] and Shaham et al. in their Knight shift

measurements of Pt [140].5 DOS calculations for Pt have been conducted

by Fradin et al. [154] and Andersen [155].

5Technically Shaham mentions it as a general point over all energies—i.e. no energy
scale is mentioned.
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Figure 6.2: DOS and angular PDOS for bulk (a) Pt, (b) Pd and (c) Rh.
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6.3 DFT calculations of the Knight shift and the
orbital shift

6.3.1 Calculation details

The methodology for calculating the Knight shift from first-principles has

been discussed in the previous chapter, and was implemented into the CASTEP

code by Dr. Bi-Ching Shih at the Department of Materials, University of

Oxford. In contrast to the band structure and DOS calculations discussed

above, calculations of the Knight shift (the shift due to spin) and orbital shift

were performed with norm-conserving pseudopotentials because methodolo-

gies involving ultrasoft pseudopotentials had not been fully implemented at

the time of writing. The pseudopotentials were from the CASTEP 9.0 set

of norm-conserving pseudopotentials with ∆ =1.1 meV per atom. All calcu-

lated Knight shift and orbital shift values are quoted in ppm with respect

to the equivalent bare nucleus.

The Knight shift and orbital components were first converged with re-

spect to energy cut-off to within at least 0.4%.6 The effect of k-points and

smearing widths on the spin and orbital contributions to the metallic shift

was then investigated. Figures 6.3, 6.4 and 6.5 display these results on the

spin component of the Knight shift for Pd, Pt and Rh respectively. Fig-

ure 6.6 shows the equivalent investigation for the orbital component of the

Knight shift for Pt. It was not possible to calculate the orbital contribu-

tions for Pd and Rh because the methodology for correctly handling the

pseudopotential projectors had not been worked out and implemented at

6The Knight shift values for Pt are within 2 ppm (or 0.005%) using a cut-off of 550 eV.
Pd is within 15 ppm (0.3%) with a cut-off of 800 eV and Rh is within 10 ppm (0.4%) with
a cut-off of 650 eV. The orbital shift for Pt is within 40 ppm (0.06%) with a cut-off of
550 eV.
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the time of writing.
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Figure 6.3: Convergence of the Knight shift in bulk Pd with respect to k-
points and Gaussian smearings. The k-points were distributed in a regular
N×N×N grid. All calculations were conducted using a planewave cut-off of
800 eV, with the exception of the calculations with 0.01 eV smearing which
were conducted using a planewave cut-off of 650 eV.

6.3.2 Convergence with respect to k-points

It can be seen from figures 6.3, 6.4, 6.5 and 6.6 that a large number of

k-points is required to obtain converged values for the Knight shift. For

example, in the case of Rh, at least 60×60×60 k-points were required, using

a smearing of 0.2 eV, to converge the Knight shift to within a 0.1% preci-

sion. This corresponds to a k-point spacing of 0.0075×2πÅ−1. When using

a smearing of 0.05 eV at least 155×155×155 k-points were required to con-

verge the Knight shift to within 1.6%, corresponding to a k-point spacing of

0.0029×2πÅ−1. By contrast, a spacing of 0.05×2πÅ−1 would be regarded as
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Figure 6.4: Convergence of the Knight shift in bulk Pt with respect to k-
points and Gaussian smearings. The k-points were distributed in a regular
N×N×N grid.

typical for a highly converged NMR calculation of a diamagnetic material.

It can also be seen that decreasing the smearing width increases the number

of k-points required to obtain a converged value and that the magnitude of

these converged values increases with decreasing smearing width.

6.3.3 Convergence with respect to smearing width

The graphs also show that the Knight shift converges slowly with respect

to smearing width, as also noted by d’Avezac et al. for their Knight shift

calculations on Li, Al and Cu [3]. This raises the question of how feasible

it can be to obtain a single precise value for the Knight shift within cur-

rent methodologies and the limits on computing resources. In my Knight

shift calculations for Pd, I decided to investigate whether a tiny smearing
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Figure 6.5: Convergence of the Knight shift in bulk Rh with respect to k-
points and Gaussian smearings. The k-points were distributed in a regular
N×N×N grid.

of 0.01 eV would produce a converged result (see figure 6.3). Even at a k-

point sampling of 195×195×195 the value of the Knight shift using a 0.01 eV

smearing width had not converged. It is, of course, possible that the value

would have converged had I been able to use an increasingly finer k-point

grid. Either way, the graph clearly shows that the rate of convergence us-

ing a 0.01 eV smearing width is significantly slower than that for 0.05 eV.

D’Avezac et al. note that there is a correlation between the rate of con-

vergence of a property and the property’s dependence on the precision with

which the Fermi surface is represented [3]. In their case, these properties

are the spin susceptibility, the orbital susceptibility, the Knight shift and

the orbital shift. Their calculations show that the orbital susceptibility is

the slowest to converge, and they mention that this is consistent with the



148 CHAPTER 6. THE KNIGHT SHIFT IN BULK PT, PD AND RH

0 50 100 150 200
N k-points

64000

66000

68000

70000

72000

74000

O
rb

ita
l s

hi
ft

 / 
pp

m

0.2eV smearing
0.1eV smearing
0.05eV smearing

Figure 6.6: Convergence of the orbital shift for bulk Pt with respect to k-
points and Gaussian smearings. The k-points were distributed in a regular
N×N×N grid.

orbital susceptibility being a second derivative of the total energy. Likewise

the orbital shift is slow to converge. The spin susceptibility, by contrast,

converges relatively quickly because it depends on the average of the spin

density over the whole unit cell; there is a similar trend for the Knight shift.

6.3.4 Precision of ‘converged’ values

Table 6.4 shows the converged values of the Knight shift for Pt, Pd and Rh,

and the orbital shift for Pt. A conservative estimate of the degree of precision

with respect to k-point convergence has also been given. This estimate has

been obtained by considering the range of values at high numbers of k-

points. Similar k-point grids from 10×10×10 to 195×195×195 were used

for all structures. The precision of the Knight shift for Pt is much higher
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than for Pd and Rh, implying that the Knight shift converged most readily

for Pt with respect to k-points. If you consider the precision with respect to

smearing widths, it can be seen that the Knight shift values obtained using

a 0.2 eV smearing width are the most precise—within 0.03% for Pt, 0.11%

for Pd and 0.20% for Rh—and become less precise with decreasing smearing

widths.

Smearing Pt Pd Rh

0.2 eV spin -40000±10 (0.03%) -4597±5 (0.11%) -2480±5 (0.20%)
0.1 eV spin -44000±30 (0.07%) -5540±15 (0.27%) -2520±5 (0.20%)
0.05 eV spin -46000±150 (0.33%) -6100±35(0.57%) -2550±40 (1.57%)

0.2 eV orbital 65000±100 (0.15%)
0.1 eV orbital 68200±200 (0.29%)
0.05 eV orbital 70300±200 (0.28%)

Table 6.4: Converged values of the Knight (spin) shift for Pt, Pd and Rh
metals, and the orbital shift for Pt. All shifts are given in ppm. The error
estimates were obtained by considering the convergence of the values with
respect to the number of k-points.

An overall estimate of precision can be obtained by adding on the es-

timated errors arising from the pseudopotential (i.e. from the planewave

convergences). To reiterate from section 6.3.1, these were 2 ppm, 15 ppm

and 10 ppm for the Knight shift in Pt, Pd and Rh respectively, and 40 ppm

for the orbital shift in Pt. The calculated Knight shift and orbital shifts

with the total estimated errors in precision are given in table 6.5.

The calculated Knight shifts for Pt, Pd and Rh are all negative, indi-

cating a paramagnetic electronic response in all three metals. The Knight

shift for Pt is an order of magnitude greater than that for Pd or Rh. This

can be explained by noting that the highest occupied state in atomic Pt

extends further from the nucleus than those in Pd or Rh, and is therefore

more readily polarised. The orbital shift for Pt is also shown to be very
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Smearing Pt Pd Rh

0.2 eV spin -40000±12 -4597±20 -2480±15
0.1 eV spin -44000±32 -5540±30 -2520±15
0.05 eV spin -46000±152 -6100±50 -2550±50

0.2 eV orbital 65000±140
0.1 eV orbital 68200±240
0.05 eV orbital 70300±240

Table 6.5: Converged values of the Knight (spin) shift for Pt, Pd and Rh
metals, and the orbital shift for Pt. All shifts are given in ppm. The error
estimates were obtained by considering the convergence of the values with
respect to the number of k-points and the planewave energy cut-offs.

large and of the same magnitude as the equivalent Knight shift, but with

the opposite sign. Since the Knight shift and chemical shift have opposite

signs by convention, the orbital shift is also due to a paramagnetic electronic

response.

6.3.5 Sensitivity of the Knight shift to structural changes

Since NMR parameters are very sensitive to atomic position, it would be

interesting to briefly investigate how sensitive the Knight shift is in this

respect. The primitive cells for Pd and Rh were reduced by 11%. This

corresponds to a hydrostatic pressure of 153 GPa in Pd and of 217 GPa in

Rh. Table 6.6 shows the change in lattice parameter and resulting change

in Knight shift. The magnitude of the Knight shift for Pd decreased by

23% (with respect to the Knight shift for the original structure) as a result

of applying pressure to the structure. The equivalent Knight shift for Rh

decreased by only 5%. This indicates that the Knight shift of Pd is much

more sensitive to structural changes than Rh.
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Pres. Non-pres. Pres.−Non-pres. % change

Pd lattice parameter/Å 2.481 2.796 -0.315 -11%
Pd Knight shift/ppm -3542 -4597 1055 -23%

Rh lattice parameter/Å 2.411 2.707 -0.296 -11%
Rh Knight shift/ppm -2344 -2480 136 -5%

Table 6.6: Lattice parameters for the primitive FCC cell and for Pd and
Rh for the original and pressurised structures alongside the corresponding
calculated Knight shifts. The percentage change between the original and
pressurised structures is quoted with respect to the values for the original
structure. The Knight shifts were calculated using a smearing width of
0.2 eV. The precision estimates for both sets of Knight shifts remain the
same as those quoted in table 6.5.

6.3.6 Contributions to the Knight shift as a function of en-
ergy

As mentioned earlier in this chapter, it is assumed in the experimental liter-

ature7 that core polarisation has a significant effect on the measured Knight

shift and that this originates from the d -band electrons polarising the in-

ner s electrons. To date, first-principles calculations have not been able

to fully assess the validity of this approximation [3, 132]. It therefore re-

mains unknown whether core polarisation is important for the calculation

of the Knight shift, though early theoretical estimates indicate that it may

have only a small effect, at least for Li [133]. In order to further these

investigations, I have calculated the relative Knight shift contributions of

the semi-core and valence electrons—i.e. from the electrons contained in

the pseudopotential. This has been done by calculating the Knight shift

contributions as a function of the number of bands and as a function of

energy.8

The norm-conserving pseudopotentials for Rh and Pd included the 4s,

7For example the early papers of Clogston, Seichik et al. [134, 135, 136, 137].
8This functionality was implemented into the CASTEP code by Dr. Bi-Ching Shih.
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4p, 4d and 5s atomic electrons as valence, whilst the norm-conserving pseu-

dopotential for Pt included the 5p, 5d and 6s atomic electrons as valence.

All calculations were conducted on the relaxed structures with a Gaussian

smearing of 0.2 eV and correspondingly converged k-point sampling.9

Table 6.7 shows the isotropic Knight shift (Fermi-contact) contribution

summed over a given number of bands for Rh and Pd. Primitive unit cells

were used and therefore the first band corresponds to the contribution from

the semi-core 4s states. The sum up to and including the tenth band cor-

responds to the Knight shift contribution from the whole pseudopotential

(including the 5s states). The values for the isotropic Knight shift, dipolar

and spin-susceptibility summed over all bands are also included to show that

the isotropic Knight shift is the dominant component in the total Knight

shift. It can be seen that the contribution from the 4s states is negligible. By

comparing the summed contributions up to the ninth and the tenth bands

(‘Band #’ 9 and 10 in table 6.7), it can be seen that the majority of the

Knight shift originates from the highest energy band (a hybridised 4d–5s

band).

Figure 6.7 plots the Knight shift integrated up to a given energy for the

Rh, Pd and Pt structures. The Knight shift becomes increasingly paramag-

netic and tends to the total Knight shift value (orange dotted lines) as the

summed energy increases. The greatest increase in the Knight shift occurs

close to the Fermi energy (brown dotted lines). The overall trends will be

due to the Gaussian smearing included in the calculations.

Overall, the variation of the Knight shift as a function of number of

9The converged k-point samplings were 60×60×60 for Pd and Rh, and 70×70×70 for
Pt.
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bands and energy indicates that the greatest contribution to the Knight

shift originates from the electrons at the Fermi surface. There is a minimal

contribution from energies below the Fermi energy. This does not rule out

the possibility that there is a core polarisation within the electrons not

included in the pseudopotential, however my investigations show that there

is unlikely to be any polarisation within the semi-core 4s states in Pd and

Rh.

Pd Rh

Band # 1(4s) 8 9 10 1(4s) 8 9 10

Partial FC/ppm 0.46 550 311 -4473 -0.03 -132 -1342 -2419
Total FC/ppm - - - -4473 - - - -2419
Total K/ppm - - - -4596 - - - -2477
Dipolar/ppm - - - 0 - - - 0
Spin χ/ppm - - - -123 - - - -58

Table 6.7: The isotropic Knight shift contribution (‘Partial FC’) summed up
to a specified valence band (‘Band #’), using a 0.2 eV smearing width and
converged 60×60×60 k-point grids. The isotropic Knight shift (‘Total FC’),
dipolar and spin susceptibility contributions to the total Knight shift (‘total
K’) are also included. Each metal contains a total of 10 valence bands.

6.3.7 Comparison to experiment

Before making a direct comparison between experimental values and my cal-

culated values, it is important to acknowledge the approximations and as-

sumptions employed by the various methodologies. These include differences

in the references used (i.e. a range of supposed diamagnetic compounds for

the experimental studies, and a bare nucleus for my calculations), temper-

ature effects, inherent errors in experimental apparatus, and the numerical

approximations used in first-principles calculations (smearing widths, pseu-

dopotentials, limits to planewave cut-off and so on, as discussed in chapter

3). To a certain extent the Knight shifts given by Ks +Kd in experimental
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papers could be compared to my calculated Knight shifts—they both orig-

inate from spin—however the values for Ks + Kd have been obtained via

semi-empirical means.

In the case of Pt, the Korb values in the literature are an order of magni-

tude smaller than Ks+Kd, and it might therefore be reasonable to compare

the experimental, or estimated Ks + Kd, values to my calculated Knight

shift. The experimental and Ks + Kd values (table 6.1) lie in the range of

-3.30 – -4.65%. My calculated values of -4.0 – -4.6% are consistent with

this. This implies that the assumptions used to estimate the experimental

spin-Knight shift, and the approximations used for my first-principles calcu-

lations are reasonable (at worst there is a cancellation of errors within each

methodology). In particular, my calculations do not include the potential

effects of core polarisation because the core states are modelled using the

PAW methodology. The reasonably close agreement between calculated and

experimental values further indicate that core polarisation may not have a

significant effect on the Knight shift in Pt.

In the case of Pd and Rh, the values in the literature differ greatly from

one another due to the difficulty in finding suitable reference compounds

and subsequently extracting the spin-only component of the metallic shift.

Any comparisons between the literature and my calculated values should

therefore be taken with care. My calculated Rh Knight shift of approxi-

mately -0.25% (taking into account differences in smearing width) is of the

same order of magnitude as the Ks + Kd values (table 6.3). For Pd, the

calculated value of -0.46 to -0.61% (depending on smearing width) is an or-

der of magnitude smaller than the Ks +Kd values of -3.8 to -4.4%, though

still of the same sign (table 6.2). However, given the difficulties of obtaining
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experimental Knight shifts for Rh and Pd, these calculated values may be

able to assist future experimental studies.

The calculated orbital shift for Pt of approximately 6.5 to 7.0% should

not be compared with the semi-experimental Korb values of 0.2 to 0.4%. In

addition to considering the validity of semi-empirical methodologies versus

those obtained from first-principles, Korb is supposed to be the paramagnetic

orbital contribution to the metallic shift, having removed the diamagnetic

orbital contribution by zeroing against a diamagnetic reference compound.

The calculated orbital shift has a completely different reference—that of a

bare nucleus.

6.3.8 Conclusions

In this chapter I have presented the first first-principles calculations of the

Knight shift for Pt, Pd and Rh, and the orbital shift for Pt. These calcu-

lations converge slowly with respect to k-point sampling and, in particular,

with respect to smearing width. As the smearing width decreases, the con-

vergence rate with respect to k-points also decreases. The Knight shift of

Pd and Rh was found to be sensitive to structural changes, particularly in

the case of Pd where contracting the lattice parameter by 11% resulted in

a decrease in the Knight shift of 23%.

The relative Knight shift contributions across the valence states have also

been investigated. It was found that almost all of the Knight shift originated

from states close to the Fermi surface. Whilst this does not rule out the

possibility of core polarisation having an effect on the Knight shift, it does

indicate that the 4s semi-core states in Pd and Rh have a negligible effect

on the Knight shift. Furthermore, the agreement between the experimental
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and calculated Pt Knight shifts suggests that core polarisation has only a

very small effect on the Pt Knight shift.

In the next chapter we shall discuss the Knight shift in Pt, Pd and Rh

surface structures.
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Figure 6.7: The Knight shift integrated up to a given energy (in eV) for Rh
(top), Pd (middle) and Pt (bottom). The relevant full Knight shift values
and the Fermi energies for each structure are also given.
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Chapter 7

The Knight shift of Pt, Pd
and Rh surfaces

7.1 Introduction

Having calculated the Knight shift in the Pt, Pd and Rh bulk structures,

we are now well equipped to investigate the Knight shift in structures more

comparable to those used in catalysts. The most important structural prop-

erty for a catalyst is that it has a large surface area upon which the reactions

to be catalysed can take place. As such, surfaces coated with nanoparticles

are commonly used.

Much of the motivation for studying the catalytic efficiency in these

nanoparticles comes from trying to gain a better understanding of the re-

actions taking place on the catalyst surface. NMR is an important tool for

doing this. In particular, many experimental NMR studies on Pt particles

are concerned with the chemisorption of CO which is known to significantly

reduce their catalytic efficiency. There are two possible focusses for NMR

study: one can measure either the resonance of the catalyst nuclei or the

nuclei of the adsorbant molecules. In the case of Pt chemisorbed with CO,

both 195Pt and 13C NMR exhibit a Knight shift which provides information

159
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on the bonding environment. The Knight shift is taken to be an experimen-

tal probe of the local density of states (LDOS)—i.e. the DOS relating to a

particular region of the structure, usually an atomic site or layer.

To date, the interpretation of experimental spectra of particles is placed

in the context of the conclusions drawn by Clogston, Jaccarino et al. for

bulk metals, as previously discussed in section 6.1. To recap, they argue

that the Knight shift can be decomposed into separate contributions from

the s-band valence electrons and the core polarisation of inner s electrons

by valence d -band electrons. My calculations on bulk structures in chapter

6 provide strong evidence that this decomposition may not be entirely ac-

curate. Furthermore, the existing analyses of experimental particle spectra

are based on comparisons with other experimental spectra and fitted em-

pirical models. In this chapter I shall first review these existing analyses

before presenting my own first-principles calculations of the Knight shifts

in surface structures. These calculations—the first of their kind—provide

valuable insight on the validity of these existing empirical approaches.

7.2 Review of literature

7.2.1 Experimental studies

Experimental NMR on surfaces have to be conducted on samples with a large

surface-area-to-volume ratio. This is because NMR is a relatively insensitive

technique that requires a large number of nuclei in the same environment

before a resonance can be measured with sufficient intensity. Samples of

particles are therefore well suited for such studies.
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195Pt NMR in Pt particles

The experimental 195Pt NMR spectrum for Pt particles is widely accepted

to consist of two peaks: one at 1.138 G/kHz corresponding to the expected

position of Pt nuclei in a bulk environment and another at approximately

1.100 G/kHz which is attributed to nuclei on the surface—see figure 7.1

for an example set of spectra. In samples consisting of Pt particles with

diameters greater than approximately 1 nm, the intensity of this surface

peak is shown to be significantly reduced, but that it reappears (i.e. it is

significantly enhanced) when the particles are coated in adsorbates [156,

151, 157]. This observation is the reason for the assignment of the peak

at 1.100 G/kHz to the resonance of the surface nuclei. Furthermore, this

‘surface peak’ is also at the same resonance as Pt in non-metallic compounds

such as PtO2, leading to the ubiquitous conclusion that the surface exhibits

zero Knight shift [157].

There is a significant amount of broadening on these peaks due to nuclei

in a range of subsurface layers which are neither in a surface environment

nor yet bulk. The range in particle sizes in each sample, though kept to a

minimum, further contributes to the broadening. Recording spectra using

samples over a range of diameters show that the intensity of the surface peak

increases whilst the bulk peak decreases with decreasing particle size. This

is to be expected because as the particle size decreases the proportion of

nuclei on the surface compared to those in the interior increases. The area

under a peak is proportional to the number of nuclei in the corresponding

chemical environment. NMR spectra produced by Rice et al. and Tong et

al. clearly show this trend across three samples with average diameters of
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8.8 nm, 2.5 nm and 2.0 nm [158, 159].1

Yu et al. also conducted an early NMR study of Pt particles for diameters

3.3 nm to 10 nm as a function of temperature, diameter and magnetic field

strength. They found that the broadening of the bulk peak increased with

an increase in magnetic field and decreasing particle diameter, but that it

was independent of temperature [161].

The layer-analysis model of Pt particles

Since it is not possible to selectively measure the NMR signal from the

separate concentric layers inside a particle, the relative contributions have

been estimated using a layer model, as first outlined by Bucher et al. [157].

This ‘layer analysis’ assumes that a particle can be modelled as an ideal

cuboctahedron consisting of layers built up about a central nucleus, that

the NMR signal from each layer can be modelled as a Gaussian and that the

Knight shift for each layer tends exponentially back to its bulk value from

the surface towards the centre. In this way the Knight shift Kn for the nth

layer (counting in from the surface where the surface layer is taken to be

n = 0) is described as

Kn = K∞ + (K0 −K∞) exp(−n/m), (7.1)

where K∞ is the bulk Knight shift, K0 is the surface Knight shift, and m

is the number of layers required before the Knight shift is 63% bulk-like

[162]. A set of these Gaussians, one for each layer, is then fitted to the

1Both spectra are measured at 80 K, with samples cleaned in 0.5 M H2SO4 and of
diameters 8.8 nm, 2.5 nm and 2.0 nm (figure 2 in [158], figure 1 in [159]). Babu et al.
report spectra for 2.8 nm and 6 nm diameter particle samples in which the surface peak
is evident, but much suppressed, and the bulk peak is shifted from the bulk 1.138 G/kHz
to 1.322 G/kHz in the 6nm sample and 1.1306 G/kHz in the 2.8 nm sample [160]. They
attribute this to the interior of the particle interacting with the particle surface, i.e. that
the particles are so small that they are not quite bulk-like.
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experimental data. The area under each Gaussian is either considered to be

a ‘freely fittable parameter’ (in the case of Bucher et al. [157]) or is taken

to be proportional to the number of atoms in that layer (in the case of Tong

et al. and Yano et al. [162, 163]). Figure 7.1 is an example of one of these

many ‘layer analysis’ procedures [163]. The Knight shift is shown to tend

from the bulk value (taken as -3.49% using H2PtI6 as a reference) in the

centre to K0 at the surface.

In terms of the number of layers required for the material to become

sufficiently bulk-like, Tong et al. obtain a value of m = 2 for a 2.5 nm

diameter Pt sample in which the surfaces have first been electrochemically

cleaned (see figure 7.2) [159]. Bucher et al. state that they have set m = 1.35

for a sample of 1.6–2.7 nm diameter particles (using a gaseous sample for

NMR measurements) [157]. Yano et al. obtain values of m = 3.7, 3.1 and 1.8

for samples of diameter 1.6 nm, 2.6 nm and 4.8 nm respectively [163]. These

values of m can be converted into an equivalent ‘healing length’. This is the

distance from the particle surface at which the Knight shift becomes 63%

bulk-like. It is calculated by multiplying m by the interlayer distance. In the

literature, the interlayer distance for Pt is taken to be 0.229 nm [157, 159].

The healing length for Pt particles is therefore 0.31–0.85 nm in the above

studies [157, 159, 163]. Note that, in the case of the smallest particle studied

by Yano et al., the healing length is 0.85nm for a particle of diameter 1.6 nm;

this indicates that the centre of this particle can only be 63% bulk-like at

most.
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Figure 7.1: Experimental 195Pt NMR spectra (points) using Pt parti-
cle samples of average diameter 1.6 nm (A), 2.6 nm (B) and 4.8 nm (C).
Field/frequency ratios are expressed with respect to H2PtI6. The samples
were electrochemically cleaned prior to measurement. The thin solid lines
are the separate Gaussians used to model the NMR contribution from each
layer in accordance with layer-analysis. The thick solid line shows the sum
of these Gaussians. [Reproduced from [163] with permission of the PCCP
Owner Societies. http://dx.doi.org/10.1039/B610573D ]

Adsorbates on Pt particle surfaces

The most commonly studied adsorbant molecule is CO as it is well known for

its ‘poisoning’ effect on Pt catalysts [159, 160, 164, 165, 166, 167, 168, 169].

Both 13C and 195Pt NMR are employed in these studies. It has been found

that alloying Pt with Ru significantly reduces the CO poisoning effect [160].

In terms of 195Pt NMR, Tong et al. have also conducted a study of the
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Figure 7.2: 195Pt NMR spectra before and after electrochemical cleaning
(parts A and B respectively). Part C shows the layer-model analysis for
spectrum B, including a cross-section of the (111) plane through the ideal
five-layer cuboctahedron used to model the Pt particle. The inset in part
C shows the fraction of particles in each layer where layer number 0 is the
surface. [Reprinted (adapted) with permission from [159]. Copyright 1999
American Chemical Society.]

effect of a range of other adsorbates—including H, Ru, CN– , O and S (from

a Na2S solution) [162]. In all cases, the bulk-like peak which they observed

at 1.131 G/kHz did not change position, indicating that the adsorbate had

only short range effects on the Pt atoms. Using layer-model analysis, they

concluded that this effect did not extend beyond the third layer from the

surface.

In terms of 13C NMR spectra, it is widely noted that when CO is ad-

sorbed onto a Pt surface, the resonance peaks corresponding to the usually

non-metallic carbon nuclei exhibit a Knight shift [159, 160, 164, 165, 166,

167, 168]. This 13C Knight shift is taken to be an indication of the interac-

tion between the CO molecule and the Pt surface. The reasoning for this

stems from the Knight shift being proportional to the density of states of

the bonding orbital and the square of the wavefunction of the bonding or-

bital [170]. The origin of this 13C Knight shift is taken to be due to the
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interaction between the molecule’s 5σ and 2π∗ orbitals (‘frontier orbitals’)

and the Pt’s d -band. There is also a correlation between this Knight shift

and the value of the local density of states at the Fermi energy (Ef -LDOS)

of the particle’s surface [159].

7.2.2 Experimental NMR for Pd and Rh particles

Whilst studies on Pt particles are abundant, there are few existing studies

on Pd and Rh particles. This is due to the relative difficulty in obtaining

NMR spectra for 105Pd and 103Rh nuclei.

There are a few cases of Pd or Rh being alloyed with Pt or of Pd dec-

orating a Pt surface, but the measured nuclei in these cases are still 195Pt

[164, 171, 168]. A small number of studies of Pd particles exist but the

NMR is for 17O and 13C and concerns the chemisorption of CO onto the

Pd surface [172, 173]. In a similar fashion to CO with Pt, these 13C spectra

also exhibit a Knight shift.

Vuissoz et al. and Burnet et al. have both recorded 103Rh NMR spectra

for Rh particles [153, 146]. Figure 7.3 shows the spectra of Vuissoz et al.

Both studies show that there is no marked surface peak like that observed

for Pt particles, but that the spectra broaden fairly uniformly about the

bulk resonance of 7.4425 G/kHz as the particle size decreases. Vuissoz et

al. observe that the ‘centres of gravity’ of their spectra lie at slightly lower

field/frequency ratios than those in bulk, and that this shifts to even lower

values when the particle size is decreased. This could be an indication of a

measurable surface peak, however it is hard to draw a satisfactory conclusion

because both samples contained a range of sizes (around 1.5 nm–3 nm) which

the authors note could have affected the spectra [146]. The presence of



7.2. REVIEW OF LITERATURE 167

adsorbates on the particles’ surfaces has also not been ruled out.

Figure 7.3: Experimental 103Rh spectra for Rh particles at 80 K (a and
b) and at 20 K (c and d). Parts a and c correspond to the sample
in which the mode diameter was approximately 2.2 nm. In parts b and
d the mode particle diameter was around 2.5 nm, but there were also
a significant number of particles with diameters around 1.7 nm. The
short vertical lines correspond to the ‘centres of gravity of the spec-
tra’, the longer dashed lines to the Rh bulk resonance of 7.4425 G/kHz.
[Reprinted from [146], Copyright 1997, with permission from Elsevier.
http://www.sciencedirect.com/science/journal/00092614 ]

7.2.3 Theoretical Pt surface Knight shift calculations

Weinert and Freeman calculated the Knight shift in a 5-layer (001) infi-

nite Pt slab using DFT within the local density approximation and using

scalar relativistic corrections [174]. This study has been commonly cited

by the experimental papers discussed above. The Knight shift was calcu-

lated by placing a range of external magnetic fields across the structure.

They calculated the Knight shift for the central layer as being -4.1% which
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they compared to an experimental value of -3.4%. The Knight shift for the

sublayer was calculated as -2.6% and for the surface it was -0.6%. Note

the trend that the surface was calculated as having a more positive Knight

shift than the inner layers, a trend which the authors also noted was con-

sistent with experiments by Rhodes et al. (see section 7.2.1) [156]. At this

stage it is important to note that the core and valence contributions were

calculated separately, in accordance with the common belief that core polar-

isation had a major effect on the Knight shift as discussed by Clogston et al.

and Shaham et al. [135, 140] (see chapter 6). By contrast, my calculations

from chapter 6 indicate that the core polarisation has a negligible effect on

the Knight shift. Subsequently, the founding assumptions of Weinert and

Freeman’s study may need to be revised.

Alternative theoretical studies have been conducted by Efetov and Prigo-

din using empirical mesoscopic methods [175], Fritschij et al. by extending

these methodologies for bulk methodologies [176], and by Pastawski and

Gascón using a tight-binding methodology [177]. Further background in-

formation on the experimental NMR of metallic particles, and associated

analytic methodologies, is given in the review papers of van der Klink and

Brom [142] and Fraissard [145]. For further information specifically on metal

surfaces, see the review paper by Slichter [178], and for an additional dis-

cussion of experimental NMR of Pt particles, see my review paper [26].

7.3 First-principles calculations

In order to calculate the Knight shift for Pt, Pd and Rh surfaces so that

it might be compared to the existing literature, there are two candidate

structures. The first is an infinite slab similar to that used by Weinert and
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Freeman [174], the second a spherical particle or cuboctahedron similar to

that used in layer-analysis (section 7.2.1). In the context of first-principles

calculations involving planewaves, the latter would be extremely computa-

tionally expensive. It would require large amounts of vacuum in all three

dimensions in order to ensure that there was no interaction between the

periodic images.2 Furthermore, the number of atoms required to create a

structure with a suitable number of layers would need to be extremely large.

A 2.0 nm sized cuboctahedron with only 5 layers would require ∼300 atoms,

whilst a 8.8 nm cuboctahedron with approximately 20 layers would require

∼29000 atoms [158]. In order for my calculations to be computationally vi-

able, I have therefore chosen to use slab structures, infinite in two directions

and bounded by sections of vacuum in the other. The surfaces were (001)

and without any surface reconstruction.

There is one question to bear in mind at this stage: how representative

is a simple slab structure to an experimental surface or nanoparticle? If the

Knight shift at the surface can be shown to be distinct from its inner layers

it would be possible to gain some insight into the trends in the Knight shift

at a surface compared to that in bulk. The small m values of approximately

2 layers indicate that this might not be an unreasonable prediction.

The (001) surfaces of Pt, Pd, Rh were constructed with thicknesses of

5 and 7 atomic layers using the relaxed bulk structures as a starting point.

By way of example, figure 7.4 shows the 5-layer Pt structure. These struc-

tures were then relaxed within the constraints of symmetry, fixing both

the angles between cell axes and the magnitude of the [001] cell axis. The

2The tight-binding calculations mentioned in section 7.2.3 and any first-principles cal-
culations using Gaussian orbitals as the basis set would not require periodic images and
therefore also no vacuum.
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structures were relaxed until the forces between the atoms were less than

2.5 × 10−2 eV/Å, the stress on the unit cell was less than 0.05 GPa, the

change in the total energy per atom between successive iterations was within

1 × 10−5 eV and the change in atomic displacement between successive it-

erations was less than 5× 10−4 Å. This resulted in a total of 12 structures:

the relaxed and non-relaxed versions of 5- and 7-layer surfaces for each of

the three metals. For convenience, I shall refer to the initial non-relaxed

structures as structures ‘A’, and the relaxed ones as structures ‘B’.

The pseudopotentials used for the calculations reported in sections 7.3.1

and 7.3.2 were the same ultrasoft pseudopotentials used for the equivalent

calculations on bulk metals reported in section 6.2. Likewise, the PBE func-

tional was used for all calculations. In addition to the usual convergence

tests for planewave cut-off and k-point sampling, the vacuum spacing be-

tween the layers also had to be converged so that there was no interaction

between the periodic images. This was carefully checked each time a differ-

ent parameter was calculated. 15 Å was determined to be a very reasonable

vacuum spacing in all cases.

A note on symmetry: the values of all properties calculated below

are the same for atoms in equivalent positions above and below the central

layer. This is true for all the layered structures considered here, whether

relaxed or not. Therefore only the properties corresponding to one set of

layers (one of the two possible surfaces to the centre) will be shown here.

7.3.1 Structural distortion

For the relaxation calculations, the length of the c-axis and the angles be-

tween all axes were held constant. The length of the a- and b-axes and
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Figure 7.4: The Pt 5-layer ‘A’ structure. This shows 8×2×1 unit cells. The
unit cell is shown with the a-axis pointing to the right, the b-axis out of the
page and the c-axis pointing down.
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the positions of the atoms were allowed to move within the constraints of

symmetry. The a and b lattice parameters of all six ‘A’ structures (Pt, Pd,

Rh for 5 and 7 layers) contracted upon relaxation as shown in table 7.1.

The relaxed bond lengths across all structures were within 2.65–2.85 Å,

with Rh having the smallest bond lengths and Pt the largest. This is a

similar trend to the relaxed bulk structures where the relaxed bond lengths

were 2.71 Å, 2.80 Å and 2.81 Å for Rh, Pd and Pt respectively.

Upon relaxation, the outer layers moved apart in the case of the Pt

surfaces, but contracted in the case of Pd and Rh. An indication of this can

be seen from the changes in the surface-to-subsurface bond lengths shown

in table 7.2, but it is also shown by an analysis of the change in atomic

positions parallel to the c-axis. Table 7.2 also shows that the degree of

structural distortion within the inner layers is less than that nearer to the

surface.

Initial ‘A’/Å Final ‘B’/Å % change from ‘A’ to ‘B’

Pt 5-layer 2.808 2.739 -2.47
Pt 7-layer 2.808 2.753 -1.98
Pd 5-layer 2.796 2.755 -1.46
Pd 7-layer 2.796 2.769 -0.96
Rh 5-layer 2.707 2.676 -1.16
Rh 7-layer 2.707 2.687 -0.74

Table 7.1: The initial a-axis lattice parameter and the corresponding lattice
parameter upon relaxation. The a- and b-axis lengths are the same due
to symmetry. The precision in the lattice parameters is to within at least
0.005 Å. Percentages are presented with respect to the initial ‘A’ lattice
parameter.
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Surface-subsurface Subsurface-subsubsurface Sub(sub)surface-centre
Pt 5-layer 0.52 - 0.47
Pt 7-layer 0.66 0.84 0.45
Pd 5-layer -0.87 - -0.79
Pd 7-layer -1.20 -1.03 0.31
Rh 5-layer -2.04 - 0.11
Rh 7-layer -1.39 -0.46 -0.17

Table 7.2: The change in bond lengths upon structural relaxation, presented
as a percentage of the non-relaxed ‘A’ structure bond length. The bond
lengths investigated are those between atoms in adjacent layers.

7.3.2 Densities of states (DOS)

A set of carefully converged DOS for the structures was constructed with

all energies zeroed at the Fermi energy, Ef . As expected, the DOS contain

similar features over all structures. Figures 7.5a, 7.5b and 7.5c show the total

DOS and the DOS projected onto s, p and d angular momentum channels

(PDOS) for the 5-layer ‘B’ structures of Pt, Pd and Rh respectively. As

expected, all contain broad, low-lying bands for s- and p-like channels, and

large peaked d -like states grouped around the Fermi level. The features are

very similar to their bulk equivalents in the previous chapter including the

energy ranges for the d -band which is approximately 5 eV in width for Pd

compared to 7 eV for Pt and Rh. Also, the highest energy d -like peak for

Rh is approximately 0.5 eV above Ef , compared to Pt and Pd where it is

situated at Ef , as in the bulk cases.
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(a) Pt(001) 5-layer ‘B’ structure.
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(b) Pd(001) 5-layer ‘B’ structure.
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(c) Rh(001) 5-layer ‘B’ structure.

Figure 7.5: DOS and angular PDOS for the 5-layer ‘B’ structures for (a) Pt,
(b) Pd and (c) Rh.
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The local density of states for each layer (LDOS), as in the case of the

total DOS, exhibit similar features across all the structures. Figure 7.6

shows the LDOS across the Pt 5-layer ‘B’ structure, from which it can be

seen that the electron energies in the surface layer are slightly higher than

in the subsurface layers.
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Figure 7.6: LDOS across the Pt(001) 5-layer ‘B’ structure.

Given that the total DOS appear to be similar to the DOS for the bulk

structures, it makes sense to compare the LDOS of the central layer to the

bulk total DOS. Figure 7.7 shows the comparison between the central layer

of all four Pt surfaces with that of the bulk. It is clear that the LDOS of

the central layers are very similar to that of the bulk, with the four main

peaks below and at Ef lining up well across all structures. The shift in the

LDOS across the different layers in figure 7.6 indicates that the outer layers

are not as bulk-like as the central layer.
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Figure 7.7: LDOS for the central layer in all four Pt(001) structures, with
the DOS for Pt bulk included for comparison.

The Knight shift is often approximated by the s-like densities of states

at Ef of each atom. The validity of this approximation will be tested later

in this chapter. Figures 7.8a, 7.8b and 7.8c show the s-LDOS, and for

completeness the d -LDOS, for 5-layer ‘B’ structures for Pt, Pd and Rh

respectively. It can be seen that the s-like DOS for the surface atom (black

line) is much larger than that for the underlying layers, implying that the

Knight shift could be of greatest magnitude at the surface. This marked

difference in the behaviour of the surface layer is also exhibited by the d -

LDOS. The surface d -LDOS is skewed towards a higher energy compared

to the underlying layers.

The s-LDOS at Ef across all atoms in all twelve structures is shown
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in figure 7.9 alongside the equivalent s-like PDOS for the bulk Pt, Pd and

Rh structures. Note that the DOS in this section are for the acquisition of

qualitative trends only with the intention of then comparing these to the

trends exhibited by the Knight shift. The total DOS, though converged

carefully, had to be converged by eye because the intensity of fine details

are extremely sensitive to computational parameters. Since the DOS are

dominated by large d -like peaks, the tiny, by comparison, s-like contribu-

tions will be subject to a degree of numerical noise. Figure 7.9 is therefore

insufficiently converged for the extraction of quantitative relationships, but

will suffice for noting qualitative trends. Figure 7.9 shows a clear decrease

in the s-LDOS from the surface atom to the central layer for all structures.

By one layer in from the surface, all Pt and Rh structures have s-LDOS

that are close to bulk. By contrast, for Pd it requires two layers before the

s-LDOS is close to bulk. For all three metals, this implies that material

properties decay quickly to bulk, within at most two layers—a trend which

is likely to be exhibited by the Knight shift. Finally, it can be seen that

structural changes between the ‘A’ and ‘B’ structures do not greatly affect

the s-LDOS, implying that the Knight shift might be similarly insensitive.
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(a) Pt(001) 5-layer ‘B’ structure.

-10 -5 0 5 10
Energy / eV

0

0.5

1

1.5

2

2.5

3

3.5

PD
O

S 
/ e

le
ct

ro
ns

 p
er

 e
V

s surface
s subsurface
s centre
d surface
d subsurface
d centre
bulk s
bulk d

(b) Pd(001) 5-layer ‘B’ structure.
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(c) Rh(001) 5-layer ‘B’ structure.

Figure 7.8: s-LDOS and d -LDOS across the (a) Pt, (b) Pd and (c) Rh 5-
layer ‘B’ structures, with the equivalent bulk s-PDOS and d -PDOS included
for comparison.
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Figure 7.9: The s-LDOS values at Ef across all layers, from the surface
to the centre, and across all structures investigated. Equivalent s-PDOS
values for the bulk structures have also been included. Note that values
here cannot be strictly converged; the instances of small negative DOS for
example will be due to this. The plot is for obtaining qualitative trends
only.

7.4 First-principles calculations of the Knight shift

Having discussed trends in the LDOS across the structures, we shall see if

the Knight shift follows similar trends. The pseudopotentials used for the

calculation of the Knight shift were the same norm-conserving ones used

for the equivalent calculations on bulk metals (section 6.3). Note that since

the structures investigated in this chapter are anisotropic, so too are the

tensors representing the Knight shift. The Knight shifts obtained from my

calculations are therefore reported in this section as a third of the trace of
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the Knight shift tensor.

7.4.1 Convergence with respect to vacuum spacing, k-points
and smearing

Increasing the vacuum spacing from 15 Å to 25 Å was found to have only a

very small systematic effect on the Knight shift. Figure 7.10 clearly shows

this for the Pd 5-layer ‘A’ structure over several k-point grids and smearing

widths. Using a vacuum spacing of 15 Å therefore produced a converged set

of Knight shifts to within 20 ppm for Pt, Pd and Rh.
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Figure 7.10: Convergence of the Knight shift over several vacuum spacings
and smearing widths for the central layer in the 5-layer Pd structure ‘A’.
The Knight shift has also been converged with respect to the number of
k-points on a regular N×N×1 grid (as shown on the horizontal axis).

The convergence of the Knight shift with respect to smearing width

and k-points was also investigated. A regular N×N×1 k-point grid was
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Figure 7.11: Convergence of the Knight shift across different atoms in the
5-layer Pd ‘B’ (relaxed) structure. The Knight shift has been converged
with respect to the number of k-points on a regular N×N×1 grid (as shown
on the horizontal axis), and over different smearing widths. The converged
bulk Pd values from table 6.5 have also been included.

used. Since there is a large amount of vacuum along [001], only one k-point

was needed to precisely sample the charge density in this direction. The k-

points were placed 1/4 along the c*-axis for computational efficiency. Figures

7.11 and 7.12 show the convergence of the Knight shift with respect to k-

points and smearing widths for the Pd ‘B’ structures. Similar trends were

observed for the other structures. As was observed for the bulk structures in

section 6.3, the Knight shift converges slowly with respect to k-points and

smearing width; the smaller the smearing width, the slower the convergence

with respect to k-points. A smearing width of 0.2 eV typically required a k-

point grid of approximately 70×70×1 to obtain Knight shift values that were
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Figure 7.12: Convergence of the Knight shift across different atoms in the
7-layer Pd ‘B’ (relaxed) structure. The Knight shift has been converged
with respect to the number of k-points on a regular N×N×1 grid (as shown
on the horizontal axis), and over different smearing widths. The converged
bulk Pd values from table 6.5 have also been included.

converged to within 0.1%, for 0.1 eV the grid was approximately 150×150×1

to obtain Knight shifts within 0.5%, and a 0.05 eV smearing required a grid

of 180×180×1 for Knight shifts within 3%.

The qualitative differences noted above can be quantified more readily

from single values of the Knight shift converged with respect to k-points.

Tables 7.3, 7.4 and 7.5 show these Knight shifts for each layer, structure and

smearing width. A conservative estimate of the precision of the Knight shift

with respect to k-points has been given. This estimate has been obtained

by considering the range of the Knight shift values at high numbers of k-

points—the same procedure used when obtaining equivalent values for the
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bulk structures in chapter 6. It is readily apparent that the Pt structures

exhibit absolute Knight shifts that are an order of magnitude greater than

the Pd and Rh structures, as was the case for the bulk structures in chapter

6. Furthermore, the surface Knight shift is also markedly larger than that

of the inner layers as will be discussed later.

Surface Subsurface Subsubsurface Centre

Pt 5-layer A 0.2 eV -133100±100 -41100±200 - -28200±100
Pt 5-layer B 0.2 eV -146990±20 -45230±10 - -35010±10
Pt 5-layer B 0.1 eV -147280±20 -50110±20 - -35070±10
Pt 7-layer A 0.2 eV -133700±200 -42400±200 -37000±200 -38900±200
Pt 7-layer B 0.2 eV -146100±100 -44000±100 -41200±100 -43400±100
Pt 7-layer B 0.1 eV -161100±100 -50400±200 -48200±200 -52200±200

Table 7.3: Converged Knight shifts (in ppm) for all Pt surface structures.
Conservative estimates of the precision have also been given. Further calcu-
lations on the ‘A’ structures with smearing widths of 0.1 eV and 0.05 eV have
not been included because I determined that the results were not sufficiently
converged to extract a meaningful value.

Surface Subsurface Subsubsurface Centre

Pd 5-layer A 0.2 eV -10910±10 -4010±10 - -3890±10
Pd 5-layer B 0.2 eV -10650±10 -3900±10 - -3760±10
Pd 5-layer B 0.1 eV -11170±10 -4100±10 - -4120±10
Pd 5-layer B 0.05 eV -11360±30 -4330±50 - -4250±50
Pd 7-layer A 0.2 eV -11190±10 -4330±10 -4320±10 -4270±10
Pd 7-layer B 0.2 eV -10800±30 -4230±10 -4270±20 -4340±30
Pd 7-layer B 0.1 eV -12230±20 -5050±50 -5000±100 -5200±100

Table 7.4: Converged Knight shifts (in ppm) for all Pd surface structures.
Conservative estimates of the precision have also been given. Further calcu-
lations on the ‘A’ structures with smearing widths of 0.1 eV and 0.05 eV have
not been included because I determined that the results were not sufficiently
converged to extract a meaningful value.

As can be seen from figures 7.11 and 7.12 and tables 7.3, 7.4 and 7.5,

changes in smearing width have a significant effect on the Knight shift. This
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Surface Subsurface Subsubsurface Centre

Rh 5-layer A 0.2 eV -8910±10 -2990±20 - -2050±10
Rh 5-layer B 0.2 eV -8120±10 -2740±10 - -1940±10
Rh 5-layer B 0.1 eV -7380±10 -2590±10 - -1870±10
Rh 7-layer A 0.2 eV -9080±10 -2730±10 -2030±10 -2700±10
Rh 7-layer B 0.2 eV -8670±10 -2650±10 -1970±10 -2690±10

Table 7.5: Converged Knight shifts (in ppm) for all Rh surface structures.
Conservative estimates of the precision have also been given. Further calcu-
lations on the ‘A’ structures with smearing widths of 0.1 eV and 0.05 eV have
not been included because I determined that the results were not sufficiently
converged to extract a meaningful value.

is particularly apparent for the 7-layer Pd ‘B’ structure in figure 7.12, where

the Knight shifts corresponding to the inner layers (subsurface, subsubsur-

face and central) for a given smearing width are tightly grouped together

and distinct from the Knight shift of the inner layers for another smearing

width. Furthermore, figures 7.11 and 7.12 show that a decrease in smearing

width corresponds to a more negative Knight shift, i.e. a larger paramag-

netic response by the conduction electrons. The surface layer is particularly

sensitive to smearing width. As was the case for the bulk structures in

section 6.3, the Knight shift can therefore not be considered to be fully

converged with respect to smearing width.

In practice, does the slow convergence of the Knight shift with respect

to smearing width affect our ability to draw meaningful trends from the

calculations? Figure 7.13 shows the difference between the Knight shift

of the surface and the central layers in the Pt 7-layer ‘A’ structure for a

set of smearing widths (red lines). It can be seen that this difference is

not the same for each smearing width—the red lines do not lie on top of

one another. As alluded to in the discussion on smearing width for figures
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7.11 and 7.12, the change in Knight shift with respect to smearing width

is greater for the surface layer than the inner layers. This provides the

reason for the sensitivity of the change in the Knight shift from surface to

centre over different smearings. Despite this difference in Knight shift not

being equal across different smearings, the red lines in figure 7.13 are closer

together than those for the surface (black) and central layers (green) which

indicates that the difference in the Knight shift between the surface and

centre is not as sensitive to smearing as the Knight shift for only the surface

or central layer. Figure 7.14 shows this quantitatively for all three metals.

The figure shows the difference in the surface-to-centre Knight shift between

different smearings as a function of the surface Knight shift between the same

smearings. All but one point lies below the line where these quantities would

be equal (the dotted line), implying that the surface-to-centre Knight shift

is less sensitive to smearing than the surface Knight shift. In most cases,

the Knight shift of the inner layers is less sensitive still.

7.4.2 Variation of the Knight shift with respect to atomic
position

The Knight shift in the surface structures rapidly decays to close to the

bulk value, often within one layer, as indicated by figures 7.11 and 7.12 (the

dotted lines are the bulk values). The magnitude of the surface Knight shift

is markedly larger than all the inner layers. Both these features are also

seen in the s-LDOS at Ef in figure 7.9.

Figures 7.15 and 7.16 show that there is a strong correlation between

the Knight shift of a given layer and the Ef -s-LDOS. An increase in the

magnitude of the Knight shift coincides with an increase in the correspond-

ing s-LDOS. This could indicate that calculating the s-LDOS for a given
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Figure 7.13: The Knight shift of the central and surface layers in the Pt
7-layer ‘A’ structure (with a vacuum spacing of 25 Å), and the difference
between these values for each smearing width. The horizontal axis denotes
the N number of k-points used in a regular N×N×1 grid.

structure is sufficient to extract broad trends on the behaviour of the Knight

shift. However, the strength of the correlation has yet to be fully determined

owing to the slow convergence of the DOS and Knight shift calculations, as

discussed in sections 7.3.2 and 7.4.1 respectively. Furthermore, the corre-

lation could be affected by the choice of pseudopotential used for the DOS

calculations, owing to the sensitivity of the calculated DOS to the basis set.

Figures 7.15 and 7.16 are also useful for highlighting trends in the Knight

shift across structures. The points corresponding to the surface layers are

situated towards higher s-LDOS values and greater absolute Knight shifts,

and are distinct from the inner layers (also shown in figures 7.11 and 7.12).

There is a considerable spread in the Knight shift and s-LDOS values for
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Figure 7.14: The difference in the surface-to-centre Knight shift between
successive smearings (i.e. from 0.2 eV to 0.1 eV, or 0.1 eV to 0.05 eV) as a
function of the surface Knight shift between successive smearings. Successive
smearings are denoted by subscripts ‘s’ and ‘l’. The dotted line denotes
where these values would be equal. The Pt point at (1500, 620) has been
divided by 10 so that it fits neatly within the plot—i.e. its true value is
(15000, 6200). The figure uses the converged values from tables 7.3, 7.4 and
7.5 to calculate the differences between the Knight shifts.

these surface layers across the range of structures (element, number of layers,

‘A’ or ‘B’ structures and smearing widths) in comparison to those for the

inner layers. This implies that the Knight shift and s-LDOS are particularly

sensitive to changes in structural distortion and numerical parameters such

as smearing width. Furthermore, the surface layers corresponding to the Rh

structures are not quite so distinct from the inner layers compared to those

in the Pd and Pt structures, implying that there is a smaller change in the

electronic structure at the surface of Rh structures than there is in Pd and

Pt.
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Figure 7.15: Plot to show the correlation between the Knight shift for each
layer in the Pd and Rh structures against the corresponding s-LDOS at
Ef . Pd layer structures are in blue, Rh layer structures in green. Smear-
ing widths of 0.05 eV, 0.1 eV and 0.2 eV are denoted by upwards triangles,
squares and circles respectively. 5-layer and 7-layer structures are denoted
by filled and unfilled symbols respectively. Both ‘A’ and ‘B’ structures
have been included, but have not been distinguished from one another. For
comparision, the bulk Pd (red) and bulk Rh (black) points have also been
included (smearing widths are denoted using different symbols to those used
for the layers for clarity).
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Figure 7.16: Plot to show the correlation between the Knight shift for each
layer in the Pt structures against the corresponding s-LDOS at Ef . Squares
and circles denote smearing widths of 0.1 eV and 0.2 eV respectively, filled
and unfilled symbols denote 5- and 7-layer structures respectively. Both ‘A’
and ‘B’ structures have been included, but have not been distinguished from
one another. Points for bulk have also been included for comparison (black,
and using a different symbol scheme to those for the layers for clarity).
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7.4.3 Comparison between the Knight shift of the central
layer and bulk

Another question to address is how bulk-like the central layer is in terms

of the Knight shift. Figure 7.17 shows how much the Knight shift of the

central layer for each structure differs from that in bulk. I have defined the

deviation as

deviation =
(Kbulk −Kcentre)

Kbulk
× 100, (7.2)

so that negative values correspond to central layer Knight shifts which are

less negative than that for bulk i.e. they lie above the bulk line in plots such

as figures 7.11 and 7.12.

In general, the central layer of the 7-layer structures is closer to the

equivalent bulk value than the central layer of the 5-layer structures. This

is to be expected as the central layer is further from the surface as the

number of layers in the structure increases. Furthermore, it is only 7-layer

structures that exhibit negative deviations from the bulk, meaning that the

central layer has a less negative Knight shift than in the bulk. There is no

clear trend for whether the structures of a different metal (Pt, Pd or Rh)

tend closer to bulk, nor can any reliable conclusion be drawn on the effect of

smearing width. Regarding differences between the initial ‘A’ structures and

the relaxed ‘B’ structures, some preliminary patterns can be noted. Upon

relaxing the Pd structures the central layer becomes less bulk-like, whilst

the Rh structures exhibit more positive deviations and the Pt structures

more negative deviations.
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Figure 7.17: Plot to show how the Knight shift of the central layer differs to
that in bulk. Values are presented as percentages of the bulk Knight shift
and as a function of smearing width. Circles correspond to ‘A’ structures,
triangles to ‘B’ structures, filled symbols to 5-layer structures, unfilled to
7-layer structures. Red is used for Pt, blue for Pd and green for Rh. A
negative percentage means that the Knight shift of the central layer is less
negative than that for bulk i.e. that the Knight shift for the central layer
would be situated above the bulk (in contrast to the surface Knight shift
which is always below that of the bulk).

7.4.4 Sensitivity of the Knight shift to structural changes

This leads us on to consider how the Knight shift differs from ‘A’ to ‘B’

structures, which in turn gives us an indication of the effect that structural

changes have on the Knight shift. It has already been seen from chapter 6

that the bulk Knight shifts are extremely sensitive to structural distortions—

in the most extreme case, a change in the Pd bulk lattice parameter of 11%

corresponded to a change in the Knight shift of 23%. Figure 7.18 shows an
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example k-point convergence for the Rh 5-layer ‘A’ and ‘B’ structures. The

variations in the Knight shift over different k-point samplings are almost

identical across ‘A’ and ‘B’ structures, but translated to less negative values

upon relaxation.
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Figure 7.18: The change in the Knight shift between structures ‘A’ and ‘B’
for 5-layer Rh using a 0.2 eV smearing width and 25 Å vacuum spacing. The
horizontal axis denotes N k-points on a regular N×N×1 grid.

Figure 7.19 shows that, for all structures, the Knight shift of the surface

layer tends to be the most sensitive to structural changes and the central

layer the least sensitive. We should consider why this should be the case.

Figures 7.20 and 7.21 show that there is a reasonably strong correlation

between the change in the Knight shift for an atom in a given layer and

the bond length between the atom in this layer and the atom in the ad-

jacent inner layer. Both figures—the figure for the Pd and Rh structures
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in particular—show that the greater the magnitude of the change in the

bond length, the greater the change in the magnitude of the Knight shift.

In the case of Pd and Rh, the bond lengths contracted upon relaxation and

the negative (paramagnetic) Knight shift became less negative, leading to

a positive change in the Knight shift upon relaxation. In the case of Pt,

the structure expanded upon relaxation and the Knight shift became more

negative. The correlation is weaker for Pt however due to the slight irreg-

ularity in the initial bond lengths of the ‘A’ structures—note the ‘outlier’

corresponding to the subsurface in the 7-layer structures. This is likely to be

linked to the substantial structural movement in this layer between the ‘A’

and ‘B’ structures. In conclusion, the reason for the greater change in sur-

face Knight shifts on moving from structure ‘A’ to ‘B’ compared to that in

the inner layers is that the change in the Knight shift is linked to structural

changes and these changes are greatest at the surface.

Finally, it should be noted that the Knight shift’s sensitivity to structural

distortion is not markedly greater for any particular metal. One might think

that Pt is most sensitive, however when these changes are weighted by the

equivalent bulk Knight shift values Pt is no more sensitive than Pd or Rh.
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Figure 7.20: The correlation between the change in the Knight shift between
structures ‘A’ and ‘B’ and the corresponding change in bond length. The
change in bond length is presented as a percentage change with respect to
the original ‘A’ bond length. The change in Knight shift for a given layer has
been plotted against the bond length between this layer and the adjacent
inner layer, e.g. the surface Knight shift has been plotted against the surface-
subsurface bond length. The Knight shift values all correspond to a 0.2 eV
smearing width. Pd and Rh are presented in blue and green respectively.
Surface layers are represented with squares, the layer adjacent to the centre
(subsurface for 5-layers, subsubsurface for 7-layers) with triangles, and the
layer in between—in the case of 7-layer structures—with circles. These
symbols are filled and unfilled for 5-layer and 7-layer structures respectively.
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Figure 7.21: The correlation between the change in the Knight shift between
structures ‘A’ and ‘B’ and the corresponding change in bond length for Pt
structures. The change in bond length is presented as a percentage change
with respect to the original ‘A’ bond length. The change in Knight shift for
a given layer has been plotted against the bond length between this layer
and the adjacent inner layer, e.g. the surface Knight shift has been plot-
ted against the surface-subsurface bond length. The Knight shift values all
correspond to a 0.2 eV smearing width. Surface layers are represented with
squares, the layer adjacent to the centre (subsurface for 5-layers, subsub-
surface for 7-layers) with triangles, and the layer in between—in the case
of 7-layer structures—with circles. These symbols are filled and unfilled for
5-layer and 7-layer structures respectively.
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7.4.5 Physical origin of the surface Knight shift

As discussed in this chapter so far, the calculated surface Knight shifts are

much larger in magnitude than those of the inner layers. Furthermore, the

Knight shifts rapidly decay towards their equivalent bulk values, within one

to two layers of the surface. In order to understand the physical origin for

this, the total induced spin density has been calculated by incorporating the

spin response to an external magnetic field into the Hamiltonian. This is in

accordance with the finite field approach for calculating the Knight shift as

outlined in section 4.3.

Figure 7.22 shows the charge and spin densities through the (010) plane

across the Pt 7-layer ‘B’ structure in the presence of a 100 T field.3 There

is little difference between the charge density in the vicinity of the surface

atoms compared to that around the inner atoms. The spin density around

the inner atoms is strongly localised, which provides an explanation for why

the Knight shift does not vary much between the inner layers. There is

a greater spin density around the surface atoms than those in the inner

layer. This can also be seen from figure 7.23 which shows the spin density

summed across planes perpendicular to the c-axis. However, the calculation

for figures 7.22 and 7.23 was performed using pseudised wavefunctions and

therefore the spin density shown close to the nucleus in this case is non-

physical.

The real induced spin density at each nuclear site was also calculated

and was found to be significantly greater for the surface atoms than for the

3Several magnitudes of magnetic field were tested, from 10 T to 1000 T, and across
several k-point grids. A smearing width of 0.2 eV was used for all the calculations. The
same charge and spin density trends were observed in all cases, with the total spin density
increasing linearly with increasing magnetic field.
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inner atoms.4 This explains why the magnitude of the surface Knight shift

is greater than the Knight shift of the inner layers.

Figure 7.22: Charge and spin density plots through the (010) plane in the
Pt 7-layer ‘B’ (relaxed) structure. The centre plot shows the charge density;
the right plot shows the spin density. The left image is a projection of the
structure as viewed along the b-axis; the second, fourth and sixth layers are
situated behind the plane of the charge and spin density plots. The colour
scales to the far right are expressed in e/Å3 and h̄/Å3 for the charge and
spin densities respectively.

The increased spin density at the Pt surface could be explained by the

presence of Friedel-like oscillations in the spin density of the conduction

electrons.5 This hypothesis is backed up by the DFT calculations of Kautz

and Schwartz in which a jellium model was used to simulate the behaviour of

conduction electrons in a metal surface [180]. In the presence of a magnetic

field, they found that the spin susceptibility was enhanced at the metal

4The spin density at the nucleus was also found to increase linearly with increasing
magnetic field.

5Friedel oscillations are oscillations in the electronic charge density due to a localised
perturbation in the electronic environment. The RKKY interaction between spins results
in an equivalent oscillation in the electronic spin density [179, p. 157].
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Figure 7.23: Spin density summed across the plane perpendicular to the
c-axis and plotted as a function of distance along the c-axis. The Pt unit
cell has been included for comparison. The decrease in spin density in the
centre of each atom is a result of using the pseudised wavefunction for the
calculation.

surface and decayed to the bulk susceptibility of a uniform electron gas with

increasing distance from the surface. Furthermore, the spin susceptibility

oscillated with a wavelength of π/kF , where kF is the Fermi wavevector.

However, in the case of this model, the interaction between the electrons

and nuclei was not included. When electron-nuclear interactions are taken

into account, the manifestation of Friedel-like oscillations could therefore

depend on the atomic species and the atomic packing at the surface.

If the Fermi surface for the Pt 7-layer structure is approximated as a
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sphere, the Fermi wavevector is ∼7.39×109 m−1 and the period of spatial

oscillation is therefore ∼4.25 Å. Given that the Pt slab is 12.1 Å thick, this

results in approximately 3 periods of Friedel-like oscillation across the thick-

ness of the slab. The calculated Knight shift values for the Pt structures in

table 7.3 appear to correlate qualitatively with this approximation. How-

ever, in order to investigate this correlation further, the Knight shift should

be calculated for a set of Pt slab structures of increasing thickness and of

differing surface planes—for example (111). It should be noted that os-

cillations in the Knight shift have been used to explain the broadening of

experimental Knight shifts in Pt alloys [181] and Pt particles [156, 182, 183].

7.5 Calculations of the orbital shift

The orbital shift in the Pt structures was also investigated, again with the

same norm-conserving pseudopotential used for bulk Pt (section 6.3). Table

7.6 shows the orbital shifts for the Pt 5- and 7-layer, ‘A’ and ‘B’ structures

converged with respect to k-points. These values are converged to within

1%. The k-point convergence was slower for the orbital shift calculations

compared to those for the Knight shift. k-point grids of up to 195×195×1

were required to converge the orbital shift to within 500 ppm, as seen in

table 7.6, whereas grids of at most 120×120×1 were required to converge

the Knight shift to within 100–200 ppm.

Following a similar trend to that with the Knight shift, the orbital shift

rapidly tends to the bulk orbital values of 65000 ppm and 68200 ppm for

smearing widths of 0.2 eV and 0.1 eV respectively. The variation in the

orbital shift across the layers is however much less than that for the Knight

shift. Whereas the Knight shift for the surface layer is typically around
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350% of the bulk value (the central layer having a Knight shift close to the

bulk value), the surface layer orbital shift is only around 90% of the bulk

(i.e. it differs by around 10% of the bulk value). The orbital shift is also less

sensitive to structural changes than the Knight shift, with the values differing

by only a few 100 ppm between structures ‘A’ and ‘B’. These differences are

so small that they are very close to the estimated convergence errors. As a

result, it would not be meaningful to consider correlations between structural

changes and the changes in the orbital shift.

Surface Subsurface Subsubsurface Centre

Pt 5-layer A 0.2 eV 59200±500 63300±200 - 65200±400
Pt 5-layer A 0.1 eV 63700±200 67300±200 - 68000±500
Pt 5-layer B 0.2 eV 59800±200 63400±100 - 66500±200
Pt 5-layer B 0.1 eV 63800±200 67200±200 - 69400±200
Pt 7-layer A 0.2 eV 57400±300 63300±600 64900±300 63900±100
Pt 7-layer A 0.1 eV 62400±500 67100±500 67400±200 67600±500
Pt 7-layer B 0.2 eV 58400±200 63200±200 65700±100 64000±200
Pt 7-layer B 0.1 eV 62900±200 66800±100 68100±300 67500±300

Table 7.6: Converged orbital shifts (in ppm) for all Pt surface structures.
Conservative estimates of the precision have also been given.

7.6 Conclusions and further work

7.6.1 General trends

I have presented the first set of fully ab initio calculations on the Knight

shift in surface structures. These have shown that the Knight shift is ex-

tremely sensitive to changes in atomic environment, as indicated by the large

difference between the Knight shifts of the surface and central layers, and

the large change in the Knight shift upon structural relaxation. By compar-

ison, the orbital shift is much less sensitive. The surface Knight shifts are
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found to be much larger in magnitude than the Knight shifts of the inner

layers, which can be explained by the higher induced spin density present at

the surface. Both the Knight and orbital shifts rapidly decay to their bulk

values—within two or three layers into the structure.

The k-point convergence of the Knight and orbital shifts is slower for

layered structures compared to that in bulk. For example, the coarsest grid

used for the bulk calculations corresponded to a spacing of 0.0075×2πÅ−1

(in the case of the Knight shift being converged to within 0.1% for Rh bulk)

compared to 0.0062×2πÅ−1 for the layered structures (in the case of the

Knight shift for the 5-layer Rh structure being converged to within 0.12%).

Furthermore, as also seen in the bulk study, this convergence is slower for the

orbital shift than the Knight shift. As with the bulk structures, smearing

width has a large effect on the Knight and orbital shifts for the surface

structures, so it is not possible to obtain definitive values which can be

compared with experiment. The difference in the Knight shift between the

surface and central layers is however less sensitive to smearing width than

the values for the individual layers and can more readily be used as a guide

for experiments. Furthermore, the qualitative trends across the layers should

serve as a useful guide for experiments.

7.6.2 Comparison with literature and further work

Finally, we return to the main questions raised towards the beginning of this

chapter:

1. Does the s-LDOS at the Fermi energy provide an adequate indication

of the Knight shift?

2. How representative is an infinite slab model of real-life particles, and
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can my results therefore be compared to experimental results?

The relationship between the Knight shift and the s-LDOS

Figures 7.15 and 7.16 show that an increase in the s-LDOS at Ef correlates

with an increase in the magnitude of the Knight shift. As discussed however

in section 7.4.2, it is currently not clear exactly how strong this correlation

is due to the slow convergence of the DOS and Knight shift calculations, and

because the effect of different pseudopotentials has yet to be investigated.

Care should still be taken when interpreting experimental Knight shifts in

terms of LDOS.

Relevance to experimental NMR of nanoparticles

In order to assess how representative a slab structure is to a spherical

nanoparticle, we need to examine the rate at which the surface Knight shift

decays to bulk and its sensitivity to structural changes. My results have

shown that in 5-layer structures the Knight shift of the central layers differs

at most by 30% to that in bulk, meaning that the Knight shift is at least

70% bulk-like within two layers of the surface. This correlates well with the

estimated values of m =1.35–3.7 obtained via layer analysis in the literature

(discussed in section 7.2.1).6 By the third layer in from the surface (i.e. the

central layer of the 7-layer structures) this increases to being at least 80%

bulk-like (in all but the 7-layer Pt ‘B’ structure the central layer was at least

90% bulk-like). There are however cases for the 7-layer structures where the

most bulk-like layer is not the central one, but the one adjacent to it. As

6In the case of Pt, the interlayer spacings in my structures were in the range 0.193–
0.205 nm, compared to the value of 0.229 nm used in the literature [157, 159]. Using the
calculated interlayer spacings for the 5-layer Pt structures, and m = 2, the estimated
healing lengths are 0.388–0.408 nm, which is again within the range estimated in the
literature.
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discussed in section 7.4.5, this could be due to Friedel-like oscillations in the

electron spin density. Investigating slab structures with a greater number

of layers than those used here could provide further insight on oscillating

Knight shift values and the number of layers required before a several-layer

region of near bulk-like material is achieved.

My results have also shown that the Knight shift is extremely sensitive

to structural environment. The most sensitive case was for the surface of

the Pt 7-layer structure (0.2 eV) for which a change in the Knight shift

of -12400 ppm (a 9% change with respect to the surface Knight shift of

the corresponding ‘A’ structure) corresponded to a 0.02 Å change in bond

length. It could therefore be the case that the surface Knight shift is highly

sensitive to surface reconstructions, different planes and surface defects—all

of which could be present on a particle’s surface. These structural differences

could somewhat account for the discrepency between my calculated surface

Knight shift for Pt (which was shown to be large and negative) and the

experimentally measured 195Pt surface Knight shift which was close to zero.

The presence of adsorbates, such as oxygen, could also explain why the

experimental surface Knight shift is zero instead of being large and negative;

for example, PtO2 also exhibits no Knight shift [157]. The lack of a clear

surface peak in the experimental 103Rh spectra (section 7.2.2), in which

there could also be some broadening towards higher field/frequency ratios,

could indicate that there may be a surface Knight shift for Rh particles that

is more negative than bulk in accordance with my calculations.

To investigate surface Knight shifts in more detail, further calculations

could be conducted using different planes (for example (111)) and surface re-

constructions (for example the 5×20 Pt reconstruction mentioned by Wein-
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ert and Freeman [174]). The effect of adsorbates on the surface Knight shift

could also be investigated. Overall, the results obtained provide a strong

foundation on which to further investigate the Knight shift in nanoparticles.
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Chapter 8

Calculating hyperfine
interactions

As discussed in section 4.3.1, core polarisation can have a significant effect

on the calculation of hyperfine parameters in paramagnetic systems. It

is particularly important for systems which exhibit ground-state hyperfine

interactions (i.e. in Curie paramagnets). In the cases where the hyperfine

interaction is induced, such as in the Knight shift and J -coupling, core

polarisation is expected to have little effect. In the case of J -coupling, this

is well-supported by the good agreement between J -couplings calculated

using the planewave-pseudopotential methodology, and those obtained via

quantum chemical methodologies and experiment [56, 35, 1, 184]. In the

case of the Knight shift, my calculations in chapter 6 also support this.

However, it would be useful to have a robust approach for incorporating

core polarisation so that its effect could be systematically tested.

When calculating ground-state hyperfine parameters for paramagnetic

systems, it has been shown that the perturbative method developed by

Bahramy et al. results in a significant improvement in the calculated values

of hyperfine parameters [74, 75]. However, a perturbative approach cannot
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be used for perturbed situations such as the calculation of J -couplings and

Knight shifts. By contrast, it is well accepted that core polarisation does

not affect interactions in diamagnetic systems, and therefore in these cases

the core states can be safely replaced with those of an isolated atom.

In this chapter I investigate a novel method for including the effects of

core polarisation which can be used in all ground-state and perturbed situ-

ations. Instead of treating the effect of core polarisation as a perturbation

to the hyperfine interaction of the valence electrons, the interaction between

the core and valence electrons is included holistically by treating the core

electrons in the pseudopotential as valence to form an ‘all-electron pseu-

dopotential’ (AE-PSP). The effect of replacing the pseudopotential with a

Coulomb potential has also been investigated.

8.1 All-electron pseudopotentials (AE-PSPs)

C1C2

H1

H2

H3

C1C2

H1H2

H3

H4H5

C1 H1

H2

H3
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H1

O1

O1
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H1

H2C1

O1

H1

H2

H3

CH2CH CH2CH3 CH3

H3CO H2CO
+ HCO

Figure 8.1: The set of radicals investigated. The carbon, hydrogen and
oxygen atoms are labelled in accordance with the following discussion.
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The accuracy of using all-electron pseudopotentials for calculating the

Fermi-contact interaction has been tested on the set of small organic radicals

shown in figure 8.1. Previously, Filidou et al. used the same set of structures

to evaluate the accuracy of the perturbative approach when calculating the

isotropic hyperfine interaction. The geometries used for my calculations

were provided by Filidou et al. so that these methodologies could be directly

compared.

A variety of carbon AE-PSPs were investigated: the number of pro-

jectors used to describe the electron wavefunctions were changed, as were

the relative energies of these projectors and the cut-off radius for the pseu-

dopotential. The AE-PSPs converged easily with respect to the planewave

cut-off and the sampling of the augmentation charge. A planewave cut-off

of 1100 eV was easily sufficient to give converged results with all AE-PSPs.

Furthermore, increasing the density of the fine grid upon which the augmen-

tation charge is stored did not alter the Fermi-contact values.1 Overall, the

reliable convergences confirmed that the AE-PSPs were accurate pseudopo-

tentials. Each molecule was placed in a cubic supercell with sides of length

35 a.u. (∼18.5 Å) to ensure that there was no interaction between images.

A single k-point placed at (1
4 ,

1
4 ,

1
4) was used for each calculation. The PBE

functional was used for all calculations.

Figure 8.2 shows the Fermi-contact terms for the carbon nuclei in the set

of organic molecules, as calculated using a candidate all-electron pseudopo-

tential (red crosses) and a conventional valence-only carbon pseudopotential

set as the default in CASTEP (blue crosses). These are compared to the

calculations of Filidou et al. and a set of experimental data previously ref-

1In general, the fine grid sampling was set to 3, compared to the default of 1.75.
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erenced in their paper [14].2

The default CASTEP carbon pseudopotential was the same as presented

in the ‘OTFG7’ (i.e. ‘C7’) set in the paper by Lejaeghere et al. [49]. Only

the 2s and 2p wavefunctions are included in this pseudopotential and each

are represented by a single projector function. The results presented for

this pseudopotential have been well-converged using a planewave cut-off of

950 eV. Both pseudopotentials have the same cut-off radius, rc, of 1.4 a.u.

In the all-electron pseudopotential, 1s electrons were modelled with a

single projector, the 2s with two projectors and the 2p with two projec-

tors (this can be referred to in the CASTEP pseudopotential string as

‘10U:20UU:21UU’).

The calculations by Filidou et al. consist of calculations involving no

core polarisation (blue plusses) and a set of calculations which modelled

core polarisation using perturbation theory (red plusses). Both of these sets

of calculations were performed using the QUANTUM-ESPRESSO software

package [191]. The authors also performed a set of all-electron (AE) calcu-

lations (black diamonds) using the GAUSSIAN 09 software package [42].

8.1.1 Comparison of core polarisation methodologies

Figure 8.2 shows the carbon Fermi-contact terms as evaluated by the dif-

ferent methodologies discussed above. Figure 8.3 shows the corresponding

values for the hydrogen Fermi-contact terms.

Comparing the Fermi-contact terms in figure 8.2 to the structures in

figure 8.1 shows that the Fermi-contact terms for the carbons with fully

occupied states (C2 in CHCH2, C1 in CH3CH2, and the carbons in H3CO

2For completeness, the experimental references for each of the molecules are: CHCH2

and CH3CH2 [185, 186], CH3 [187], H3CO [188, 189], HCO [190] and H2CO+ [189].
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Figure 8.2: Comparison of the methodologies used to evaluate the Fermi-
contact interaction for carbon nuclei in a set of small molecules. My
CASTEP calculations are shown with crosses and compared against ex-
isting QUANTUM-ESPRESSO (plusses) and AE (diamonds, using GAUS-
SIAN 09) calculations by Filidou et al. [14]. The experimental data are
individually referenced in the main discussion. CASTEP and QUANTUM-
ESPRESSO calculations which do not include corrections for core polarisa-
tion (CP) are shown in blue, and those which incorporate corrections for
core polarisation are shown in red. (See discussion for further details.)
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Figure 8.3: Comparison of the Fermi-contact interactions for hydrogen nu-
clei as a result of using different approaches to evaluate the Fermi-contact
interaction in the carbon nuclei (figure 8.2). My CASTEP calculations are
shown with crosses, QUANTUM-ESPRESSO and AE calculations by Fil-
idou et al. with plusses and diamonds respectively [14] and experimental
data with triangles. Methods incorporating core polarisation in the car-
bon nuclei are shown in red, and those without in blue. (See discussion for
further details.)
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and H2CO+) are not greatly affected by core polarisation. By contrast,

core polarisation has a significant effect on the carbons which possess a

lone electron (C1 in CHCH2, C2 in CH3CH2, and the carbons in CH3 and

HCO).3 In these cases, the all-electron pseudopotential results in a substan-

tial improvement in the accuracy of the Fermi-contact terms compared to

the calculations which do not include core polarisation (both CASTEP and

QUANTUM-ESPRESSO calculations). However, the perturbative approach

to including core polarisation (‘Q-ESPRESSO with CP’) is more accurate

still. The difference in the calculations incorporating core polarisation will

predominantly be due to the differences in the AE-PSP and pertubative

approaches, and not due to differences in the codes. This can be inferred

from noting that the calculations involving no core polarisation produce very

similar values.

The Fermi-contact terms for each hydrogen are not significantly altered

by the modelling methods for the carbon nuclei as shown in figure 8.3.4 The

AE-PSP Fermi-contact terms are fairly consistent with the other QUAN-

TUM ESPRESSO and AE calculations, further validating the accuracy of

the carbon AE-PSPs. In the case of the HCO and H2CO+ radicals the

AE calculations agree well with experiment, but the pseudopotential cal-

culations agree less favourably with experiment. This implies that in the

HCO and H2CO+ radicals there is a degree of polarisation which has not

been accurately modelled by the carbon pseudopotentials. In other cases

the AE and pseudopotential calculations agree well with one another, but

3The sign indicates whether the spin density is predominantly ‘up’ or ‘down’. The
change in sign across carbons in the same molecule indicates that there must be a node
in the charge density at some point between the carbon nuclei.

4Note that hydrogen atoms cannot have a core polarisation because each atom has only
one electron. They can however be affected by interactions with the electrons associated
with neighbouring nuclei.
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not with experiment. In part, this could be due to the sensitivity of the

hyperfine interaction to geometries. The calculated molecules are frozen in

a particular orientation. This results in a degree of variation in the calcu-

lated hydrogen Fermi-contact terms which in practice would be averaged out

due to bond rotations. For example, experimentally it would be expected

that the Fermi-contact terms for the hydrogen nuclei in the methyl group

in CH2CH3 would be the same. In my CASTEP calculations, which use a

fixed CH2CH3 geometry, the H1 and H4 have almost equal values but the

H3 value (omitted from the figures due to lack of a comparative AE value)

is over four times larger.

8.1.2 Investigation of alternative all-electron pseudopoten-
tials

A large number of carbon all-electron pseudopotentials were investigated.

None of them produced a significant improvement on those used in figures

8.2 and 8.3. By way of example, figure 8.4 shows the Fermi-contact term cal-

culated for C1 in the CHCH2 radical across a range of pseudopotentials with

different numbers of projectors and cut-off radii. The Fermi-contact term

only varied by ∼16 MHz with respect to changing the AE-PSP compared to

a ∼80 MHz difference between using the standard ‘OTFG7’ CASTEP pseu-

dopotential and the all-electron pseudopotentials. The effect of changing

the energy of the second 1s projector was also investigated however this had

an even weaker effect on the Fermi-contact term. Changing the energy over

a range of 0.1–10 Ha changed the Fermi contact term by only 1.6 MHz.
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Figure 8.4: The calculation of the Fermi-contact interaction for C1 in the
CHCH2 radical using different all-electron pseudopotentials. Pseudopoten-
tials using different cut-off radii, rc, and different numbers of projectors are
shown in red, black, green and blue. By way of comparison, the QUANTUM-
ESPRESSO calculations with and without core polarisation, the AE calcu-
lations, my own CASTEP calculations with no core polarisation and exper-
imental values have also been included [14, 185, 186].

8.2 Using a Coulomb potential

The effect of replacing the pseudopotential with a simple Coulomb poten-

tial was investigated. Figure 8.5 shows the Fermi-contact term for a sin-

gle hydrogen atom in a 7×7×7 a.u.3 box converging with respect to the

planewave cut-off. The values obtained using the default hydrogen ultra-

soft pseudopotential from the ‘OTFG7’ set are shown in red, the values

using the Coulomb potential in black. It is immediately apparent that con-

vergence when using the Coulomb potential is extremely slow—the Fermi-

contact term hasn’t even converged with a planewave energy of 10000 eV!
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By contrast, a planewave energy of 600 eV using the pseudopotential has

converged the Fermi-contact to within 5 MHz (0.3%) of the equivalent value

at 10000 eV.

The carbon pseudopotential was replaced with a Coulomb potential to

investigate how this modelled the effects of core polarisation. Figure 8.6

shows how the Fermi-contact term converges with respect to the planewave

cut-off for the CH3 radical in a 10×10×10 a.u.3 box. As expected, the rate

of convergence is even slower than for hydrogen.
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Figure 8.5: The Fermi-contact term for a single hydrogen atom calculated
using a hydrogen Coulomb potential (black) and the default ultrasoft pseu-
dopotential (red).
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Figure 8.6: The Fermi-contact term for carbon in CH3 using a carbon
Coulomb potential (black crosses). The AE and CASTEP pseudopoten-
tial and AE-PSP values from figure 8.2 have been included for comparison.

8.3 Conclusions

The use of a Coulomb potential leads to an extremely slow convergence

of the isotropic hyperfine interaction with respect to the planewave cut-off

and is therefore not a computationally realistic method for modelling core

polarisation. By contrast, all-electron pseudopotentials converge rapidly

with respect to planewave cut-off however they can only partially model the

effects of core polarisation. The AE-PSP results also remained relatively

stable with respect to a range of pseudopotential parameters. This behaviour

implies that some part of fundamental physics is missed when modelling the

system with AE-PSPs such as the augmentation charge not fully describing
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the exchange-correlation interactions of the electrons. Evaluating this could

form the basis for further research.

For ground-state properties, all-electron methods remain the best method-

ology for including the effects of core polarisation. However, there is still no

robust methodology for including the effects of core polarisation on response

properties such as in J -coupling and Knight shifts.



Chapter 9

Conclusions and further
work

In this thesis I have presented two studies which illustrate the power of first-

principles calculations for predicting the NMR parameters for materials ap-

plications. The first study (chapter 5) used well-established first-principles

methodologies for diamagnetic materials in order to calculate the NMR pa-

rameters for the pure NaNbO3, KNbO3 and LiNbO3 perovskite structures

and related solid solutions. The aim was to investigate potential correlations

between structural disorder and NMR parameters, in order to aid the inter-

pretation of future NMR experiments. The second study involved the use

of relatively new methodologies to calculate the Knight shift in platinum,

palladium and rhodium. This started with an investigation of the bulk sys-

tems (chapter 6) which identified the computational considerations required

for Knight shift calculations and investigated the subsequent accuracy of the

calculated Knight shifts in comparison to experiment. The findings from the

bulk systems were then used to inform the study of a set of surface struc-

tures (chapter 7), which in turn identified correlations between the Knight

shift on a particular atomic site or layer and structural environment. An
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overview of the main conclusions and potential avenues for further enquiry

are as follows.

9.1 Chapter 5—NMR parameters of group I nio-
bate perovskite structures

The NMR parameters for pure NaNbO3, KNbO3 and LiNbO3 perovskite

structures were calculated prior to investigating sets of related disordered

structures containing impurities. By analysing the NMR parameters as a

function of distance from the impurity atoms, I was able to show that the

NMR parameters were significantly affected by the presence of the impurity

atoms. In general, these parameters tended towards their equivalent pure

structure values with increasing separation from the impurity atom.

The NMR parameters were found to be extremely sensitive to structural

distortions, particularly in the case of the 93Nb nuclei which are surrounded

by an octahedral configuration of oxygen atoms. For pure compounds and

those with a small concentration of impurities, there was a positive gradient

to the correlation between the 93Nb CQ values and the strains within the oxy-

gen octahedra. This tended to a negative gradient for high concentrations.

There are two possible reasons for this: the CQ values could be affected

by the structural distortions in the octahedra (the geometries of which are

influenced by the impurity atom) or the CQ could be directly affected by the

impurity atom. This is an area that could be researched further, through

manually distorting either the octahedra or the position of the impurities

in order to decouple their effects on the 93Nb CQ values. Experimentally,

the trends in 93Nb CQ values will lead to the degree of quadrupolar broad-

ening decreasing with increasing impurity concentration as the gradient of
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the CQ–strain correlation flattens. Beyond a certain impurity concentration,

the broadening will however increase as the gradient becomes increasingly

negative. This highlights the difficulty in interpreting experimental spectra

and the consequential necessity of a computational model.

It was found that 23Na NMR can be used experimentally to deter-

mine whether they are situated in a Pbcm NaNbO3 environment with small

amounts of Li or K doping, or whether they are situated in an Amm2 KNbO3

environment as dopants. In the case of Na in a Pbcm NaNbO3 environment,

23Na σiso can be used to measure the concentration of Li or K doping. In the

case of the LixNa1−xNbO3 system, it is predicted that the two experimental

23Na peaks will shift by approximately 1–4 ppm (from σiso =∼561 ppm to

σiso =∼557–560 ppm) and approximately 1.5 ppm (from σiso =∼565 ppm to

σiso =∼563.5 ppm) as the Li impurity concentration is increased from 2% to

12.5%. In the case of the KxNa1−xNbO3 system, the two experimental 23Na

peaks will shift by ∼3.5 ppm (from σiso =∼565.5 ppm to σiso =∼569 ppm)

and by 2.5–3.5 ppm (from σiso =∼561.5 ppm to σiso =∼564–565 ppm) as

the K impurity concentration increases from 2% to 12.5%. The degree of

broadening arising from the range of magnetic shielding environments is

also expected to increase with increasing impurity concentrations, though it

may not be possible to experimentally extract this from the overwhelming

presence of other broadening mechanisms such as quadrupolar broadening.

In the case of Na in a KNbO3 structure, 23Na σiso was found to be fairly

insensitive to Na concentration, with values only changing by 0.7 ppm with

no correlation to concentration. Aside from determining the main crystal

structure, this implies that 23Na NMR would not assist with measuring the

amount of Na doping.
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In terms of the details of the perovskite calculations, I found that relax-

ing the structures with PBEsol led to calculated NMR parameters that were

significantly closer to experiment than those calculated with the more com-

monly used PBE functional. The increase in accuracy was predominantly

driven by PBEsol producing a better representation of the structure, which

in turn influenced the NMR parameters. This suggests that, in the future,

researchers calculating the NMR parameters of diamagnetic materials would

do well to investigate the effect of PBEsol on their structures.

9.2 Chapters 6 and 7—The Knight shifts of Pt,
Pd and Rh bulk and surface structures

The Knight shift was calculated for platinum, palladium and rhodium in

their bulk forms and in a set of surface structures. The key challenge faced

when calculating the properties of metals is the accurate sampling of the

Fermi surface. As a result, the Knight shift converged slowly with respect

to the number of k-points and smearing width. However, in the case of the

surface structures, the effects of this slow convergence could be reduced by

considering the difference between the Knight shift of the surface and the

central layer.

Previously, the Knight shift in surfaces has been taken to be a probe of

the s-like densities of states localised on the surface and internal layers (s-

LDOS). I have shown that there is a reasonably strong correlation between

the Knight shift and the s-LDOS at the Fermi energy. Nevertheless, these

correlations should still be treated with care due to the slow convergence of

the DOS and the Knight shifts, and because the correlation could be affected

by changes in pseudopotential.
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As was the case for the NMR parameters in the perovskites, the Knight

shift in platinum, palladium and rhodium surface structures was found to

be extremely sensitive to structural environment—for example, upon struc-

tural relaxation the surface Knight shift of the Pt 7-layer structure changed

by 9%. The magnitudes of the surface Knight shifts were found to be much

larger than those of the inner layers and can be explained by the higher in-

duced spin density at the surface compared to that in the inner layers. The

Knight shift was found to tend towards the bulk value with increasing dis-

tance from the surface. Within two layers of the surface, the Knight shift was

within ∼30% of the bulk value, implying that surface effects are strongly

localised to the surface. This implies that infinite slabs could be used to

predict experimental Knight shift measurements, not only for surfaces, but

also for nanoparticles. However, given the sensitivity of the Knight shift

to structural distortions, and the existence of surface reconstructions which

were not taken into account in my investigation, further research should be

conducted on a wider range of structures and surface reconstructions before

trends in the Knight shift are systematically compared to experimental sys-

tems. The effect of adsorbates on the calculated Knight shift could also be

investigated.

The relative contributions of the valence electrons to the Knight shift

in the bulk structures was investigated as a function of energy. It was

shown that the conduction electrons near the Fermi surface made the most

significant contribution. By summing the Knight shift contribution over a

set number of bands it was found that the semi-core 4s states in Pd and

Rh did not significantly contribute to the Knight shift. This implies that

the 4s electrons are not polarised by the higher energy conduction bands.
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In the literature, it is assumed that core polarisation has a significant effect

on the Knight shift. I have shown that this is not the case at least for the

semi-core 4s states in Pd and Rh. Furthermore, the reasonable agreement

of my calculated Pt Knight shift value to the experimental values (both

∼-4%) suggest that core polarisation, which is not yet taken into account

computationally, has a minimal effect on the Knight shift.

9.3 Chapter 8—Calculating hyperfine interactions

A systematic methodology for including core polarisation in the NMR cal-

culations of paramagnetic materials has yet to be developed. When cal-

culating parameters that involve Pauli paramagnetism, such as the Knight

shift, core polarisation appears not to have a significant effect. However,

if the calculation involves Curie paramagnetism, the inclusion of core po-

larisation becomes much more important, for example when calculating a

ground-state hyperfine interaction. In the latter case, core polarisation can

be included for isolated systems using all-electron methods, or to a certain

extent for periodic systems by including perturbation theory with pseudopo-

tential methodologies. There is, however, no robust method for including

core polarisation in the calculation of response properties such as the Knight

shift or J -coupling. Chapter 8 investigated a potential method for solv-

ing this through the use of an all-electron pseudopotential (AE-PSP). This

meant that the core electrons were treated as valence electrons. Whilst the

AE-PSPs improved upon the capabilities of standard pseudopotentials to

model core polarisation in a set of small molecules, they were still not able

to fully model core polarisation. Furthermore, altering the pseudopoten-

tial parameters did not significantly improve their accuracy in modelling
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core polarisation. As demonstrated by my thesis, it is clear that developing

methodologies for accurately modelling core polarisation is a major area for

further research.
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[59] C. Köhler, G. Seifert, U. Gerstmann, M. Elstner, H. Overhof, and

T. Frauenheim. Approximate density-functional calculations of spin

densities in large molecular systems and complex solids. Physical

Chemistry Chemical Physics, 3(23):5109–5114, November 2001.

[60] D. Carlier, M. Ménétrier, C. P. Grey, C. Delmas, and G. Ceder.

Understanding the NMR shifts in paramagnetic transition metal ox-

ides using density functional theory calculations. Physical Review B,

67(17):174103, 2003.

235



[61] F. Ban, K. N. Rankin, J. W. Gauld, and R. J. Boyd. Recent ap-

plications of density functional theory calculations to biomolecules.

Theoretical Chemistry Accounts, 108(1):1–11, 2002.

[62] F. Neese. Quantum chemical calculations of spectroscopic properties

of metalloproteins and model compounds: EPR and Mössbauer prop-
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