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Abstrakt (Norsk)

Del T av masteroppgaven introduserer de grunnleggende konseptene i kvante-
mekanikk gjennom tetthetsoperatoren, slik at statistikken til en ideell gass av
kvantepartikler i kapittel 1 kan bli utledet basert pa prinsippet om maksimal
entropi. Matematikken som sa fglger dersom interaksjoner mellom kvantepar-
tiklene blir betraktet tvinger frem realiseringen av Matsubara metoden i kapit-
tel 2, der tid blir behandlet som en imaginaer variabel og beregningene av fy-
siske observabler benytter seg av Matsubara Green funksjoner. I kapittel 3 blir
likevektsensemblet deretter utsatt for en ytre perturbasjon, og observablene til
det perturberte ensemblet beregnet i kuboformalismen fra lineser responsteori.
Den resulterende kuboformelen for konduktivitet er uttrykt ved hjelp av Mat-
subara strgmtetthetsautokorrelasjonsfunksjonen, hvis beregning krever et kjent
uttrykk for hamiltonmatrisen til likevektsensemblet.

Del IT utleder modellen for tettbundede elektroner i kapittel 4 for a eksempli-
fisere beregningen av en hamiltonmatrise og de medfglgende energibandene for
ulike krystalliske materialer, der det todimensjonale materialet grafén er szerlig
betraktet. Den effektive hamiltonmatrisen til grafén inntar samme form som
den relativistiske Weyl hamiltonianen, og er knyttet til topologiske egenskaper
ved hilbertrommet av blochfunksjoner i kapittel 3, der berryologiske stgrrelser
for et generelt kvantesystem med to energinivaer er beregnet. I kapittel 4 er
sa hamiltonmatrisene til Weyl og Dirac halvmetaller introdusert som lineseris-
eringer omkring degenererte punkter i energibandstrukturer med henholdsvis
to og fire energiband, hvilket resulterer i tredimensjonale generaliseringer av
hamiltonmatrisen til grafén.

Til slutt, i Del III av masteroppgaven er kuboformalismen brukt til & beregne
konduktivitetstensoren for en generell energibandstruktur med to energiband i
kapittel 7, og for en generell Kramers degenerert energibandstruktur med fire
energiband i kapittel 8. De resulterende formlene for konduktivitet benyttes
henholdsvis til & beregne analytiske uttrykk for konduktivitetstensoren til en
Rashba ferromagnet og til det antiferromagnetiske Dirac halvmetallet CuMnAs
antatt lav uorden i krystallstrukturen ved det absolutte nullpunkt. Det en-
delige uttrykket for konduktivitetstensoren til den ortorombiske fasen til CuM-
nAs forutser en anormal Hall effekt som til forskjell fra tidligere betraktede
topologiske materialer ikke kan knyttes til en endelig Berry kurvatur, men som
heller oppstar som folge av geometriske egenskaper ved anisotropien til ma-
terialets fermioverflate. Den symmetriske Hall effekten antas a veere malbar
gjennom magneto-optiske effekter i regimet til lineser responsteori, der pertur-
basjonen fra det ytre elektriske feltet ikke er sterk nok til a bryte symmetrien
som beskytter de firfoldig degenererte diracpunktene. Denne symmetriske Hall
effekten antas & veere observerbar gjennom ulike magneto-optiske effekter, der
ytterligere utforskning kreves.



Abstract

In Part I, a fundamental understanding of quantum mechanics is introduced in
terms of the density operator, and the statistics of an ideal quantum gas derived
based on the maximum entropy principle in chapter 1. Introducing interactions
between the particles the demanding mathematics provokes the realization of the
Matsubara method of chapter 2, where time is treated as an imaginary variable
and the calculations of observables are framed in terms of Matsubara Green
functions. Finally, in chapter 3 the equilibrium ensemble is introduced to an
external perturbation, and the observables of the perturbed ensemble calculated
in the Kubo formalism of linear response theory. The resulting Kubo formula for
conductivity is framed in terms of the Matsubara current density autocorrelation
function, whose calculation involves knowledge of the Hamiltonian kernel of the
equilibrium ensemble.

In Part II, the tightbinding model is derived in chapter 4 to exemplify a
calculation and analyzation of the Hamiltonian kernel and corresponding en-
ergy band structures of different crystalline materials, with the two dimensional
material graphene as the prime example. The effective Hamiltonian kernel of
graphene locally take shape of the relativistic Weyl Hamiltonian, and is con-
nected to topological properties of the Hilbert space of Bloch functions derived
in chapter 3, in which the berryological quantities of a general two-level quan-
tum system are calculated. In chapter 4, the Hamiltonian kernels of Weyl and
Dirac semimetals are introduced as linearizations around degenerate points in
the energy band structures comprising two and four bands respectively, resulting
in three dimensional generalized versions of the Hamiltonian kernel of graphene.

Finally, in Part III the Kubo formalism is used to calculate the conductivity
tensor for a general two-band system in chapter 7 and for a general Kramers
degenerate four-band system in chapter 8. The resulting conductivity formulae
are then used respectively to rederive the conductivty tensor of a Rashba ferro-
magnet, and to predict the conductivity tensor of the antiferromagnetic Dirac
semimetal CuMnAs assuming low disorder in the zero temperature limit. The
resulting analytical expression of the conductivity tensor of the orthorhombic
phase of CuMnAs predicts an anomalous Hall effect which unlike previously
investigated topological materials cannot be attributed to the Berry curvature
of the system, which is zero due to the imposed Kramers degeneracy, but in-
stead originates in the anisotropy of the Fermi surface. The emergence of a Hall
effect is assumed to be detectable through magneto-optical effects under the
confinement of linear response theory, where the perturbation of the imposed
electric current is assumed weak enough to not break the symmetry protection
of the fourfold degenerate Dirac points. The symmetric anomalous Hall effect is
assumed to be detectable through various magneto-optical effects, where more
research is needed.
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Introduction

In recent years there have been several theoretical discoveries and experimental
verifications of novel states of solid matter involving physical phases protected
by topology rather than symmetry. Of particular interest are the topological
semimetals, for which band crossings in the energy band structure are pro-
tected by topological invariants of the continuously connected Hilbert spaces of
Bloch state vectors. The number of classes of topological semimetals has re-
cently been expanded to include various types of band crossings [1, 2] protected
by different topology and symmetry constraints. The simplest of the topolog-
ical semimetals are the Dirac and Weyl semimetals, which contain low-energy
excitations described by the same mathematical principles as theoretical Weyl
and Dirac fermions of relativistic quantum theory [3, 4]. Due to the particular
energy band structure of topological semimetals, these materials display exotic
electronic properties not found in other solid state systems [5, 6].

The main mathematical tool for theoretically investigating the electrical
transport properties in solid state systems is a calculation of the conductivity
tensor [7, 8], for which many optical properties can be probed experimentally [9,
10]. Continuing on the recent progress in the field of topological semimetals, the
main objective of the master thesis is to calculate the conductivity tensor for an
effective model for a general Dirac semimetal. The resulting conductivity for-
mulae will then be used to predict the conductivity tensor of the orthorhombic
phase of the antiferromagnetic Dirac semimetal CuMnAs [11].

In order to solidify the theoretical background of the conductivity calcula-
tions, the thesis takes the form of a literature study split into three main parts
further divided into chapters. The first part considers the fields of quantum
statistics and linear response theory from which the Kubo formula for conduc-
tivity arises, while the second part investigates energy band structures under
the tightbinding approach and the theory of berryological quantities from which
the emergence of topological semimetals is explained. The two parts are inde-
pendent and internally comprehensive, with common themes among chapters
presented in the appendices. The culmination of these investigations is the par-
ticular calculations of conductivity formulae for topological materials, presented
in the third and final part of the thesis. It should be noted that many of the
themes involved are included to obtain a more complete picture of the physical
theories, and will not necessarily contribute directly to the final calculations.

Finally, the finalized master thesis would not have been possible without the
continued support and comments from my amiable supervisor, Alireza Qaiumzadeh.
I am grateful for our weekly conversations throughout the past year, and I will
greatly miss our partnership.
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Part 1

Quantum Statistics and
The Kubo Formalism



Chapter 1

Introduction to Quantum
Statistical Mechanics

The intention of the following introductory chapter to the first part of the thesis
is to establish the nomenclature and envisage the fundamentals of the quantum
theory of statistical mechanics. Besides introducing a basic understanding of
quantum mechanics in terms of Hilbert spaces and the density operator, a main
objective is to derive the statistics of the principal statistical ensembles in a
quantum mechanical setting based on the principle of maximum entropy.

Of particular importance is also the introduction of the Fock space and the
accompanying creation and annihilation operators, used in order to establish
the statistics of the grand canonical ensemble. The following introduction of
the thermal average is imperative for the Matsubara method of chapter 2 and
the Kubo formalism of chapter 3. The creation and annihilation operators also
provides the second quantization of quantum mechanical operators, which allows
for the definition of Green functions in chapter 2 and used for the derivation of
the tightbinding Hamiltonian in chapter 4 of Part II.

Accompanying the chapter is appendix A, in which important results from
standard quantum mechanics such as the Schrédinger equation is derived. Fur-
thermore, the fundamentals of quantum mechanics lays the rigorous foundation
of the position representation, discussed in appendix B, from which the Bloch
theorem is inferred. The chapter is inspired by the lecture notes from Linder
[12] and Andersen [13], and the Feynman Lectures on Physics [14].



1.1 Hilbert Spaces of Quantum States

In order derive the statistical properties of quantum systems, the basic mathe-
matical concepts surrounding quantum states should be introduced. The main
results of the section is the introduction of creation and annihilation operators
of the Fock space and the representation of operators in second quantization.

1.1.1 Quantum States and the Ensemble Average

In quantum mechanics, the state of a system is described by a state vector |¢)
being an element of a complete inner product space #€ known as a Hilbert space.
Consider then any bounded linear map ¢ : #6 — C from the Hilbert space #€
to the field of complex numbers. The space of all such maps, or functionals,
is known as the dual space of the Hilbert space #€. By Riesz representation
theorem [15], the Hilbert space and its dual are isometrically anti-isomorphic,
in that each functional ¢ of dual space corresponds to an inner product with the
dual vector {p| by acting on state vectors as ¢ : [p) — (@|t)). For convenience,
the dual vector (1| corresponding to the state vector |¢) is chosen such that
their inner product is normalized to unity, that is (|¢)) = 1.

Let |i) be an orthonormal complete basis set of states spanning the entire
Hilbert space #€, such that any general quantum state described by |¢) can
be written as a series expansion [¢)) = Y . ¢; |i). Using the orthonormality of
the basis states (i|j) = d;;, the expansion coefficients are readily expressed as
¢; = (i|Y), and so 1) = . |i) (i[¢). In consequence, any orthonormal complete
set of states must satisfy the completeness relation

Z|¢> (i|=1. (1.1)

Using the completeness relation, the dual state vector can likewise be expressed
(] ==, (¥li) (i], and so by the anti-linearity of the Hilbert space inner product,
its expansion coefficients are given by (¢|i) = ¢f. From the definition of the dual
vector, this restricts the expansion coefficients to satisfy >, leil” = 1.

In this framework, physically measurable observables O correspond to hermi-
tian operators O on the Hilbert space J€. Consider then the eigenvalue equation
of such an operator, written O |n) = O,, |n) with O,, being the eigenvalue cor-
responding to the eigenstate |n). The eigenvalues correspond to all possible
numerical values upon measuring the observable O. If for the state |¢)) the ob-
servable is measured to O = O,,, the state vector |¢) is said to collapse to the
eigenstate |n); a measurement on the state |¢) alters the state, retaining only
the eigenstate corresponding to the single eigenvalue measured.

Because the operator O is hermitian with the adjoint operator (C4) satisfying
ot = O, the eigenstates can be chosen mutually orthogonal spanning the entire
Hilbert space #€. In consequence the eigenstates of hermitian operators satisfy
the completeness relation (1.1), such that any inner product



(O) = WIO1W) = |(nlv)|*On, (1.2)

where the final equality comes from the orthogonality of the eigenstates |n).
According to the Born rule, the absolute square of the expansion coefficients
|(n|1)|* gives the probability of measuring the eigenvalue O, in the state |n).
The expression <O>¢ is then physically interpreted as the average value of the
observable O corresponding to the operator O in the state [¢)).

Notice from its expression (1.2) that finding the average value of an observ-
able requires a multiple of measurements. However, because a single measure-
ment will collapse the state vector, it is not possible to measure the average value
of an observable through measuring a single system. Experimentally, measuring
the average value of an observable thus relies on the ability to prepare a multi-
ple of systems in the same state |1)). Theoretically, such a multitude of systems
described by the same quantum state |¢) is known as a quantum ensemble. As
such, the state vector |¢) really represents an entire ensemble of systems, with
each member of the ensemble being described by the same state. The average
is therefore known as the ensemble average of the observable in question.

1.1.2 Product States and the Fock Space

Until now, it has been assumed that the quantum states under consideration
are elements from the same Hilbert space #. Consider instead several Hilbert
spaces #€;, with corresponding single-states denoted by |1;). In order to describe
quantum systems of several parts the notion of a product space is introduced,
being a tensor product between Hilbert spaces on the form #; 50> ®- - -QFCn. A
state vector from the product space will then be a linear combination of product
states, which takes the general form [t1) ® |[t2) @ -+ ® |¢n) = |12 - - - YN).

In particular, if all the single-states |i;) are elements of the same Hilbert
space #€, the product space is denoted by #N = ®f\;1 F€. The states com-
prising the product state are then indistinguishable, in the sense that they are
all governed by the same observables. The square of any product state must
then be invariant under an interchange of two state vectors, and performing the
interchange twice should bring back the original product state. These criteria
are satisfied by symmetrized and antisymmetrized product states,

N} = \/%ZCP s s~ Upn) = [0+~ O} (13)
T p

being elements of the symmetrized and antisymmetrized product spaces %év re-
spectively, both being subspaces of the full product space, with the sign factor
¢ = +£1 corresponding to symmetrization and antisymmetrization. In the ex-
pression, the label p runs through all permutations of N objects and the factor
¢ corresponds to the parity of the number of interchanges in the permutation.

The sign factor ¢ depends on the nature of the original single-state vectors
[t;). For ¢ = £1, the single-states comprising the product state are said to be



bosonic and fermionic, respectively. For the fermionic case ( = —1 in particular,
the antisymmetrized state (1.3) leaves zero if two of the single-states |¢);) are
equal, as each term of the sum then will be added to its negative counterpart.
This characteristic of fermionic states is known as the Pauli principle.

Let the set |a) be a complete orthonormal set of single-state vectors spanning
the original Hilbert space ¥, with W being the dimensionality of the space. An
orthonormal basis of the product space ff’fév can then be introduced as

_ - Aod - (W

nil- - ny!

{na}) =In1-- na-- nw) (1.4)
where the occupation numbers n, denotes the number of times the state |«a) is
represented in the product state [{n, }). From their construction the occupation
numbers satisfies the constraint ) | n, = N, where N is referred to as the total
occupation number of the states. For bosons, the occupation numbers can take
on any non-negative integer value up to N, whereas for fermions the only allowed
values are n, = 0 and n, = 1 being a consequence of the Pauli principle.

The symmetrized or antisymmetrized Hilbert product spaces %év are thus
characterized by the total occupation number N, giving the number of single-
states comprising each product state, and the sign factor ( = +1, determining
the bosonic or fermionic nature of the single-states. Introduce then the sym-
metrized or antisymmetrized Fock spaces, in which the quantum states can take
on any total occupation number. In terms of the symmetrized or antisym-
metrized Hilbert spaces #6, the Fock space is defined as the direct sum

Fe(6) = @ Y. (1.5)
N=0

Here, the Hilbert space for N = 0 corresponds to the complex numbers spanned
by the single vacuum state |0). The state vectors of Fock space are then given
by |¢) = Br—o cn|tN}, where ¢y are complex expansion coefficients.

The Fock space F¢ (#€) makes it possible to coherently define operators acting
between product spaces of different total occupation number N. In particular,
the creation and annihilation operators 5}; and by corresponding to the single-
state |a) act on the occupation number states (1.4) as

B s -1 ) = (Z<a ™ /e T T -+ (11 1) - - m)

. (1.6)
bo [Py -+ g - nw) = (s<a™ g ng - (g — 1) -+ - ny)

where the annihilation operator satisfies b, [0) = 0. The prefactor ¢Zs<a ™ is
known as the Jordan-Wigner string. In the bosonic case the Jordan-Wigner
string is unity and does not depend on the ordering of the occupation numbers.
In the fermionic case however, the Jordan-Wigner string will depend on the
predetermined ordering of the occupation numbers; if there is an odd number of
occupied fermionic states before the state o, an additional negative sign appears.
Recall also that in the fermionic case the occupation numbers can only be zero



or unity. Therefore, if n, = 1 in the fermionic case, acting on the state with
the creation operator ZA)L will leave zero.

The combined action of several creation and annihilation operators (1.6)
can be simplified using commutation and anticommutation relations. Using
the definition of the occupation number basis states (1.4), the creation and
annihilation operators satisfies the three relations

[ba bl)c = bably — Cblbo = dup

P i (1.7)
[bas bslc = [b],,b]c =0
Here, the notation [-, |¢ represents the commutator for ¢ = 1 and the anticom-
mutator for ¢ = —1. The bosonic or fermionic nature of a system can thus

be modelled by enforcing commutation relations for the bosonic operators or
anticommutation relations for the fermionic operators describing the system.

Introduce then the occupation number operators n, = BLBQ By the defi-
nition of the creation and annihilation operators (1.6), the occupation number
operators acts on the occupation number states (1.4) as

ﬁa|n1...na...nw>:na|n1...na...nw>. (18)

The occupation number states are thus eigenstates to the occupation number
operators N, with the occupation numbers n, being the corresponding eigen-
values. Defining the number operator N = @2/:1 N, the total occupation
number of a product state can then be revealed by the eigenvalue equation
N |[na]) = N |[n4]), with the total occupation number defined by N = 3 1.

1.1.3 Second Quantization

Let 6 be any operator acting on the Hilbert space #€, and let the operator 6; act
on a general product state of #N as 6; [¢1 - Yn) = [1h1)®- - ®0 [1h;) @+ - - R[N ).
A corresponding operator O acting on the symmetrized or antisymmetrized basis
states (1.4) can then be defined by O = @fil 6;. Such an operator is known as
a single-state operator, acting on the single-states of the system separately.

In particular, if the operator is on the form 6 = |a) (8|, the corresponding
single-state operator acting on Fock space becomes 0= I;L?)B Using the com-
pleteness relation (1.1) of the orthonormal set |a), any operator on the Hilbert
space JC can in general be written as 6 = 5 0ap|@) (8|, where the matrix

elements 0,3 = (| 6]8). In consequence, any single-state operator O acting on
Fock space corresponding to the operator 6 can in general be written

O = Zoaﬁl;lzl;ﬂ (19)
af
This is the second quantized form of the single-state operator O. In particular, if
the states |«) are taken to be the eigenstates of the operator 6, then 0, = 00003,
and the sum reduces to a single sum over the single-states |a).



1.2 Mixed Quantum States

The main purpose of this section is to introduce the concepts of mixed quantum
states, which enables incorporation of classical uncertainty in quantum systems.
Together with the concept of the Fock space of section 1.1, the resulting den-
sity operator formalism forms the basis of quantum statistical mechanics. In
particular, the introduction of the Von Neumann entropy allows for a quan-
tum mechanical calculation of the density operators of the principal ensembles
known from classical statistical mechanics, being the theme of section 1.3.

1.2.1 Pure State Projection Operators

Quantum states fully described by state vectors |¢)) are known as pure states.
According to the Born rule, measurements on such quantum systems are inher-
ently probabilistic, as the state vector can only provide the probability that a
specific measurement will occur. In consequence, even though the state vector
describes all knowable properties of a system, measurements on the system are
not fully deterministic. This property is known as quantum uncertainty.

The quantum system described by the state vector |¢)) may instead be de-
scribed by the corresponding projection operator, defined by Pw = |[¢) (] and
acting on state vectors |¢) as Py |¢) = (¥[¢) [¢); the projection operator P,
projects out the component of |¢) parallel to the state |1). In consequence the
projection operator is idempotent, with Pj = Pu;, from which it follows that
its only eigenvalues are zero and unity. The zero eigenvalue corresponds to any
state vector orthogonal to |¢), whereas unity corresponds to the vector |¢) itself.

Consider then a finite dimensional Hilbert space and introduce the trace over
an operator with respect to some complete basis set |i), given by

{0} =) (il O]i). (1.10)

K2

The trace is evidently a linear operation, and using the completeness relation
(1.1) its value is independent on the basis used. Choosing the operator eigen-
states as the basis set, the trace over a hermitian operator will be the sum of its
eigenvalues. Furthermore, inserting the completeness relation twice, the trace
also inherits the cyclic property Tr{ABC} = Tr{CAB} = Tr{ BCA}.
Reverting to the expression for the average (1.2) of the observable O, the
probability of measuring the eigenvalue O,, can be expressed in terms of the
projection operator as |(n|ih)|> = (n| P, |n). In consequence, the trace of the
projection operator is unity, Tr pw = 1, reflecting that the trace of an operator
equals the sum of its eigenvalues. With this, ensemble averages can be expressed

(0)y = Tr{l¥) (| O} = Tr{P,0}. (L.11)

Because only the expectation value is physically observable, any property of the
quantum state described by the state vector |)) can then equally be written in
terms of the corresponding projection operator P.



1.2.2 The Density Operator

In reality, the state vector describing a quantum system may not be fully known,
due to a classical lack of knowledge of the system. Systems involving both clas-
sical and quantum uncertainty can be described by a classical statistical distri-
bution over quantum state vectors, where a statistical weight w,, is associated
with the system being in the pure state described by |i,). The total system is
then said to be in a mized quantum state. Using the ensemble average of pure
quantum states (1.11), averages in mixed quantum states can be expressed

(0) = > w, (0 Olity) = D w, Tr{Juiy) (1] O = T{p0},  (112)

where the linearity of the trace was used. The expression defines the density
operator, being the weighted sum of the pure state projection operators:

p=> wyltp) (. (1.13)

Effectively, the density operator takes over the role as a projection operator for
mixed quantum states; any property of a mixed quantum state is described by
the corresponding density operator. From the unit trace of projection operators,

Tr{p} =Y w, =1, (1.14)

where the mixing weights are all positive and sum to unity by their definition.

The pure states |1,) comprising the density operator (1.13) are in general
not orthogonal. Due to the hermiticity of the projection operators however, the
density operator is itself hermitian, meaning its eigenvectors can be chosen to
comprise a complete orthonormal set. Denoting the eigenvalue equation of the
density operator by p|pn) = pn |pn), the density operator can thus be written
on a form known as its eigenvalue decomposition

w
p= Z |pn) P (Pl - (1.15)

The number W is the number of eigenstates of the density operator, and equals
the dimensionality of the Hilbert space spanned by the original pure states [i,)
of the definition of the density operator (1.13). Notice that W does not in
general correspond to the number of original pure states [¢p).

Recall that projection operators are idempotent, in that the square of the
operator equals the operator itself. For the square of the density operator how-
ever, by using the eigenvalue decomposition (1.15) and recalling the orthonormal
eigenstates, the trace over the square of the density operator

w w 2
T{p?} =S 02 < (Do) =Tels}” (1.16)



Due to the unit trace of the density operator (1.14), then ’Ilr{ﬁ2} < 1. Equality
occurs if all the eigenvalues are zero except one. Hence, if the trace of the square
of the density operator is unity, the eigenvalue decomposition consists of only
one term, and the state described is a pure state with the density operator being
the corresponding projection operator. The square of the density operator thus
separates mathematically whether the state described is a pure or a mixed state.
In order to calculate traces in practice, the density operator is expanded in
a complete basis |i), giving the density matriz elements p;; = (i| p|j). Likewise,
the operator O has the corresponding matrix elements 0,; = (i O|j). Using
the completeness relation (1.1), the ensemble average (1.12) is then written

(0) = Z Z pijOji = tr{pO},

Hence, ensemble averages can be calculated as the trace of the product between
the density and operator matrices, independent on their representation.

Assume now the operator O commutes with the density operator p. The
eigenfunctions of the density operator |p,) can then be chosen to be simultane-
ous eigenfunctions with the operator O, satisfying O |pn) = O, |pn). Choosing
then these states as the basis states for the operator and density matrices, then
Onm = Ondpm and ppm = pndnm, and the ensemble average becomes

(0) = Tr{pO} = anOn (1.17)

In this case then, the eigenvalues p,, of the density matrix corresponds to the
probability of measuring the eigenvalue O = O,, of the operator O.

Even if the statistical weights w, of the density operator are fixed in time,
the corresponding pure quantum states |¢,) will in general be time dependent.
In appendix A, it is found that the time evolution of pure states is governed by
the Schrodinger equation (A2), with the generator of time translations being the
Hamiltonian operator H. By performing the time derivation of its definition,
the time evolution of the density operator (1.13) then becomes governed by the
Von Neumann equation, being the density operator equation of state given by

op i

at - h[ ’p]'
This is the quantum analogue to the Liouville equation from classical statistical
mechanics. The Von Neumann equation describes the time evolution of mixed
quantum states, being the mixed state equivalent to the Schrodinger equation.
In the Heisenberg picture, the corresponding density operator pg is by the
Heisenberg equation of motion (A7) then seen to be time independent. This
effect originates in the time independence of the pure quantum states in the
Heisenberg picture, which by definition translates to the density operator (1.13).

(1.18)



1.2.3 Variability and Von Neumann Entropy

From the eigenvalue decomposition of the density operator (1.15), it is possible
to derive an unambiguous measure of the mizedness of a mixed state, describing
how distant the mixed state is to being a pure state. In the following, the
mixedness will be characterized by the variability of the set of eigenvalues p,, of
the density operator, viewing these as describing a statistical distribution of the
density operator eigenstates. For a general distribution, the variability quantifies
the degree of diversity among the distributed elements. The derivation of the
measure of variability, and indeed the following connection between variability
and entropy, is inspired by Carcassi, Aidala and Barbour [16].

If the eigenvalues of the density operator are more similar, and hence further
from unity, the diversity of the mixed state will increase. The variability should
be maximum if all the eigenvalues are equal, describing a uniform distribution
over the eigenstates. In that case, the density operator is said to describe
a completely mized state. Denoting by S[p] the variability of the eigenstate
distribution of a general density operator, and by S[W] the variability of a
uniform distribution of W eigenstates, the variability should satisfy:

A Continuity: The variability of the mixed state S = S[p] should depend only
on the eigenvalues p,,, and the dependence is continuous; an infinitesimal
change in the eigenvalues leads to an infinitesimal change in the variability.

B Monotonicity for uniform distributions: For a fixed dimensionality W of the
eigenspace, the variability S[p] of the mixed state is maximal if the distri-
bution of the eigenstates is uniform with equal eigenvalues p,, = 1/W. The
variability of completely mixed states S[WW] should be monotonically increas-
ing with the number of eigenvalues W.

C Linearity under subset merging: If a subset of the eigenstates are merged
to a single pure state, the total variability of the set should decrease with
the variability of the subset weighted by the summed subset eigenvalues. In
this context, merging a subset signifies comparing the system with a similar
system where the subset is exchanged for a single state.

These three properties uniquely characterises the measure of variability S[p].

Consider a completely mixed state whose eigenspace has dimensionality W,
and merge a subset of W; eigenstates. According to properties B and C, the
variability will decrease by S[W;]- W1 /W. Hence, dividing all eigenstates into
Wy = W/W; subsets of equal cardinality Wi, the variability will decrease by
S[W1]. The resulting variability will then be S[Ws], as each subset has merged
into a single eigenstate with eigenvalue 1/W5. This leaves the constraint

S[W] = S[Wl] + S[Wg] for W =W Ws,

giving the general expression S[W] = kln W. Here, due to the monotonicity of
the variability as proposed by property B, the constant & must be positive. The
constant thus changes the base of the logarithm, and can be arbitrarily chosen.
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To arrive at an expression of the variability of an arbitrary distribution,
consider again a uniform distribution S[W] and distribute the equiprobal eigen-
states into a number of subsets, with subset n containing W,, states. Merging
each subset, the eigenvalue of each resulting eigenstate becomes p, = W,, /W,
and the variability decreases by a value S[W,] - W,,/W. Inserting the formula
S[W] = klnW, the variability of the resulting mixed state

S[p) = k:an—Z%kann = kZ%ln(%j)

where it was used that the sum ) W, = W. Notice here that the eigenvalues
pn = W, /W are rational. However, this argument can be made for arbitrary
numbers W and W,,, and because the variability is assumed continuous due to
property A, the expression is extrapolated to all real numbers.

Hence, the only measure of the variability of mixed states which is continu-
ous, monotonic and linear under subset merging is the Shannon entropy [16]

w
n=1

For a pure state there is only one eigenvalue of the density operator equal to
unity, leaving a Shannon entropy of zero. If more eigenstates are included, the
unit is distributed across more eigenvalues, and the Shannon entropy increases.
In this way, the Shannon entropy gives a measure of the mixedness of a state.

The Shannon Entropy is known from information theory, where it serves
as a measure of the average level of information obtained when measuring an
outcome of a distribution. In that case, the constant k is chosen such that the
logarithm becomes log,, suitable when information content is given in bits.

The form of the expression for Shannon entropy (1.19) is equivalent to the
Gibbs entropy of classical statistical mechanics, where the constant k = kp is
the Boltzmann constant, giving the entropy the dimensions of energy per tem-
perature. Notice also that inserting p, = 1/W for a completely mixed state,
the expression S[W] = kpInW is regained. This is the Boltzmann entropy
of classical statistical mechanics, where W is interpreted as the number of mi-
crostates corresponding to a given macrostate. As such, the Boltzmann entropy
is a measure of the variability of microstates within a given macrostate.

Both the Shannon entropy and the Gibbs entropy are classical expressions,
describing phenomena regarding classical statistical distributions. A mixed
quantum state however also incorporates quantum uncertainty. The quantum
nature is made explicit by writing the expression for Shannon entropy (1.19) as

S16) = —kp Tr{pln o} (1.20)

This measure is known as the Von Neumann entropy of the mixed quantum
state, being the quantum ensemble average of the operator Inp. The trace
can be calculated as the sum over the eigenvalues of the operator pln p, which
become py, In p,,, giving back the original expression for Shannon entropy (1.19).

11



1.3 Statistics of the Principal Ensembles

A mixed quantum state is said to be in equilibrium if its density operator (1.13) is
time independent. From the Von Neumann equation (1.18) the density operator
then commutes with the Hamiltonian, satisfying [, H ] = 0. In general, density
operators for systems in equilibrium thus acquires a dependence p = ﬁ(ﬁ ).
Because the density operator and the system Hamiltonian commutes, the
eigenstates of the density operator |p,,) can for a system in equilibrium be chosen
so as to satisfy the eigenvalue equation of the Hamiltonian, defined through the
relations H |pn) = En|pn) and p|pn) = pn |pn). The eigenvalue decomposition
of the density operator (1.15) with diagonal density matrix elements p,, =
Prndnm then defines the energy representation of the density operator. Notice
that the eigenspace dimensionality W of the density operator now corresponds
also to the number of energy eigenvalues F,,, including degeneracies.
According to the principle of maximum entropy a mixed state will in equi-
librium, if left unmeasured, gain a statistical distribution such that the Von
Neumann entropy (1.20) is maximized. The exact form of the diagonal matrix
elements p,, will otherwise depend on the characteristics of the ensemble under
consideration. In the following of this section, the shape of the density operator
p is derived for the three principal statistical ensembles known from thermody-
namics: the microcanonical, the canonical and the grand canonical ensembles.
For simplicity, the Von Neumann entropy will be considered dimensionless.

1.3.1 The Microcanonical and Canonical Ensembles

A microcanonical ensemble is a fully isolated ensemble, in that it cannot inter-
act with its surroundings. Hence, the total energy of the ensemble is restricted
to take only one eigenvalue of the Hamiltonian operator, denoted by E. Notice
however that this eigenvalue can be multiply degenerate, and the dimensional-
ity W of the eigenspace now corresponds to the energy degeneracy. The only
constraint on the density matrix in this case is the condition of unit trace (1.14).
By the principle of maximum entropy, the density matrix for the microcanonical
ensemble will then be the matrix maximizing the Von Neumann entropy (1.20)
under the condition of unit trace (1.14). From section 1.2, it is already known
that the entropy then becomes maximized by a uniform distribution.

However, the density matrix can also be derived from the Von Neumann
entropy itself, using Lagrange multipliers. In order to find an expression for the
density matrix in this case, introduce the Lagrange functional

Llp,a] = — an Inp, — O‘(an - 1),

where « is a Lagrange multiplier. The density matrix of the microcanonical
ensemble will correspond to an extremal point of this Lagrangian functional.
Derivation with respect to the diagonal element p,, gives Inp,, = —1 — «, such
that the diagonal elements take the form p, = e~ (1*®) independent on the

12



index n. The condition of unit trace (1.14) now gives e~ 1+®) W = 1, leaving the
diagonal matrix elements of the density operator in the microcanonical ensemble

= —. 1.21
Pn =35 (1.21)

As foretold, a mixed state of the microcanonical ensemble is a uniform distribu-
tion over the W degenerate eigenfunctions of the Hamiltonian. In general, the
energy E and its degeneracy W will depend on the system and its Hamiltonian.
The density operator of the microcanonical ensemble thus becomes

1 & 1.
Amiczi n nziI y 1.22
p W;|p><p| v (1.22)

where Iy is the identity operator on the eigenspace of the density operator, fol-
lowing from the completeness relation (1.1) of the eigenstates. Thus in general,
the density operator of a completely mixed state takes the shape of an identity
operator, weighted by the inverse of the dimensionality of its eigenspace.

Reinserting the matrix elements into the Von Neumann entropy (1.20) again
gives the celebrated formula for the Boltzmann entropy

S=IW (1.23)

If the energy characterizing the ensemble is non-degenerate, the dimensionality
of the eigenspace is W = 1 and the density matrix describes a pure state. In
that case, the Von Neumann entropy of the system is zero.

Assume now the system is able to exchange energy with its surroundings,
but is otherwise isolated. The ensembles of such systems are known as canonical
ensembles. In this case, the system can take on any energy eigenvalue of the
Hamiltonian operator. Measuring the energy of members of the ensemble will
then yield some energy eigenvalue E,, and the average energy of the ensemble
is calculated as the ensemble average over the Hamiltonian, denoted (H' y=U.

The density matrix is then found by extremizing the Von Neumann entropy
(1.20) under the condition of unit trace (1.14) and satisfying Tr{pH} = U. The
corresponding Lagrangian functional then takes the form

Llp,a,B] = *anlnpn - O‘(an -1) *B(anEn -U)

where a and 8 are Lagrange multipliers. Derivation with respect to p,, now
leaves the equation Inp,, = —BE,, — a — 1. Combined with the condition of
unit trace (1.14), the factor Z¢ = e~(@*+1) takes the form

Zo =3 e PEn = Tr{e*ﬂﬁ} (1.24)
This is known as the partition function of the canonical ensemble. Written in

terms of the canonical partition function, the eigenstates of the density operator
becomes distributed according to the Mazwell-Boltzmann distribution

13
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= 7
Recalling that F,, are the eigenvalues of the Hamiltonian H, the density operator
for the canonical ensemble is rewritten on the basis independent form

pn e_ﬁEn

1 N
ho = —e PH 1.25
po = 5e (1.25)

By arguments from statistical thermodynamics, the Lagrange multiplier 8 can
be related to the temperature T of the ensemble as 5 = 1/kpT, where kp again
is the Boltzmann constant, converting between temperature and energy.

The density operator of the canonical ensemble (1.25) can then be reinserted
into the expression for Von Neumann entropy (1.20) to give the relation

Slpc] = BTr{pcH} + Tr{pcIn Zc} = BU — BF, (1.26)
where the free energy is defined F = —1ln Zo/S. Hence, the internal energy of
the system can be expressed U = F' + TS, as known from thermodynamics.

1.3.2 The Grand Canonical Ensemble

The statistics of the grand canonical ensemble are derived explicitly in Fock
space (1.5), as described by section 1.1. Let now the orthonormal set |a) span-
ning the Hilbert space #€ be the eigenstates of a Hamiltonian operator b with
corresponding eigenvalues ¢,. For simplicity, consider a system whose Hamilto-
nian H acting on Fock space is a single-state operator (1.9),

H=> caha (1.27)

The Hamiltonian then commutes with the number operator N , with the occu-
pation number states (1.4) also being eigenfunctions of the Hamiltonian, with
eigenvalues given by the sum ) nqeq = Efy,..y. Thus, the eigenvalues of the
Hamiltonian H are the summed single-state energies of the eigenstate |{n4}).
The density operator p of the grand canonical ensemble then commutes both
with the Hamiltonian H and the number operator N , such that the occupation
number states also satisfies the eigenvalue equation p [{na}) = pin.y H1a})-
Systems of the grand canonical ensemble will then have an average energy
U, and an average total occupation number (N). The density operator is again
found by extremizing the Von Neumann entropy (1.20) under the condition of
unit trace (1.14), average energy Tr{pH} = (E) and average total occupation
number Tr{pN} = (N). The corresponding Lagrangian functional then becomes

Llp,o, BN == plnay mpgnay — (Y pinay — 1)

{no} {na}
=B PrarEpnay = (E) =D pnayN — (V)
{na} {na}
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where «, $ and ~ are Lagrange multipliers. The extremum of the functional is
found for In py,, .y = —a—1-BFEy, y—vN. Denoting Z = e~ (14 and recasting
the multiplier v = Bu corresponding to the average number of particles, the
condition of unit trace (1.14) then gives the grand canonical partition function

Z=3 M=) - mpf N, (1.28)
{na}

Here, the sum is over all configurations of occupation numbers n,,, for all total
occupation numbers N given by ) no = N. From statistical thermodynamics,
the Lagrange multiplier p is interpreted as a chemical potential of the grand
canonical ensemble, whereas § again is interpreted as an inverse temperature.
In terms of the grand canonical partition function (1.28), the matrix elements

1

_ _ 1 (e —
Pina) :Ee B(E{noy—1N) :EG B34 Nal(Ea #)7

leaving the basis independent density operator of the grand canonical ensemble

1 N N
p= Ee—mH—“N). (1.29)

Recall here that the Hamiltonian (1.27) and the number operator commutes.

For the grand canonical partition function (1.28), it is advantageous to split
the original sum over occupation number configurations n, into a sum over
the total occupation number N and a sum over configurations satisfying the
condition ) | nq = N. Introducing the fugacity of the grand canonical ensemble
z = eP*, the grand canonical partition function can then be expressed

Z = i > ZNe ey = i NZy, (1.30)
N=0

N=0 |N|

where the notation |N| signifies all configurations {n,} with the same total
occupation number N. The partition funciton Zy corresponds to a canonical
ensemble (1.24) described by the Hamiltonian H whose states reside in the
symmetrized or antisymmetrized product space #€Y, and can be expressed

Zy =Tir{e P} = e 0 %anaca, (1.31)
V]

where the energy eigenvalues Fy, ) = >, Nafa has been inserted.
Using the latter expression for the grand canonical partition function (1.30),
the grand canonical ensemble average of an observable O can be written

_ Z?VO:O ZNZN<O>N
Son=0?NZn

For the canonical and grand canonical ensembles, the ensemble average is known

as the thermal average of the operator. Here, the canonical thermal average

corresponding to the canonical partition function Zy is denoted by (O)n.

(0) = %Tr{@e_ﬁ(ﬁ_“N)} (1.32)
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1.4 Ideal Quantum (Gases

A quantum gas is a system of indistinguishable bosonic or fermionic quantum
particles. For quantum gases in the grand canonical approach, the states |a) of
the previous section corresponds to single-particle fermionic or bosonic energy
eigenstates, the occupation numbers n, denotes how many particles occupy each
single-particle state, and the total occupation number N gives the total number
of particles in the system. In general however, the particles will interact among
each other, adding other contributions to the Hamiltonian H than the sum of
single-particle terms (1.27). Due to these interaction terms, the Hamiltonian
describing a quantum gas will not in general commute with the number operator
N. In this section however, it will be assumed that the particles constitute a
non-interacting ideal quantum gas, such that the system is readily described by
the derived grand canonical density operator (1.29). The theory of interacting
quantum gases will be partially covered in chapter 2.

Reverting to its derived expression, the grand canonical partition function
(1.30) for an ideal quantum gas can be rewritten on the form

Z = i Z H (ze_ﬁa‘*)n” = H Z (ze_ﬁ‘s"‘)n”.

N=0 |N\ a=1 a=1 ng

Here, the double sum has been combined to independent sums over all possible
values of the occupation numbers n,. Recall then that in the bosonic case, the
occupation numbers can take on any non-negative integer, whereas for fermions
the occupation numbers can only be zero or unity. The fermionic sum is then
trivial, leaving (1 + ze™#%«) for each « in the product. For bosons, the sum
takes the form of a geometrical series. Hence, using the sign factor ( = +1 for
distinguishing the fermionic and bosonic grand canonical partition functions,

w
Ze =] [1 - ¢ee ] (1.33)
a=1
This is simply a reformulation of the general expression for the grand canonical
partition function (1.28) for non-interacting systems.
From the original expression of the partition function (1.28), the thermal
average of the occupation number n,, can be calculated as

_ o 8an< _ 1
n¢(ea) = (Na) = _8(5504) T eBlea—m) — ¢

(1.34)

where the derivative is readily calculated for the grand partition function of
an ideal quantum gas (1.33). This expression gives the mean of the statistical
distribution over occupation numbers for ideal quantum gases. The bosonic
case ( = 1 gives the Bose-FEinstein distribution, and the fermionic case { = —1
gives the Fermi-Dirac distribution. Notice the temperature dependence of this
expression through the Lagrange multiplier 5 = 1/kgT; at temperature T, the
average number of particles with the single-particle energy ¢, is given by n¢(eq).
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Chapter 2

Green Functions of the
Matsubara Method

Chapter 1 derived the statistics of ideal quantum gases in the grand canonical
approach. In reality, each quantum particle of the ensemble will in general
exert a mutually interactive force on the other particles, and the ideally non-
interacting ensemble cannot reproduce the experimental results of many physical
systems. Often however, the interactive part of the Hamiltonian describing the
system will be dominated by the single-particle terms from the non-interactive
case, and the calculation of the physical properties of the ensemble can be
approximated using perturbation theory.

For interactive systems the computation of the thermal averages of observ-
ables becomes more involved, because the eigenstates and the corresponding
eigenvalues of the interactive Hamiltonian in general are unknown. The compu-
tational difficulty is somewhat mitigated by introducing Green functions, with
quantum states and operators represented in the Heisenberg picture. In this
regard, the Matsubara method of treating time as an imaginary variable turns
out mathematically convenient for the computation of Green functions at finite
temperatures. Therefore, the chapter starts out introducing dynamical quantum
pictures in imaginary time, before treating the quantum statistics of interactive
ensembles. The corresponding real time dynamical pictures are introduced in
appendix A, on which the first section of the current chapter is dependent. The
chapter is based on the book by Mahan [8].

Green functions is an integral part of solid state physics, and a majority
of formulae for physical properties can be reduced to the calculation of Green
functions based on perturbation theory. A particular example is the calculation
of optical conductivity, which is the objective of chapter 3.
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2.1 The Matsubara Method

In appendix A, the time evolution of quantum mechanical states is modelled in
different dynamical quantum pictures. The formalism introduced the evolution
operator of quantum states (A4), taking the form of a unitary exponential opera-
tor with the exponent being imaginary and dependent on time ¢. Furthermore,
in the calculation of thermal averages of chapter 1, the canonical (1.25) and
grand canonical (1.29) density operators take the form of exponential operators
with a real exponent dependent on the statistical parameter 3.

To mathematically mitigate the inconvenience of having separately real and
imaginary exponents, there are two conceivable formalisms: the statistical pa-
rameter 8 = 1/kpT can be considered an imaginary time, or the exponent it/h
can be considered a real temperature. The latter formalism is known as the
Matsubara method, where time ¢ is considered an imaginary quantity, and time
evolution is modelled using the then real time variable 7 = it.

The Matsubara method is mostly used for systems described by time inde-
pendent Hamiltonians H. In terms of the real time variable T, the time evolution
operator of the Schrédinger picture (A4) then takes on the form

Ulr,7') = e HE=/1, (2.1)

Introducing imaginary time thus makes the time evolution operator non-unitary.
Introduce then the imaginary time Heisenberg picture, in which operators
are connected to time-independent operators of the Schrodinger picture through

O(r) = efT/n e~/ Of(r) = efr/hote= /- (2.2)

analogous to operators in the real time Heisenberg picture (A6). In the imag-
inary time Heisenberg picture however, because the evolution operator (2.1) is
non-unitary, the adjoint operator [O(T)]T * OT(T). Thus, the two operators
O(r) and OT(r) are not adjoint operators and need separate definitions.

In the following only systems at equilibrium will be considered, leaving all
observables with no explicit time dependence; whether operators are given in the
Schrédinger or imaginary time Heisenberg pictures is asserted by the time argu-
ment 7. Taking the derivative of the definition of the imaginary time Heisenberg
operators (2.2), the imaginary time Heisenberg equation thus becomes

dO(7) 1
dr  h

being analogous to the real time Heisenberg equation (A7).

Likewise for a system whose Hamiltonian takes the form H = Hy+V,
introduce the imaginary time Dirac picture, analogous to the real time Dirac
picture described in appendix A. Operators in the imaginary time Dirac picture
are denoted O; (1), where the subscript I separates between the imaginary time
Dirac and Heisenberg pictures. As for the definition of operators in the real time
Dirac picture (A8), operators of the imaginary time Dirac picture are connected
to their imaginary time Heisenberg and Schrédinger equivalents as

[H,0(7)], (2.3)
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O1(7) = Uy H(7,0)0(7)Us (7, 0) = " Ho/hQeTHo/h, (2.4)

where the modified imaginary time evolution operator, analogous to its real time
Dirac picture counterpart (A16), can be written as the Dyson series

U[(T7 T/) _ eHOT/he—f[(T—T’)/ﬁe—ﬁgT//ﬁ _ T{e—% I dUVI(U)}_ (25)

Here, the imaginary time ordering operator T arranges imaginary time valued
operators according to descending imaginary time arguments, being defined
analogous to the real time ordering operator (A15).

Reconsider a canonical or grand canonical ensemble governed by the Hamil-
tonian ﬁ, as described in section 1.4, and notice that setting 7 = A8 and 7/ = 0
in the expression for the imaginary time evolution operator (2.1) leaves

)= U(hB,0) = e PH. (2.6)
This is nothing but the unnormalized density operator of the canonical en-
semble (1.25), demonstrating the mathematical convenience of modelling time
as an imaginary variable. In terms of the unnormalized density operator, the
canonical partition function (1.28) is defined Z = Tr{p}. Alternately, by implic-
itly exchanging the Hamiltonian H by H- ,uN where N is the total occupation
number operator, while also redefining the trace to additionally run over all con-
figurations of occupation numbers, the density operator p and its corresponding
partition function Z describes the statistics of a grand canonical ensemble.

In the derivation of the statistics of ideal quantum gases (1.33), the quantum
particles of the ensemble were assumed non-interactive, described by a Hamil-
tonian of only single-particle terms (1.9). In order to incorporate interactions
between the particles comprising the ensemble, introduce the interaction term 1%
to the unperturbed single-particle Hamiltonian, now denoted f[o. The statistics
of the non-interactive ensemble described by H, are then fully known, whereas
the statistics of the interactive ensemble described by the total Hamiltonian
H = Hy + V can be calculated using perturbation theory.

In equilibrium, the interaction term and hence the total Hamiltonian of the
ensemble H = Hy+V will be time independent. Due to the shape of the Hamil-
tonian, calculations are conveniently performed in the imaginary time Dirac
picture. In terms of the modified imaginary time evolution operator (2.5), the
unnormalized density operator (2.6) of the interacting system can be expressed

pr=Up(hB,0) = PHoe=BPH — Tle=# 0" doVi(o)y,

Reverting to the Schrodinger picture, the unnormalized density operator of the
interactive grand canonical ensemble is then readily given by

p“:e_ﬁH :e_BﬁOT{e 7 lo” doVi(e )} (2.7)

Denoting the average over the non-interactive ensemble by (O)o = Tr{po0}/Zo,
where the unnormalized non-interactive density operator and partition function
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are denoted by py = e=BHo and Zy = Tr{po} respectively, the corresponding
interactive grand canonical partition function can be expressed as the average

~ S —1 PB4V (o
Z:Tr{p}:ZO<T{e h Jo? doVi( >}>0. (2.8)

Hence, the calculation of the partition function for the interactive system has
been reduced to the calculation of a thermal average over the corresponding
non-interactive system, where the statistics of the ensemble are known.

Consider then a time ordered product of operators T{O1(r1)---On ()},
where the operators are evaluated in the imaginary time Heisenberg picture
(2.2). Assuming the Hamiltonian describing the time evolution of the operators
is on the form H = Hy + V the thermal average over the time ordered product
can be calculated using the density operator (2.7) as

Te{e Pt e 37 V0, (ry) - On(r)} |

<T{Ol (Tl) On (Tn)}> Tr{e*ﬁﬂo'i‘{e_% oﬁ,/j doVI (0)}}

However, due to the form of the Hamiltonian, it would be beneficial to express
the operators in the imaginary time Dirac picture where the time evolution of
the operators O; 1(7) is governed by the Hamiltonian H, whose properties are
known. Using the connection between imaginary time Heisenberg and Dirac
operators (2.4) in reverse, the operators O(7) = U; *(7,0)0;(7)Ur(7,0) where
U;(7,7') is the imaginary time modified evolution operator (2.5). The thermal
average over the time ordered product of operators in the Heisenberg picture
can be written in terms of the corresponding operators in the Dirac picture, as

<T{e O CTONTCHRE OnI(Tn>}>
IRy

<T{Ol (1)~ On(Tn)}> = 0 (2.9)

0

where all the evolution operators cancel under the time ordering due to their
group properties. In this way, the thermal average over an interacting ensemble
of a time ordered product of operators whose time evolution is non-trivial has
been reduced to the calculation of a thermal average over the corresponding
non-interactive ensemble where the time evolution of the operators is known.
Expanding the exponential operators, the resulting averages can be arranged in
Feynman diagrams, and calculated diagrammatically. The expression found is
the basis of perturbation theory in many-body physics.

In the final calculations of the thesis the interactions between the quantum
particles will be assumed negligible, such that the Hamiltonian operator as-
sumes the form of a single-particle operator (1.9). Here and in the following,
the discussions on the internal interactions of a system is included for com-
pleteness, and the theory surrounding Feynman diagrams will for brevity not
be considered.
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2.2 Introduction to Matsubara Green Functions

Through the process of second quantization (1.9), any quantum operator can be
written as a product between creation and annihilation operators E‘; and by. In
particular, for the Matsubara method the creation and annihilation operators
bl (1) and by (7) are considered in the imaginary time Heisenberg picture (2.2),
motivating the definition of the 2n-point Matsubara Green function

g(n)({Tzaz; 0161}) = (;;;L)n <T{8a1 (7—1) o lA)om (Tn)i)};l (01) e l;;gn (Jn)}> (210)

where T is the imaginary time ordering operator (A15). In general, the average
is taken with respect to the specific quantum ensemble at hand. The Matsub-
ara method is however convenient mostly for systems at nonzero temperatures
described by the density operator of the ensemble (2.6). Here, the indices S;
must not be confused with the statistical parameter 5 = 1/kgT.

The purpose of the section at hand is to give a brief introduction to the
general properties of the Matsubara Green functions (2.10) using the density
operator (2.6) corresponding to a general Hamiltonian operator H. At the end
of the section the Matsubara Green functions are connected to their real time
counterparts through analytical continuation. For simplicity, all properties are
derived and written in terms of the two-point Matsubara Green function.

2.2.1 The Equation of Motion for Green Functions

Many of the general properties of the Matsubara Green functions (2.10) are most
readily derived and exemplified using the two-point Matsubara Green function,
being the lowest order Matsubara Green function written on the form

(2.11)

where O(t) is the Heaviside function originating from time ordering and ¢ = +1
corresponds to fermionic and bosonic operators, respectively. The ensemble is
assumed at equilibrium, such that the Hamiltonian H becomes time indepen-
dent. The two-point Matsubara Green function is then dependent only on time
differences, as shown by the argument (7 — ¢). Because the Green function is
homogeneous in time, it is customary to set the second time argument ¢ = 0,
leaving the Green function denoted G,s(7) = —<T{BQ(T)I;TB (0)})/h.

Consider the derivative of the two-point Green function (2.11), taken with
respect to the parameter 7. Because the system is considered at equilibrium,
the density operator is time independent and the derivative can be moved inside
the average. From its definition, the derivative of the time ordered product
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B1,0) — co(-np 0 22,

The delta-function originates in the discontinuity present at 7 = 0 due to time
ordering. Its presence enforces the real time parameter to take the value 7 = 0
in the first term, which leaves the commutator or anticommutator of the cre-
ation and annihilation operators (1.7). Using also the imaginary time Heisen-
berg equation (2.3) for the annihilation operator by (7) in the second term, the
equation of motion for the two-point Matsubara Green function becomes

h%gaﬁm = —3(r)0ug — 3 (T{H, Ba(rIBL(0)}). (2.12)

The appearance of the delta-function in the derivative leads to a discontinuity
of the function at 7 = 0. From the derivation of the equation of motion the
discontinuity is caused by the commutation or anticommutation relation of the
creation and annihilation operators, and will hence be present in general.

2.2.2 Periodicity and Matsubara Frequencies

Due to the discontinuity as portrayed by the equation of motion (2.12), the
two-point Matsubara Green function (2.11) is ill defined at the origin. The
discontinuity is expressed clearly by writing the function as

= {ba(r)bL(0)) /R if 7>0
Gap(7) = {-g(ég(())ga(m /h it <0’ (2.13)

where the Heaviside functions of the original expression has been inserted.

Consider the two-point Matsubara Green function (2.13) for the time interval
—hB < 7 <0, being given by Go5(7) = —C(E;(O)BQ(T)>/h Here, the average is
taken using the unnormalized density operator (2.6). Inserting the imaginary
time Heisenberg representation of the operators (2.2), the trace

Te{pb},(0)ba ()} = Tr{e PHble T/ Mhye=HT/M} = T/ Mo~ r/he=AH T
= Tr{e*'BHeH(TJ“h'B)/héaefﬁ(7+hﬁ)/hég} = Tr{pba (T + hﬁ)é;(@)},

where the cyclic property of the trace was used. Notice here that the time
argument 7 4+ AF > 0. Thus, the two-point Matsubara Green function satisfies

Gap(T +hB) = (Gap(T) (2.14)

for —hp < 7 < 0, effectively giving a connection between the two parts of the
two-point Matsubara Green function at each side of the discontinuity.
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Recalling the statistical sign ¢ = =+1, the relation (2.14) between the two
parts of the two-point Matsubara Green function (2.13) means the bosonic and
the fermionic versions of the function is periodic and antiperiodic with the sta-
tistical parameter A3, respectively. This suggests that the discontinuity at the
origin is transferred periodically with AS; indeed, the argument leading to the
periodic relation can readily be made for the time interval 7 € (hf3, 2h3) as well.

Furthermore, because ¢ = 1, the two-point Matsubara Green function can
be continued periodically as Gog(T + 2nhfS) = Go5(7), for any integer n. Due
to this periodicity, the Green function can be decomposed into a Fouriér series

1 & - inx
gaﬂ(T):B > Gap(n)e” #7

n=-—oo

In order for the Fouriér transform to be well defined the time argument is here
conventionally restricted to the interval 7 € (—Af, i), on which the two-point
Matsubara Green function G,5(7) is completely defined. The Fouriér coefficients
Gap(n) can then be calculated as the integral

hB )
gag(n) = %(1 + Ceimr) / dTgag(T)elf%rT.
0

Here, the integration over the interval 7 € (—#3,0) has been converted to run
over 7 € (0, i) using the periodic relation (2.14) of the function G,z(7).

Due to the prefactor before the integral, the two-point Matsubara Green
function Fouriér coefficients G,3(n) vanishes whenever the integer 7 is even for
¢ = —1 and odd for ¢ = 1, motivating the definition of the Matsubara frequencies

2nm 2n+ 1)w
B ic : = — Al .
osonic :  wy % G

In the following, a general Matsubara frequency will be denoted by ., being
either fermionic or bosonic depending on the Matsubara Green function at hand.
Notice that the Matsubara frequencies p,, can be both positive and negative,
with n being any integer. The bosonic Matsubara frequencies also include zero,
while all fermionic Matsubara frequencies are nonzero.

In terms of the Matsubara frequencies (2.15), the Fouriér transform of the
Matsubara Green functions and its inverse can be written on the form

(2.15)

Fermionic : v, =

1 . A B hB ,
gaﬁ(T):%Zgaﬁ(wn)e’w” Gap(itn) :/0 drGag(r)e™ 7. (2.16)

Hn

Here, when the temperature approaches zero with 8 — oo, the spacing be-
tween the discrete Matsubara frequencies (2.15) goes to zero and the sum over
Matsubara frequencies turns into an integration over the frequency domain.
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2.2.3 The Spectral Weight and Analytical Continuation

In viewing the Matsubara method of introducing imaginary time as a mathemat-
ical tool for simplifying calculations at nonzero temperatures, a scheme should
be devised for translating the two-level Matsubara Green function (2.11) to a
real time equivalent. In this regard, introduce the real time two-point retarded
and advanced Green functions, respectively defined by

Gra(t,s) = :F%G(j:(t — )){[ba(t), by(s)]¢) = FiO(L(t — 5))Caplt, s), (2.17)

where the upper and lower signs corresponds to the retarded and advanced
Green functions Gy 4(t) and G{4(t), respectively. Due to the Heaviside func-
tions, the retarded and advanced Green functions are zero for t > s and t < s
respectively, reflecting their naming. The expression also defines the spectral
weight Cop(t,s) = <I;a(t)i)2(s) - C?);(S)Ba(t)>/h, averaging over the commuta-
tor or anticommutator with ( = +1 being the statistical sign. The operators
bi,(t) and by (t) are evaluated in the real time Heisenberg picture (A6).
Analogous to the Matsubara Green functions, for systems in equilibrium the
Green functions becomes homogeneous in time, with G_3(t,s) = G 5(t — s).
Due to the homogeneous time argument, it is convenient to introduce Fouriér
transforms for the advanced and retarded two-point Green functions, given by

T, o T,a Tw T,a o dw T, —iw
Ga’ﬁ(w):/_oodt Gre(t)ett Ga’ﬁ(t):/_ooﬁGa’ﬂ(w)e £(2.18)

Inserting the expressions for the Green functions (2.17), the Fouriér transforms
satisfies G[ 5(w) = (G&z(w))*. Thus, a computation of the retarded Green

function G, 5(w) will automatically yield the advanced Green function Ga 5(w).
Seeing that the retarded and advanced Green functions (2.17) consist of
a product of functions, their Fouriér transforms (2.18) can be calculated as
a convolution on the frequency domain between the Fouriér transforms ©(w)
and C,p(w). However, the Fouriér transform of the Heaviside function is not
well defined: direct calculation leaves an oscillating term at the upper or lower
infinite limit, respectively. The inconvenience can be mitigated by extending the
frequency to the complex plane and adding a complex part +in with n > 0. The
limit at infinity will then leave zero, and the Fouriér integral readily becomes

o0 . . +oo . ) 1
:F/ d el(wiln)ti@(it) = _Z/ de €I(Wi”7)t =
—0 0 wEiin

The explicit expression for the convolution over the real frequency axis then
gives a complex valued function, defining the spectral representation

Gap(2) = /OO door Caplwr) (2.19)

2Tz —wq

—0o0
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with the retarded and advanced Green functions given by the limits

Cr(w) = lim Gap(w £ in) (2.20)

From the expression for the convolution (2.19), the Fouriér transform of the
retarded Green function is seen to be analytic in the upper half of the complex
plane with poles infinitesimally below the real axis. For times ¢ < 0, the inverse
Fouriér transform (2.18) can then be calculated as a contour integral around the
upper half of the complex plane, leaving zero due to the analyticity, effectively
giving rise to the Heaviside function of the original definition (2.17).
Extending both the time ¢ and the parameter of the Matsubara method
T to the complex plane, the complex time parameters become related by the
relations Ret = Im 7 and Im¢t = — Re 7. Reconsider then the Fouriér coefficients
Gaplipin) of the two-point Matsubara Green function (2.16) and assume the
Matsubara frequency (2.15) is positive, denoted u, > 0. In that case, due to
the exponential in the Fouriér transform, the value of the integrand approaches
zero as the imaginary part Im 7 = Ret approaches infinity. Hence, the integral

- hB . 1 rhs8 R . _
Goslimn) = [ drGaa(mie™™ =~ [ ar(bab)e
0 0
=_ % / dt(be (£)b](0))e (1) 4 % / dt(be (t — ihB)bL(0) ye'rn (R
0 0

In the last integral, the exponential factor e!”?#» = ¢. Furthermore, using the
cyclic property of the trace, the final average can readily be verified to equal
<b}; (0)ba (t)). Inserting these results, the integral is seen to equal

o ' - ) ) -
/0 <ba (T)b;g (0)>6wn'r = z/ dt<[ba (), b;fa (O)]O@(t)ez(’“")t

— 00
where also a Heaviside function was inserted to obtain the negative infinity limit.
Hence, the two-point Matsubara Green function allows a spectral representation

Gop (ipn) = /OO o oster) _ Gag(ifin)- (2:21)

oo 2T ipy — Wi
The derivation relies on a positive Matsubara frequency u, > 0, such that iu,
lies in the upper half of the complex plane.

Recalling that the retarded Green function (2.17) is analytical in this re-
gion, it is possible to connect the retarded Green function with the two-point
Matsubara Green function through the analytical continuation

~7‘ . . 5 .
af (w) = iunl—1>rr£l+in Gapipin)- (2.22)
Hence, the retarded Green function can be calculated as an analytical contin-
uation of the Matsubara Green function. Likewise, for p, < 0 the analytical
continuation iy, — w — in yields the advanced Green function.
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2.3 Non-Interactive Matsubara Green Functions

In the grand canonical approach to ideal quantum gases of section 1.3, a gas
of mutually non-interacting quantum particles was described by a Hamiltonian
h whose eigenstates were assumed to be known with corresponding eigenvalues
denoted by ¢,. Letting then the states |a) denote the eigenstates of the Hamil-
tonian, the matrix elements takes the form H,3 = €,0,3. For simplicity, the
energy contribution from the chemical potential 1 can also be inserted as part
of the Hamiltonian, and the non-interactive ensemble becomes described by

Hy =) (o — Wblba =D Eata, (2.23)

[}

where the matrix element £, = €, — u. The operator n, = I;Ll;a is a number
operator counting the number of particles occupying the single-particle eigen-
state |). The operator N = Y fi, counts the total number of particles of
the ensemble, with the chemical potential p fixing the average number of parti-
cles at equilibrium. In this notation, the unnormalized grand canonical density
operator (2.6) can be written on the form py = e~#Ho,

In the following, the Matsubara Green functions (2.10) are calculated for the
non-interactive Hamiltonian (2.23) in particular, and then for single-particle
Hamiltonians (2.40) in general. The two cases are separated by marking the
different non-interactive quantities or averages with a zero label, as for H,.

2.3.1 Wick Decomposition

From the shape of the non-interactive Hamiltonian (2.23), the general commu-
tation or anticommutation relations of the creation and annihilation operators
(1.7) gives directly the commutators with the Hamiltonian as

Hob, = ¢,bf + bf Ay Hoby = —Eaba + boH. (2.24)

Inserted into the operator definition of the imaginary time Heisenberg picture
(2.2), these commutation relations in turn gives the direct time dependence

bl (1) = eSeT/Mp} bo (1) = e ST/, (2.25)

Notice that the time evolution is identical for fermionic and bosonic operators,
which is a consequence of the single-particle form of the Hamiltonian (2.23).
For the non-interactive system, averages are calculated using the density op-
erator pp. The commutation relations between the non-interactive Hamiltonian
and the creation and annihilation operators (2.24) then gives the relations
I;Lﬁo = 6’86"‘[)0?)]; l;aﬁo = eiﬂguﬁoi)a (226)
Denote by operators f)ai either a creation operator l;& or an annihilation operator
b, and by s; a sign factor where s; = +1 corresponds to b,, being a creation
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operator and s; = —1 corresponds to Bai being an annihilation operator. The
relation found can then be written as by, po = %75 pob,, .

Consider a product of two such operators, written Balb(m. Inserting the
commutator for bosonic and anticommutator for fermionic operators, the trace

Tr{ﬁOE'(n Baz} = [Eau 6042]( Tr{pAO} + <631[3§a1 Tr{ﬁOE'(n Baz}'

To obtain the final term, the cyclic property of the trace together with the rela-
tion with the density operator (2.26) was used. Furthermore, the commutation
relations of the creation and annihilation operators (1.7) gives that the com-
mutator or anticommutator is proportional to the unit operator, and so can be
written symbolically outside of the trace. Rearranging the terms, and dividing
by the trace over the density operator, the equation is rewritten as

noon [6041’ 602]( [Bazv 6a1]<

<balba2>o = 1_ Ceslﬁ&o‘l = 05188y —¢ (2.27)

where the last equality is found by multiplying in the factor —¢. From the
commutation relations of the creation and annihilation operators (1.7), the only
unique non-zero average is found by choosing ba1 = b and ba2 = bg7 leaving

ot s Sa

(bhbs), = e = n¢(Ea)dap (2.28)
The distribution function n¢(£,) gives the Bose-Einstein distribution for ¢ =1
and the Fermi-Dirac distribution for { = —1, corresponding to bosonic and

fermionic statistics respectively. The result is equivalent to the calculation of
section 1.4, where the distribution function (1.34) was found as a derivative of
the grand canonical partition function of the ideal quantum gas.

Consider then a string of operators on the general form [;al - b, . Com-
muting or anticommuting the first operator b,, with the second operator ba,
here leaves a string of the remaining operators with the commutator and a
string of all operators but where the operators bal and b, , are interchanged. In
this second string, the operator bo,1 can similarly be commuted with the third
operator [AJQS, and continuing the process finally leaves the equality

Eal "'E’am = [Eanéaz]ﬂasém -+ ba,, + C[ [e3) as]baz ba4 U Aam +oee

+ <m—2[6a1’ bam][;a te ba(m_l) Cm lbag e bam Bal

Recall that the commutators are proportional to the unit operator, and so can be
placed outside of the string of operators. Multiply now by the density operator
po and take the trace on both sides of the equality. Using the cyclic property of
the trace and the relation with the density operator (2.26), the original string
of operators is recovered. Rearranging terms, the equality is rewritten as
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~ 0 o 601176052 AT 0 0

[604 76(1 ] A ~

[bay s B, Jc '
W r{pob‘“h% o ba(mfn}

4 Cm 2
Dividing here by the trace over the density operator gives the non-interactive
thermal averages over the strings of operators, and the equality is rewritten

(bay - Z —n 11681B]€a<b b Bagay o), (2:29)

Notice that the factor (*~2 gives the parity of the number of anticommutations
in the fermionic case where ( = —1, while being unity in the bosonic case.

The obtained formula (2.29) can be reiterated for all strings of operators in
the sum. If m is an odd number the average over a single creation or annihilation
operator will then remain for each term. Due to the relation with the density
operator (2.26), using the cyclic property of the trace, the thermal averages

Tr{pobl,} = Tr{poba} = 0. (2.30)

In consequence, the thermal average over a string of operators (2.29) is nonzero
only if the number of operators is an even number. For m = 2n, the prefactor
to each trace on the right hand side equals the average over the two operators
within the commutator (2.28). Reiteration of the formula then leaves

<6a1 h az" ZC ®py 0‘132> ...<bap2n71bap2n>0' (231)

Here the label p runs over all permutations of the operators, with ¢ being the
parity of the permutation in the fermionic case and unity in the bosonic case.
The resulting calculation procedure is known as Wick decomposition, and holds
whenever the Hamiltonian takes the form of a single-particle operator (2.40).

Recall then the formula for the thermal average over the string of two op-
erators (2.27), which can be nonzero only for the product of one creation and
one annihilation operator. If then the numbers of creation and annihilation
operators in the string by, - - - ba,, are different, all terms in the sum of permu-
tations constituting their average (2.31) will then contain at least one average
over two operators which leaves zero. Hence, only strings of an equal number n
of creation and annihilation operators can leave a nonzero average.

Reconsider the definition of the 2n-point Matsubara Green functions (2.10).
Due to the explicit time dependence of the creation and annihilation operators
in the non-interactive case (2.25), the calculation of the thermal average over the
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time-ordered product (A15) reduces to calculating the average over all permu-
tations of products between the creation and annihilation operators. Because
time ordering is a linear operation for operator strings of equal length, the Wick
decomposition (2.31) then transfers to the Matsubara Green functions, leaving

6" ({rasi06:3) = T Dby (1) b (7)b, (02) B, (),

P ~0 0
= Z ¢ go‘m Bps (Tm ’ Upz) e ga,,znilﬁpz" (TPZH—I ’ Upzn)
p

(2.32)

Thus, the 2n-point Matsubara Green functions corresponding to the Hamilto-
nian of the non-interactive ensemble (2.23) can be calculated as the sum over
all possible permutations of two-point Matsubara Green functions (2.11). This
property, which originates in the Wick decomposition of a string of creation and
annihilation operators, serves as the underlying motivation for the exact shape
of the written definition of the 2n-point Matsubara Green functions. In conclu-
sion, for non-interactive systems it is sufficient to calculate only the two-point
Green function, from which all other Green functions follows.

2.3.2 The Non-Interactive Two-Point Green Function

Recall the equation of motion for the two-point Matsubara Green function
(2.12). Inserting the commutation relation with the non-interacting Hamil-
tonian (2.24) the product T{[Ho,ba(r)]b};(O)} = §aT{ba(T)b;(O)}, leaving

( _ n% _ ga)gaﬁ(r) = 5(7)0ap. (2.33)

Hence, the two-point Matsubara Green function G,g(7) is the solution to an in-
homogeneous differential equation, where the right hand side of the equation is
proportional to the delta function §(7). In mathematical literature, the derived
equation of motion is the original definition for Green functions. In this way,
the two-point Green functions (2.11) corresponding to the single-particle Hamil-
tonian (2.40) are Green functions with respect to the mathematical definition
as well as the definition from quantum many-body theory (2.10).

Due to the direct time dependence (2.25) of the creation and annihilation
operators in the non-interactive ensemble, an expression for the two-point Mat-
subara Green function (2.11) can be calculated directly from its definition. With
the Heaviside function satisfying ©(—7) = 1—0(7), and using the resulting com-
mutation relation between the creation and annihilation operators (1.7), then

ggﬁ(T) = _%<T{i’a(7)i)g(o)}>o = _eigaT/h[@(T)‘saB + <<6}-38a>0}

The expression found is readily confirmed to be the solution to the equation of
motion (2.33). The remaining average (2.28) is zero unless o = § for which the
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occupation number distribution function <lAﬂ;IA)a>0 = n¢(&,) denotes the Bose-
Einstein distribution for ¢ = 1 and the Fermi-Dirac distribution for ( = —1.
The two-point Matsubara Green function in the non-interactive case is thus
readily decomposed as Gog(T) = 008G (), defining the Matsubara propagator

Ga(r) = —e 5T/ [O(r) + (ne(€a)] (2.34)
The Matsubara propagator describes the propagation of a single particle through
the non-interactive ensemble, created by the operator EL and annihilated by the
operator b, at the later time 7. Notice the anticipated discontinuity (2.13) at
T = 0, effectuated by the Heaviside function (7).
The Matsubara propagator (2.34) allows for a direct calculation of the cor-
responding Fouriér coefficients (2.16), which becomes

. 1
gg(wn) = ma

giving the Matsubara propagator in the frequency domain where ., is either
a bosonic or a fermionic Matsubara frequency (2.15). The result can also be
found directly by taking the Fouriér transform of the equation of motion (2.33).

(2.35)

2.3.3 Matsubara Frequency Summation Rules

From the Fouriér transform (2.16) of the two-point Matsubara Green function
Gop(T), general Matsubara frequency summation rules can be devised. In par-
ticular, due to the discontinuity at 7 = 0, the summation of C;a/g(i,un) over all
Matsubara frequencies p,, is divergent. The sum can be regularized by taking
the limit 7 = 47, where n > 0 is an infinitesimal. From the expression of
the two-point Matsubara Green function (2.13), the sum is seen to converge to
different values depending on the sign of the infinitesimal. Conventionally the
negative sign is chosen, giving the regularized sum

%Zg”aﬁ(mn) = —((blba). (2.36)

If instead the positive sign is chosen, the result of the summation likewise be-
comes <l;al3£), the two regularizations differ by 0,43, and hence give the same
result only for a # 8. The summation rule holds in general, and will explicitly
depend on the density operator and in turn the Hamiltonian of the system.

In particular, consider the general summation rule (2.36) for the non-interactive
case. From the expression of the Matsubara propagator of the frequency domain

(2.35), the general summation rule translates to the formula

1 1

- — o). 2.37

52 g, () (287)
In consequence, the Matsubara frequencies (2.15) constitute the complex poles

of the occupation number distribution function (1.34). Again it should be noted
that the summation rule holds only under the chosen regularization scheme.
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From the obtained summation rule (2.37), other summation rules readily
follow. Consider in particular the partial fraction decomposition

1 _ 1 ( 1 _ 1 )
(Zh;u“n - ga)(ih/‘n - fﬁ) fa - gﬁ Zhljfn - fa Zh,un - 55 .

Summing over the Matsubara frequencies here gives the summation rule

1 _ _nel) —ne(€p). (2.38)

Y

B Lo (ihpn — &) (iRpin — 6,3) §a — &5
where sum converges independent on the regularization scheme used; using the
other regularization scheme for the original summation rule (2.37) the same
result is obtained. Inserting the limit £g — &, then gives the relation

% 2 (z‘fwnl— €2 _Cangf(fa) = Bne(§a) [n+nc(Ea)]. (2.39)

where the derivative of the distribution function follows from its definition
(1.34). Other frequency summation rules can likewise be calculated for the
particular choice of regularization. For non-interactive systems, the Matsubara
frequency summation rules are often used in calculations of observable averages,
which regularly can be written in terms of Green functions.

2.4 The Matrix of Matsubara Green Functions

In the previous subsection, an explicit expression was calculated for the two-
point Matsubara Green function (2.11) using the Hamiltonian of a non-interactive
ensemble (2.23). In this case, the resulting functions (2.34) were seen to be di-
agonal, satisfying ggﬂ(r) = 0,5G2 (7). The result is due to the diagonal form of
the Hamiltonian, which also dictates the dependence of the Fouriér coefficients
(2.35) on the single-particle energy eigenvalue &,.
Consider instead a general quantum ensemble of non-interacting particles,

where the Hamiltonian operator independent on the chosen basis can be ex-
pressed in second quantized form as a single-particle operator (1.9), written

H =" Hapbl,bs. (2.40)
af

Here, the creation and annihilation operators bf, and b, create and annihilate
a particle in the single-particle state |a), respectively. The matrix elements are
given by Hap = (¢ b |B), where b denotes the Hamiltonian operator describing
the dynamics of a single particle of the ensemble. In general, the eigenstates of
the Hamiltonian 6 and the corresponding eigenvalues may not be known.

Recall then the equation of motion (2.12) for the two-point Matsubara Green
function. Using the commutation or anticommutation relations of the creation
and annihilation operators (1.7), the commutator is readily calculated

31



[H,bo] = =Y Harby (2.41)

Because the Hamiltonian operator commutes with itself, the commutation rela-
tion is transferred to the imaginary time Heisenberg operator b, (7). In conse-
quence, using the linearity of the thermal average, the time ordered product

(T{H, bo (T)]B5(0)}) = = >~ Han(Thy(7)b5(0)).

In consequence, the equation of motion for the two-point Matsubara Green
function for a general single-particle Hamiltonian operator (2.40) becomes

ﬁ%@w(ﬂ = —0(7)0as — 3 HarGys(7). (2.42)

Hence, the non-diagonal form of the Hamiltonian results in a set of coupled
differential equations for the two-point Matsubara Green functions.

For systems where the Hamiltonian b has a finite number W of energy eigen-
values, the matrix elements H,g make up the Hamiltonian matriz H, being a
square matrix of size (W x W). Introduce then the matriz of Green func-
tions G(T) whose matrix elements are the two-point Matsubara Green functions
Gop(7). With this notation, the equations of motion for the two-point Matsub-
ara Green functions (2.42) can be written in the form of the matrix equation

( - h% - H)g(T) — §(r)T. (2.43)

where now Z denotes the (W x W) unit matrix. If here the Hamiltonian matrix
is diagonal, the equation of motion for the Green matrix (2.43) decouple into W
independent equations, and the equation of motion for the two-point Matsubara
Green functions in the non-interactive case (2.33) is retrieved. Thus, the Green
functions corresponding to the non-interactive Hamiltonian (2.23) and the more
general single-particle Hamiltonian (2.40) are related by the unitary transform
that diagonalizes the Hamiltonian matrix H. As a consequence of this, the Wick
decomposition scheme for the non-interactive Matsubara Green functions (2.31)
holds in general for systems governed by any single-particle Hamiltonian.

By the direct use of the Fouriér transform (2.16), the differential equation of
motion (2.43) for the matrix of Green functions can be translated to an algebraic
equation in the frequency domain, written as the matrix equation

(ihptn — H)G(ipg) = T. (2.44)

Hence, the matrix of Green functions of the frequency domain Q(wn) can be
calculated as the inverse of the matrix (ifip, — H), allowing for a simple calcu-
lation of the two-point Matsubara Green functions (2.11) for systems described
by a Hamiltonian matrix of finite dimensionality.
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Chapter 3

Conductivity Formulas in
the Kubo Formalism

The statistics of non-interactive ensembles was derived in chapter 1, and then
expanded upon by adding interactions in chapter 2. In this final chapter of
Part I, an additional external perturbation is imposed on the ensemble and the
following response of the system derived. For a diminutive perturbation the
response can be calculated using linear response theory, for which the quantum
mechanical framework is known as the Kubo formalism. The main result of the
chapter is the derivation of a Kubo formula for the conductivity of a material.

The conductivity of a material is quantified by the conductivity tensor, whose
elements describe the current response in one direction from the externally ap-
plied current in another direction. The conductivity tensor is the main observ-
able for describing electronic transport properties, and can be experimentally
probed to investigate the electronic or magnetic structure of different materials.

In order to properly define the current response in a semiclassical setting,
the chapter initiates with a description of the quantum mechanical current den-
sity operator. The matrix elements of the current density operator are then
calculated for systems with both continuous and discrete translation invariance,
following from the discussion in appendix B on the Bloch theorem.

The Kubo formulae are derived in accordance with the original derivation by
Kubo [17], accompanied by the textbook by Mahan [8] and the classical article
by Rammer and Smith [7].
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3.1 Quantum Mechanical Current Density

The following section introduces the concept of current density in a quantum
mechanical framework, and calculates the matrix elements of the current den-
sity operator for a general crystalline system, investigated in appendix B. The
section is highly dependent on the theory surrounding Blochs theorem (B16)
and on the second quantization scheme (1.9) considered in chapter 1.

3.1.1 Current Density Operators

Classically, the electric current density j,(r,t) of a single particle ¢ with charge
Q is related to its velocity vector through j,(r,t) = Quv,d6(r, —r), where r, is the
position vector and v, the velocity vector of the particle. Quantum mechanically,
the position vector r, is exchanged for the position vector operator denoted by
7, and considered in the Heisenberg picture (A6). From the Heisenberg equation
of motion (A7), as the position operator carries no explicit time dependence by
definition, the velocity operator is introduced as

1 ~

L= %[ﬂ,h]. (3.1)

where b is the Hamiltonian operator describing the single particle. Notice then
that the current density is a product of two functions. In order to obtain
hermiticity, its quantum analogue is defined as a symmetrization of the corre-
sponding quantized operators, which can be written as the anticommutator

&3

5.0r) = L (Q00(F. —7) + Q37 —1)0) = 2p. 07— 7)) (32)

Here, r is an ordinary position vector while #, is the position operator of the
particle and must not be confused with an ordinary unit vector. It is then viable
to also define the spatial Fouriér transform of the current density operator

Q

= S{o.eeny (33)

@) = [ @ g
where the final expression is written in terms of an exponential operator. In
particular, for the uniform limit ¢ = 0 the Fouriér transform of the current
density operator becomes directly given by the velocity operator as j = Q9.

The total current density J(r,t) of the system is the accumulation of all in-
dividual single-particle current densities (3.2), with the corresponding operator

J(r)=>3.(r), (3.4)

where the symbol ¢ is the particle index. Alternately, through the second quanti-
zation scheme (1.9), the total current density operator can be written in terms of
the creation and annihilation operators (1.6) of the particles, expanded in terms
of the matrix elements of the single-particle current density operator (3.2).
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Consider in particular a system which is continuously translation invariant,
such that the Hamiltonian operator ﬁ(ﬁ) can be written in terms of the momen-
tum operator p introduced in appendix B. In this case, the eigenstates of the
Hamiltonian operator will coincide with the eigenstates |p) of the momentum
operator (B6), with the energy eigenvalue equation given by h(p) |p) = £p D).
Furthermore, using the canonical commutation relation (B4) between the posi-
tion and momentum operators, the velocity operator (3.1) corresponding to the
Hamiltonian operator 6(13) is readily expressed on the form

o= - [7.600)] = Vb (3). (35)

where the particle index has been neglected for convenience of notation. Hence,
the matrix elements of the velocity operator in the momentum representation

(P1|?|p2) = 6(P2 — P1)Vp,p,- (3.6)

Likewise, using the completeness relation of the position operator eigenbasis
(B1) and the explicit form of the wavefunction (B6) corresponding to the mo-
mentum eigenstate |p), the matrix elements of the exponential operator

—iq-# d’r —ip,-r/h_—iq-r_ipyT
(o1l ) = [ iy e A (p, —py ~ ) (37)

In conclusion, the matrix elements of the Fouriér transformed current density
operator (3.3) in the momentum representation can be calculated

- Q [a . —ig-# CiqF N
(p113(q) Ip2) = 9 d p3[<p1| 0 |p3)(psle " [pa) + (p1le 77" |p3) (P3| D |P2>}

Q [
=5 [dps {Vp;pﬁ(prplﬁ(prpg*ﬁq) + 5(p3*P1*hQ)vp25p25(P2*Ps)}~
Using the delta functions from the velocity operator matrix elements (3.6) to
perform the integral, the momentum representation matrix elements of the cur-
rent density operator (3.2) corresponding to a Hamiltonian operator h(p) of a
system invariant continuously on spatial translation becomes

(p113(q) Ip2) = % [Vpgp‘ + vpgp’ }5(192 —p1—hq) (3.8)

P=p; p=p,+hq

In the uniform limit where ¢ = 0, the momentum eigenstates (B6) are thus also
eigenstates of the current density operator, with j|p) = Q¥ |p) = QVpep D).

For free non-relativistic particles in particular, the Hamiltonian operator
takes the known form ﬁ(ﬁ) = p* /2m with the corresponding energy eigenvalues
ep = p?/2m. The velocity operator (3.5) then takes the intuitive form & = p/m,
similar to the basic definition of momentum in classical physics.
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3.1.2 Current Density in the Bloch Basis

In general, the Hamiltonian operator h describing the dynamics of a single par-
ticle will not only be dependent on the momentum operator p, but also contain
other dependencies from external influences. Consider then a Hamiltonian op-
erator dependent on both the momentum and the position operators, denoted
6(13, P). Because the position operator commutes with itself, the velocity opera-
tor (3.1) will then take the same form (3.5) as for a Hamiltonian h(p) invariant
under continuous spatial translation. However, because the Hamiltonian 6(13, 7)
does not commute with the momentum operator, the eigenstates of the mo-
mentum operator will no longer be simultaneous eigenstates of the Hamiltonian
operator. The matrix elements of the current density operator (3.8) should then
be expanded in the Hamiltonian eigenbasis, and not the momentum eigenbasis.

Consider in particular a general crystalline system as described in appendix
B, where the Hamiltonian operator 6(7‘“, P) describes a single electron residing in
a lattice periodic potential. The matrix elements of the current density operator
(3.2) is then readily calculated in the Bloch basis, where the basis elements |ig)
are the Bloch eigenstates of the Hamiltonian (B14) corresponding to the real
space wavefunctions ¢ (r) = (r|Yk) satisfying the Bloch theorem (B16); here,
the energy band index is suppressed for ease of notation. The reciprocal vector
k of the Brillouin zone is the crystal momentum of the particular electronic
state, originating in the discrete translation invariance of the system.

Assuming the Bloch functions |¢g) are properly orthogonalized (B21) over
the crystal lattice, then using the second lattice orthogonality relation (B13),
the matrix elements of the exponential operator are readily calculated

(Vs | €77 [ahey) = /ddWZl(T)wkz (r)e™™ 9 =05(kz —ki—q).  (3.9)

In a similar manner, the matrix elements of the velocity operator (3.1) become
diagonal, satisfying (g, | 0 |¥k,) = (¥r,| 0 |k, ) d(ka—k1). In order to calculate
the remaining diagonal elements, recall that the Bloch states |¢y) are related
to lattice periodic states |ug) through the transform [¢g) = €**7 |ug), where
the exponential operator is a map between their respective Hilbert spaces for a
particular value of k. Then, denoting by h(k) = e?*"he~** the Hamiltonian
operator for the lattice periodic states, the matrix element

(nl [7, 0] [vr) = (k| [F,5(k)] [ur) = (u] iVED(k) [uk) -
The final matrix element can be calculated by a derivation of the eigenvalue
equation h(k) |ug) = ek |ug) followed by left multiplication with (ug|, leaving
R 1
<1/Jk1|U Wk2> = ﬁvk25k26<k2 - kl) (310)

Recall here that e, is also the eigenvalue corresponding to the Bloch state |ig).
The quantity Vier/h = (Yg| 0 |¢g) is physically interpreted as the effective
velocity of the single-particle electron state described by the Bloch state |1g).
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The Bloch functions |i) constitute a complete orthonormal set over the
Brillouin zone, and so obey a continuous completeness relation (1.1) with respect
to the crystal momentum k. The Bloch basis matrix elements of the Fouriér
transform of the current density operator (3.3) can then calculated from the
elements of the exponential operator (3.9) and the velocity operator (3.10) as

(&

<¢k1 ‘ j(q) |¢k2> = —%

analogous to the momentum representation (3.8) with ) = —e being the electron
charge. The visual similarity between the matrix elements originates in the
assumed translation invariance. For the crystal Hamiltonian (B14) however the
translation invariance is discrete, and the crystal momentum Ak is only defined
within the Brillouin zone of the reciprocal crystal lattice.

In conclusion, for an ensemble of non-interacting electrons residing in a crys-
tal lattice, the second quantization (1.9) of the spatial Fouriér transform of the
total current density operator (3.4) is written in the Bloch basis as

{vksk“k:kl—'_ vk6k|k:k1+q} O(ky — k1 —q) (3.11)

a e
J(q) = —Z% {Vkﬁkl
k

where the sum is written implicitly over the reciprocal vectors k of the Brillouin
zone. The operators éL and ¢ are the creation and annihilation operators
(1.6) of an electron occupying the Bloch state |¢x). The resulting expression
also introduces the quantities J (k, g), being the matrix elements of the current
density operator (3.11) disregarding the delta function.

Recall from appendix A that the Bloch functions besides the crystal momen-
tum k are labelled by a discrete band index n. Consider then a finite number of
energy bands, and let the Bloch eigenstates |¢nx) be written as linear combina-
tions of another complete and orthonormalized set of Bloch states |Xgq ), where
« denotes some finite set of discrete quantum numbers such as the electron spin.
The calculation of the matrix elements (3.12) can then be performed with re-
spect to the basis |xka). These states are however not the Bloch eigenstates of
the single-particle Hamiltonian b, and the energy eigenvalues € are exchanged
for the Hamiltonian matrix elements Hqg(k) = (Xka| b |xkp). Expressed in the
basis |Xka), the total current density operator then becomes

kiR hinrq =Y T (K, @)ehiniq (3.12
RS kl_k+q:| kCkta Xk: (k,q)é,Chtq (3.12)

J(@) =) Tap(k, Q) bihiars (3.13)
kap

where now é;‘w and ¢, are the creation and annihilation operators (1.6) of the
state |Xka), and the elements of the current density matrices are defined

€
T aplk,q) = =5 [ Vies Has (1) | b Vi Has(B1) |- (3:14)

If the current density is uniform in space with g = 0, the current density matrices
can be written in terms of the Hamiltonian matrix as J (k) = —eViH (k) /.
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3.1.3 Current Density from Electromagnetic Coupling

Due to the electric charge @ = —e, electrons couple to the electromagnetic
field, as explained relativistically in subappendix D.4. Consider in particular
the Coulomb gauge, where the electric field is connected to the electromagnetic
vector potential A(r,t) through the relation E(r,t) = —0;A(r,t). From the
minimal coupling principle (D19), the coupling between the electron and the
electromagnetic field is classically effectuated by the exchange p — p + €A,
where p denotes the kinetic momentum of the electron. In a semiclassical ap-
proach, the momentum corresponds to the momentum operator p while the
electromagnetic vector potential A(#,t) can be considered a semiclassical field.

Consider then the single-electron crystal Hamiltonian (B14), hereby denoted
6(13) disregarding the electromagnetic influence, which couples to the electro-
magnetic field in the Coulomb gauge through the factor p* /2m as

2
B(p+ A1) = b(B) + 5 (DA 1) + A7, D) + 5 A(7,1)  (3.15)

2m 2m
Here, the latter quadratic factor represents the energy content of the electro-
magnetic field itself, whereas the central terms describe the coupling between
the electrons and the electromagnetic field for the specific system. The Hamilto-
nian operator 6(13 + eA(?, t)) describing the electromagnetic coupling can then

be inserted into the expression for the velocity operator (3.1), which gives

b= %[r Bp)) + A1) = 0p + 0 (3.16)

where the canonical commutation relation (B4) was used. Hence, under the
influence of a perturbing electromagnetic field the velocity operator gains a
diamagnetic term ©p, in addition to the paramagnetic term 9p = p/m equal to
the velocity operator (3.1) without the coupling. These terms in turn correspond
to a paramagnetic and a diamagnetic part of the current density operator (3.2),
which after reinstating the particle index ¢ can be written

3ur) = =5 B 0(F, — 1)} = S AL D37, — 1) = 37(r) + 57 (1) (3.17)

where it was used that the vector potential A(#,,t) commutes with the position

operator 7,. Hence, the application of an electromagnetic field may drive an

electric current with the corresponding diamagnetic current density jD (r).
The semiclassical electromagnetic vector potential can be written

A7, t) = /ddrA(r,t)zS(ﬁ —r).

From the expression of the Hamiltonian under the minimal coupling principle
(3.15) and the corresponding current density operator (3.17), the Hamiltonian
can then be written on the form h(p, + eA(7,,1)) = b(p,) + V,(t), with
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V() = — / A 5,(r) - A(r, ). (3.18)

Here, the electromagnetic vector potential A(r,t) is considered a classical field.
Consider then an entire ensemble of electrons residing in a crystal lattice, de-
scribed by the total Hamiltonian H at equilibrium. Assuming the electrons are
non-interacting, the Hamiltonian takes the form of a sum over single-electron
terms b,, where each term takes the form of the single-electron crystal Hamil-
tonian (B14). An external electromagnetic field will then couple independently
to each of the individual electrons through the derived single-electron poten-
tial term (3.18). The total perturbation term V(t) originating in the minimal
coupling principle for the entire non-interacting ensemble thus becomes

V() =3 V() = - / Al J(r) - A(r,b). (3.19)

where J (r) is the total current density operator (3.12), being a sum over single-
electron current densities (3.2). It should here be noted that both the single-
particle and total current density operators implicitly carries a time argument
t, which has been neglected in the discussion for ease of notation. The time
dependence originates both from the Heisenberg representation (A6) of the op-
erators, as well as a possible explicit time dependence from the electromagnetic
vector potential for the diamagnetic term.

Finally, it should be emphasized that the minimal coupling principle for
the semiclassical theory states that the electromagnetic vector potential A(#,t)
couples to the momentum operator p of the electron, and not the momentum
operator eigenvalues p. However, for the case where the Hamiltonian operator
is dependent solely on the momentum operator, there is a direct correspondence
between the dependence of the Hamiltonian operator 6 on the momentum op-
erator P, and the dependence of the corresponding energy eigenvalues €, on
the momentum eigenvalue p. In this case, the paramagnetic and diamagnetic
terms of the current density operator (3.17) can be deduced from the explicit
momentum dependence of the energy eigenvalues ep,.

For a crystalline system however, the continuous translation invariance is
reduced to a discrete translation invariance, and the energy bands e become
continuously dependent on the crystal momentum k instead of the kinetic mo-
mentum p. The underlying crystal potential here modulates the electronic wave-
function, and the direct correspondence of momentum dependence between the
Hamiltonian operator 6 and its energy eigenvalues €g, is no longer guaranteed. In
general however, the electrons can be assumed described by the single-electron
crystal Hamiltonian (B14), where the dependence on the momentum operator
lies entirely within the non-relativistic kinetic term P> /2m. In conclusion, the
form of the energy bands ¢y, for a crystalline system will not reveal the form of
the current density operator (3.2), but it can be assumed to contain a param-
agnetic and a diamagnetic term (3.17) corresponding to a square dependence of
the Hamiltonian operator on the momentum operator.
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3.2 The Kubo Formula for Conductivity

The current section introduces the concept of conductivity, which quantifies the
ability of a material to lead an electric current. The section initializes with the
computation of observables for perturbed ensembles in linear response theory,
which is specialized to yield a Kubo formula for the conductivity tensor. A main
result of the section is the introduction of the current density autocorrelation
function, which can be calculated using the Matsubara method of chapter 2.

3.2.1 Linear Response Theory

Recall the statistics of the principal ensembles derived in section 1.2 under the
condition of equilibrium, for which the density operator (1.13) describing the
ensemble carries no time dependence. From the Von Neumann equation (1.18),
the density operator p then gains a dependence p = ﬁ(ﬁ ), where H is the
Hamiltonian operator of the system, possibly including internal interactions.

Let then an external, time-dependent perturbation couple to an observable
D of the system, removing the ensemble from equilibrium. Assuming the pertur-
bation can be modelled by a classical field strength F'(¢), the total Hamiltonian
of the perturbed system in general takes the form H(t) = H — DF(t), where the
negative sign is introduced for later convenience. The density operator describ-
ing the perturbed ensemble will then also gain a time dependence governed by
the Von Neumann equation (1.18), hereby denoted §(t).

Due to the form of the perturbed Hamiltonian H(t), it is pertinent to consider
the time evolution of the system in the Dirac picture as described in appendix A,
letting the time evolution of operators be governed by the unperturbed Hamil-
tonian H. Denoting by V;(t) = —D;(t)F(t) the perturbation and by d;(t)
the perturbed density operator in the Dirac picture (A8), the Von Neumann
equation describing the time evolution of the density operator becomes

U e+ (‘Zf)l == |Vi(t), ). (3.20)
Here, the partial derivative in the middle expression is given by the Von Neu-
mann equation in the Schrédinger picture (1.18) with the total Hamiltonian
H(t) = H + V(t), thus leaving only the commutator with V(). The solution
to this equation depends on the boundary conditions of the perturbation.

Assume the ensemble is initially isolated and perturb the system adiabat-
ically from ¢ — —oo, giving the boundary condition F'(t — —oco) = 0 for the
coupling field. The ensemble is then initially described by the unperturbed
density matrix p satisfying [I:I ,p] = 0, corresponding to the unperturbed equi-
librium. Integrating the Von Neumann equation for the density operator (3.20)
with the boundary condition, the system equation of state then becomes

br(t) = p— ;/t as[Vy(s), or(s)]. (3.21)

— 00
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This gives an integral equation for the density operator p;(t), which can be
iterated to achieve an arbitrarily high degree of accuracy. The perturbed density
operator can thus be expressed o(t) = p + do(t), where §o(t) is a response
term describing the reaction of the unperturbed system described by p to the
external perturbation V(t) Notice that the unperturbed density operator p is
the same in both the Dirac and Schrodinger pictures (A8), as it commutes with
the unperturbed Hamiltonian H due to the condition of equilibrium.

In linear response theory, the integral equation (3.21) for g(t) is only iter-
ated to linear order by exchanging §(t) for the time independent initial density
operator p in the integral. Hence, in linear response theory the response term

.
Sar(t) =5 [ ds[Di().0] Fis) (3.22)
— 00

in the Dirac picture, where the particular perturbation Vi(t) = —D;(t)F(t)
has been reinserted. The expression is only dependent on the time independent
unperturbed Hamiltonian H of the ensemble at equilibrium, which appears both
in the expression of the equilibrium density operator p = ﬁ(ﬁ ) and in the time
evolution of the operators in the Dirac picture (AS8).

The response of the ensemble to the perturbation is observed through the
change 6O of a physical observable O, whose ensemble average under the per-
turbation is time dependent and can be calculated (O); = Tr{O4(t)}. From
the expression of the perturbed density operator (3.21), this expectation value
can be written (O); = (O) + (60);, where now (O) denotes the ensemble av-
erage with respect to the unperturbed ensemble; the ensemble average in the
perturbed and unperturbed ensembles are separated using the subscript ¢. Re-
calling that ensemble averages are independent on the dynamical picture used,
the response of the observable O can be calculated

(60), = Te{Or(1)501(t)} = % /7 ds Te{p[O1(t), Di(s)] | F(s),

where the cyclic property of the trace has been used to move the equilibrium
density operator p outside of the commutator. Notice here that the calculation
of the average only involves the unperturbed Hamiltonian H of the ensemble at
equilibrium; Dirac operators of the perturbed ensemble are identical to Heisen-
berg operators of the unperturbed ensemble. Hence, the calculation of the
response of physical observables in the perturbed ensemble has been reduced to
the calculation of an average of the corresponding ensemble in equilibrium, as

t

(O), = <O>+%/ as([0(0). D()] ) £ (). (3.23)

— 00

The resulting formula is known as a Kubo formula, where the operators are con-
sidered in the Heisenberg picture (A6) of the ensemble at equilibrium described
by the density operator p and unperturbed Hamiltonian H.
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3.2.2 Calculation of Conductivity in the Kubo Formalism

The electrical conductivity of a material describe the ability of the material to
conduct an electrical current upon the application of an electric field E(r,t). For
a wide class of materials the measured current response J(r,t) to the electric
perturbation is associated to the applied electric field through the conductivity
tensor, defined by the linear spacetime response relation

Ji(r,t) = Az [ ds og(r, t;x, s)Ey(x, s). (3.24)

The conductivity tensor element o;; here describes the coupling of the current
response component J; to the electric field component E;. The relation between
the applied electric field and the current response is known as Ohms law.

Consider the stationary case, where the flow of current is at equilibrium and
constant in time. The conductivity tensor (3.24) then becomes homogeneous in
time, dependent only on time differences as oy (r,t; @, s) = oy(r,z,t — s), for
which the temporal Fouriér transform is introduced

. dw
ou(r,xz,w) :/dt e“toy(r,z,t)  ogy(r,xz,t) :/Z—Me*“’ta“(r,w,w). (3.25)
e

Inserting the Fouriér transformed quantities into the defining relation of the
conductivity tensor (3.24), the relation is written in the frequency domain as

Ji(r,w) = Z/ddx oa(r,z,w)E(z,w), (3.26)
1

where w is interpreted as the frequency of the imposed electric field E(r,t).
For a general system the obtained conductivity tensor oy (r, x,w) is not ho-
mogeneous in space due to the microscopic details of the system. However,
for crystalline systems in particular, the macroscopic conductivity can be re-
garded an average of the microscopic conductivity over several unit cells. In
performing such a microscopic spatial average, the system effectively becomes
translationally invariant in space, and the conductivity tensor takes on the spa-
tial dependence oy (r, &, w) = 0y(r — x,w). Similarly to the temporal Fouriér
transforms (3.27), it is then viable to introduce the spatial Fouriér transforms

, d%q .
oulg,w) = /ddr e "oy (r,w) ou(r,w) = / (277()13 eT"g;(q,w), (3.27)

where the momentum q is interpreted as the wavevector of the electric field E.
Defining the spatial Fouriér transform of the current response and the electric
field in a similar manner, the current response (3.26) can be expressed

Ji(q,w) = Zoil(q,w)El(q,w). (3.28)
!
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Hence, in the frequency domain Ohms law takes the form of a matrix equation.

Consider again the Coulomb gauge, where the electric field is related to the
electromagnetic vector potential as E(r,t) = —9;A(r,t). The Fouriér transfor-
mations of the electric field and the electromagnetic vector potential are then
related by E(q,w) = iwA(q,w). Hence, the current response (3.28) can also be
expressed in terms of the electromagnetic vector potential as

Ji(qvw) = _ZKil(qvw)Al(qaw) (329)
1
where the electromagnetic response function is defined K;;(q,w) = —iwoy (g, w).
It should here be noted that the electromagnetic response function is defined in
the Coulomb gauge. For an arbitrary gauge, both the electromagnetic response
function and the electromagnetic vector potential will be gauge dependent in
such a way that the observable conductivity tensor is gauge independent.
Quantum mechanically, the current response J(7,t¢) can be calculated as
the ensemble average over the total current density operator J (r,t), which in
the stationary case carries no explicit time dependence. Thus, the total current
density (3.12) is analogous to the observable O in the general Kubo formula
(3.23). From the coupling to the electromagnetic field (3.19) which serves as
the external perturbation, the current density is also analogous to the observable
D of the formula, whereas the electromagnetic vector potential A(r,t) serves as
the external field F(t). The Kubo formula for current response thus becomes

Ji(r,t) = (J;(r, 1)) +%/ ds/ddmz<[ji(r,t)7jl(w,s)]>Al(w,t), (3.30)
- l

where the spatial integration from the perturbation term (3.19) has been moved
outside of the commutator. The time dependence of the current density opera-
tors in the commutator is due to their Heisenberg representation (AG6).

Recall that the single-particle current density operator (3.17) can be decom-
posed as j(r) = 37 (r) + 37 (), where the paramagnetic and diamagnetic parts
37 (r) and 37 (r) are independent of and proportional to the electromagnetic
vector potential A(r,t), respectively. Consider then the two terms of the Kubo
formula for current response (3.30). In the first term, the average (J'(r)) is
zero, as there is no current in the equilibrium ensemble without the application
of an electric field. The average (J” (7)) however may take on a finite value,
being the average over the current density induced by the electric field but aver-
aged over the equilibrium ensemble. In the second term all terms proportional to
JP (r) can be neglected, seeing that the Kubo formalism is considered to linear
order in the field. Introduce then the current density autocorrelation function,
hereby referred to simply as the autocorrelation function, given by

a(r, t;,5) = —+0(t — 5) (LI (r, 1), JF (@, )] ). (3.31)

Like the conductivity tensor, the autocorrelation function is in the stationary
case homogeneous in time due to the time independence of the Hamiltonian of
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the equilibrium ensemble, and it is homogeneous in space due to the spatial
averaging, thus satisfying II; (v, ¢; x, s) = I;;(r — x,t — s). Taking the temporal
(3.25) and spatial (3.27) Fouriér transforms, the current response (3.30) becomes

Ji(gw) = (TP (q,w)) = Y Ta(q,w)Ai(q,w), (332)
l

Notice here that the diamagnetic term (3.17) is dependent on the frequency w
only through its proportionality with the perturbing field A(q,w).

Comparing the result to the definition of the electromagnetic response func-
tion (3.29), the Kubo formula for current response (3.32) implies the function
can be split into a diamagnetic part K i’? (q) independent on the frequency w and
a paramagnetic part K 5 (q,w) equal to the current density autocorrelation func-
tion II;;(q,w). Recalling that the conductivity tensor (3.28) can be expressed
in terms of the electromagnetic response function as o;(q,w) = iK;(q,w)/w,
the diamagnetic term of the conductivity is seen to be divergent in the limit
w — 0. The divergence of the diamagnetic term is the main reason for an infi-
nite conductivity in superconductive materials. Excepting the superconductive
case however, the divergence is amended for through an equal but negative sign
from the current density autocorrelation function; that is, disregarding super-
conductivity the diamagnetic term K2 (q) = —K}(g,0) = —1II;(g,0). From
this reasoning, the Kubo formula for conductivity can be expressed

7u(g,) = = [Ma(g,) ~ Ma(q, 0)| (333)

Hence, the calculation of the conductivity tensor has been reduced to calculating
the current density autocorrelation function (3.31). In particular, for g = 0 the
direct current conductivity o;; can be calculated in the w — 0 as the derivative

, (3.34)

w=0

IL 1L L
o = lim o (w) = lim Zl(w), it(0) = ia i
w0 w0 W ow

where the uniform conductivity tensor is defined o (w) = 04(0,w).

3.2.3 The Matsubara Autocorrelation Function

The current density autocorrelation function (3.31) is an example of a retarded
response function, being analogous to the retarded Green function (2.17), and
can readily be calculated in the framework of the Matsubara method of chapter
2. Performing the spatial Fouriér transform (3.27), introducing imaginary time
and denoting the real time argument 7 = 4t, the Matsubara autocorrelation
function

. 1 [ . .
Mg ivn) == [ dren (V@I (-q.0)).  (33)
0

Here, the current operators are related to fermionic states, and so are anti-
periodic (2.14) with a time translation by AfS. Because the Matsubara au-
tocorrelation function is made up of the product of two such operators, it is
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thus periodic with Ag8. The frequency w,, appearing in the expression for the
Matsubara autocorrelation function is therefore a bosonic Matsubara frequency
(2.15). The current density autocorrelation function (3.31) is then retrieved by
the analytical continuation scheme

y(q,w) = lim  7wu(q,iwn), (3.36)

TWm —w—+1in
which follows from the analysis and derivations of section 2.2.

Inserting the total current density operators (3.13), the Matsubara auto-
correlation function (3.35) will involve the average over four fermionic creation
and annihilation operators, given by <TéL(7’)éB(T)éTY(O)65(O)>. Assuming the
Hamiltonian operator is a single-particle operator, a general average over four
operators can be calculated using Wick decomposition (2.31) and written in
terms of two-point Matsubara Green functions (2.11), which gives

(el (1) (r)E (02)25()))

= G3a(11,01)G5+(12,02) — G5a(T2,01)Gs~(T1,02)

(3.37)

Inserting here 71 = 01 = 7 and 75 = 02 = 0, the first term is seen to involve the
average (J!"(—q)), which is zero; there is no current in the equilibrium ensemble.
Consider then in particular a crystalline system where the Bloch states are
labelled by the crystal momentum k in addition to a set of discrete quantum
numbers a. Because the Hamiltonian matrix by its definition is diagonalized
with respect to the crystal momentum, the average over the two operators

1. .

—ﬁ<T{ckla(T)cL26(U)}> = Gap(ka, ,0)0(ka — k1) (3.38)
where the Matsubara Green function satisfies Go5(k;7,0) = Gap(k; 7 — 0) in
the stationary case. Inserting then the total current density operator (3.13) into
the definition of the Matsubara autocorrelation function (3.35) then leaves

ma(q,7) = —%<ij(q,7)jlp(—q,0)>

1 " R R N
=73 Z Ti,ap(k1, @) T1ys5(k2, _q)<TCLI,a(T)Ckl"l‘q;ﬁ(T)sz,fy(o)ck2—q,5(0)>'

afyéd
k1 k2

Using here the Wick decomposition (3.37) followed by the insertion of the av-
erage over two operators (3.38), the Matsubara autocorrelation function for a
system with discrete translation invariance can thus be written

7Til(q’ 7—) =h Z sz,aﬁ(ka q)\7l,75(k+Q7 7q)g5'y(k+q7 T)g5a(k7 *T)
afvyé,k
o (3.39)
=1 [ Grya T )G k. )ik 0.~ )k, )
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Here, G(k, 7) is the matrix of two-point Matsubara Green functions (2.44) and
Ji(k, q@) the components of the current density matrices (3.14) in the Bloch basis.
Notice that the sum over the discrete quantum numbers has been restated as a
trace, and the remaining integral is implicitly written over the Brillouin zone.

The Matsubara autocorrelation function (3.35) can now be brought to the
frequency domain through a discrete Fouriér transform (2.16), which leaves a
discrete convolution between the two Matsubara Green functions. Hence, the
Matsubara autocorrelation function can be calculated

d
mz(%iwm):% / m;ﬁ{m,q)g(m,iun+¢wmm<k+q, )Gk, iva))
(3.40)

Recall that the frequency iw,, is a bosonic Matsubara frequency originating in
the definition of the autocorrelation function, whereas the summation frequency
iv, is a fermionic Matsubara frequency (2.15) corresponding to the fermionic
nature of the matrix of two-point Matsubara Green functions G(k, iv,,).

For many applications the spatial dependence of the imposed electric field
can be neglected. In particular, whenever the modulations of the electric field
extends over several atomic distances of the underlying crystal structure, the
conductivity is reasonably approximated by the uniform conductivity tensor
ou(w) = 04(0,w), calculated from the corresponding autocorrelation function

. L[ d'% o ‘
it (iw,) = 3 /(27T)d ;Tr{ji(k:)g(k:,wn +iwm) T (k)G (k,ivy)}.  (3.41)

where the current density matrices (3.14) can be calculated J;(k) = —ed; H(k).

In conclusion, the current density autocorrelation function (3.31) can be cal-
culated as an analytical continuation of the Matsubara autocorrelation function
71 (1w, ), which from its expression (3.35) is dependent on the current density
matrices (3.13) and the Matsubara Green matrices (2.44), both of which are
dependent only on the Hamiltonian kernel H(k) of the unperturbed system. A
conventional path for providing the Hamiltonian kernel of periodic crystalline
materials is given by the tightbinding model, which is derived in chapter 4.

The derived Matsubara autocorrelation function (3.41) has been derived
for the current density operator matrix elements (3.14) evaluated in the Bloch
basis. Hence, the integral over the crystal momentum k is implicitly written
over the Brillouin zone of the reciprocal crystal lattice. For many effective
models however, only a specific part of the Brillouin zone close to the Fermi
surface is considered. The calculation then usually considers the continuum
limit, where the interatomic distances within the lattice are considered small
enough that the Brillouin zone effectively extends to infinity. The continuum
limit is a viable simplification with respect to the microscopic averaging over
the unit cells, which removes the microscopic details of the crystal lattice.
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3.3 The Conductivity for a Single Energy Band

In order to exemplify a calculation using the Kubo formula for conductivity
(3.33), the formula is used to derive the Drude conductivity formula for a sin-
gle energy band. The considered approximations and resulting conductivity
formulae are used in the final calculations of the thesis in Part III.

3.3.1 The Single Band Conductivity Formula

Consider a system whose energy spectrum consists of a single energy band
denoted ep. In that case, the current density elements can be calculated as
Ji(k) = —ed;ex/h, where the notation 9; = 9/0k; is adopted. Inserting this
into the formula for the Matsubara autocorrelation function (3.41) then gives

d k: O;er O . .
i1 (W) = 5 sk lgk Zg W + 1w )G (K, ivy,), (3.42)

Here, the Matsubara Green functions are non-interactive (2.35), such that the
sum over Matsubara frequencies can be performed directly using the second
Matsubara frequency summation rule (2.38), which gives

1 — ithwyy,) —

Ly , _ nrlemihon) Znr(E) g )
B - (thvy, — &) (ihvy, + thwy, — €) 1hwm,

where np(e) is the Fermi-Dirac distribution function (1.34). Performing then

the analytical continuation iw,, — w + in where 7 is an infinitesimal yields the

current density autocorrelation function (3.31)

Hil(w) =

2 d X
| /(d k Oier Ok [np(ek — hw) — np(ex)] (3.44)

hw+in) 2 bk

where the infinitesimal 77 has been neglected for the second distribution function.

The formula for the single band current density autocorrelation function
(3.44) can be simplified further by considering the limit g > fiw. In that case,
the difference of the Fermi-Dirac distributions can be approximated by

(e — ) — (o)) ~ -2 20 (3.5

which leaves the expression for the single band autocorrelation function

i (w) = (3.46)

ew / d% Oiex Oick onp(ek)
w+in) 2m)¢ h h ou

Notice here that the entire dependence on the frequency w lies outside the in-
tegral over momentum. In consequence, the zero frequency limit can be taken,
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which by virtue of the infinitesimal gives II;;(0) = 0. In conclusion, the corre-
sponding conductivity tensor (3.33) can be expressed o;;(w) = ill;;(w)/w, giving

e2 / d%% o; ick Ok 8”F(5k) (3 47)
( .

@)= = [ i h B o

Here, the parameter n can be phenomenologically interpreted as a scattering
rate, physically originating in impurities in the crystal structure which are ab-
sent in the ideally periodic lattice considered. In a more rigorous calculation,
the microscopic spatial average considered in the derivation of the contuctivity
tensor (3.33) constitute an impurity average, and the Matsubara Green func-
tions employed should be exchanged for their impurity averaged counterparts,
which in the weak scattering limit would leave a similar result. For the impurity
averaged Matsubara Green functions however, the Matsubara frequency sum-
mation rules (2.37) cannot be applied directly, and the calculations will involve
an analytical continuation into the complex frequency plane. Here and in the
following however, the investigations will mostly involve non-zero frequencies w,
for which the impurity scattering is of less importance.

Seeing that the remaining integral over momentum (3.47) serves only as a
parameter dependent constant of the particular system, the conductivity can
under the current assumptions in general be expressed

il
oi(w) = —+— 3.48
zl( ) 1— iw/n ( )
where 0¥ = 0;;(0) is the direct current conductivity (3.34), whose expression
thus depends on the exact form of the integral over momentum.

3.3.2 Kubo Conductivity for Isotropic Energy Bands

In the particular case that the energy is independent on the direction of the
crystal momentum, with e, = £(k), the formula for the conductivity tensor
(3.47) can be further simplified. Introducing spherical coordinates such that
the differential d%k = k9~ 1dkdQ) with Q being the solid angle element, then

D= (k)
ok

Oe(k) _ ki 0e(k)
ok;  k Ok

~ (k)

where the expression k;/k = (k); is independent on the magnitude of the crys-
tal momentum. Furthermore, in the zero temperature limit the Fermi-Dirac
distribution (1.34) becomes a Heaviside step function, with the derivative

) — Lol — =(k) = 8(u Z e ok ’“0 (3.49)

where kf denote the solutions of the equation e(kf§) — ¢ = 0. Inserting these
results into the single band Kubo conductivity formula (3.47) thus gives
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e 1 i1 921%6(k — kg) [ dQ X
O’zl(w) = 72 n— i /dk k ; |:8k‘:| %(kgﬂ /(27T)d( )z(k?)l
Here, the integrals over the magnitude and over the solid angle element has been
separated, seeing that the factors k;/k are the only parts of the integrand being
dependent and only dependent on the direction Ek of the crystal momentum.
Using hyperspherical coordinates in d dimensions, the solid angle integral is
readily seen to be finite only for ¢ = [, for which the integral becomes the
volume of the unit sphere in d-dimensions, and can be expressed

R R 71.cl/2
dQ(k); (k) = ————0d; 3.50
] o = i (3.50)
where I'(z) is the gamma function. Performing then the integration over k using
the delta functions, the formula finally becomes

il e 1 d—1
i = — kg
O'l(w) 2d7rd/2f(%+l) h2777iw Z( 0)

O, .
o (k)

. (3.51)

a

Hence, if the energy function is independent on the direction of the crystal

momentum k, the transverse components of the conductivity are zero.
Consider in particular the free electron case, whose isotropic energy function

h2k?
Ek =

o (3.52)

In this case, the equation £(k) — u = 0 has only a single solution, conventionally
denoted k§ = kr = +/2mu/h being the momentum of the electrons residing at
the now spherical Fermi surface in momentum space. Inserting these consider-
ations into the obtained conductivity formula for isotropic bands (3.51),

5“ é 1 7Td/2k%
n—iwm (2m)4T(4 4+ 1)

oi(w) =

Here, the latter factor is the volume of the Fermi sphere of occupied states in d

dimensions. Combined with the factor 1/(27)<, this gives the electron density n

of the crystalline system. In conclusion, the conductivity tensor for free electrons
Su  e€3n

o) = (3.53)

The derived expression is the celebrated Drude formula for conductivity, which
originally was derived describing electrons classically using Newtonian physics.
The expression holds for certain well behaved crystalline systems in the low-
energy limit, as will be derived in chapter 4.
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Part 11

Topological Band Theory
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Chapter 4

The Tightbinding Model

Appendix B introduced the quantum mechanical states describing a solitary
electron residing in a periodic lattice potential. For this ideal situation, the
electronic wavefunction will be a Bloch function, taking the form of a plane
wave modulated by a function periodic with the crystal lattice. In real materials
there is instead a myriad of electrons residing on the crystal structure, ideally
leaving the system charge neutral. The electrons of the crystalline system will
in general mutually interact through the Coulomb interaction, affecting the
electronic wavefunctions and the energy band structure of the crystalline system
compared to the overtly theoretical single-electron case.

For isolated atoms the electrons arrange in orbitals at different energy levels
residing at different proximity to the atomic nucleus. When atoms combine to
form crystals, different electrons may likewise be more or less affixed to their
nuclei. For many materials the electrons are highly localized around the atomic
nuclei of the crystal, such that their mutual interactions can be neglected com-
pared to the interactions with the underlying crystal lattice. This assumption
underpins the tightbinding model, which is the theme of the current chapter.

The tightbinding model allows for a calculation of the Hamiltonian kernel
for crystalline systems, revealing the energy band structure of the electrons.
In particular, under the assumptions of a single valence orbital and nearest
neighbour interactions the Hamiltonian becomes solely dependent on the crystal
structure. From the derivation of a general tightbinding Hamiltonian, the model
is exemplified by calculating the energy band structure for a square lattice and
for the two dimensional carbon-based material graphene.

For graphene, the low-energy effective Hamiltonian takes on the same shape
as the Weyl Hamiltonian describing relativistic fermions of quantum field theory.
This makes graphene an example of a two dimensional Weyl semimetal, a class
of materials whose emergence and description are investigated in chapter 6.
The derived graphene Hamiltonian will also be used to exemplify calculations
of berryological quantities in chapter 5.
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4.1 The Tightbinding Approximation

Consider a large collection of electrons residing in a crystal lattice (B8), with the
single-electron Hamiltonian (B14) of appendix B giving the energy contribution
for each individual electron and describing the interaction with the underlying
crystal lattice. In general, the interactions between the different electrons must
additionally be taken into account, modelled by the Coulomb interaction V(7).
The Hamiltonian describing the crystalline system then becomes

2m

)
H=Y" [pL +U(%L)} +) V(#, — ), (4.1)
L LK

where 7, and p, are the position and momentum operators of electron ¢, and the
sums are over all the electrons of the system. The potential from the underlying
crystal structure is periodic with the crystal lattice, satisfying U (r+R;) = U(r),
with R; being a lattice vector (B8) as explained in appendix B.

In the following, the tightbinding Hamiltonian is derived from the basic
Hamiltonian (4.1) above using the second quantization scheme (1.9) with single-
electron states based on the discussions of appendix B. The resulting tightbind-
ing model is then exemplified in sections 4.2 and 4.3 by calculating the energy
bands of a square lattice and of graphene, respectively.

4.1.1 Tightbinding Hamiltonian in the Wannier Basis

In the tightbinding model the electrons are assumed tightly bound to the indi-
vidual atoms, interacting only weakly with the surrounding atoms and electrons
through quantum tunnelling between different primitive unit cells. In this case
the electron-electron interactions can be neglected, such that the remaining
Hamiltonian (4.1) consists only of a sum of single-electron terms h,. In the
second quantization scheme, the Hamiltonian (4.1) describing the electron en-
semble thus becomes a single-particle operator (1.9), with expansion coefficients
given by the matrix elements of the single-electron Hamiltonian (B14) denoted
b.

The eigenfunctions of the single-electron Hamiltonian 6 are the Bloch states
(B18) denoted by [¢nk), with n denoting the band index and k being the crystal
momentum. Consider then the crystal lattice being a Bravais lattice, with only
a single atom in each unit cell. In that case, the electronic orbitals at at the
atomic nucleus located at R; will then be the Wannier states (B23) denoted by
|wp;), related to the Bloch states through the lattice Fouriér transforms

|wnk> = Zeik'Ri ‘wnz> |wnz> =Vc /BZ ddk e_ik.Ri |wnk> . (4'2)

Here, Vo denotes the volume of the primitive unit cell of the crystal lattice and
the crystal momentum is integrated over the first Brillouin zone. For the Wan-
nier states, the quantum number n is interpreted as an orbital index, labelling
the different types of electronic orbitals found at each individual lattice site.
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The Wannier states (4.2) can be orthonormalized (B25) and comprise a com-
plete set of basis states. The matrix elements of the single-electron Hamiltonian
(B14) can thus be expanded in the Wannier basis as

it = il b lamg) = [ @r w0~ VLU i) (43

Here, the crystal is assumed to be magnetically trivial such that any interaction
between the spins of the electrons and the atomic nuclei can be neglected. The
incorporation of discrete quantum numbers is investigated in the following.
Introducing then the creation and annihilation operators (1.6) for the Wan-
nier state |w,,;) denoted by 6;[” and ¢é,; respectively, the second quantized form of
the Hamiltonian (4.1) describing the non-interactive electron ensemble becomes

H==>" t1mel ém; (4.4)
2,71, M
The expression gives a natural physical interpretation of the matrix element, in
the following referred to as the tunnelling rate: the tunneling rate ™ is the
amplitude corresponding to an electron quantum tunnelling from an orbital of
type m at lattice site R; to an orbital of type n at lattice site R;.

Consider in particular the lattice elements on the form ¢}* = pu,;. The
corresponding operator é;f”ém is a number operator, counting the number of
electrons in the single-electron state |w,;) to either 0 or 1. As such, p,; can
be interpreted as the on-site energy for an electron in orbital n at lattice site 4,
which acts as a chemical potential. Separating these terms from the sum (4.4)
leaves the final form of the Hamiltonian for Bravais lattices

H=- Z tzmélzémj - ZM'rLié;rnéni~ (45)
ni,mj n,s
The former sum runs implicitly over terms with n # m and i # j simultane-
ously. Other than neglecting the mutual interactions between the electrons of
the crystal, the derived Hamiltonian describes the crystalline system exactly.
For many crystalline systems, the single outermost electron orbital n = o
will be the main contributor to interactions. Such a single-orbital approximation
is incorporated into the tunnelling rate by letting t?jm = tij0no0mo. The sum
over orbital indices in the Hamiltonian (4.5) thus leaves only the creation and
annihilation operators for this single orbital, rewritten ¢, = éj and ¢, = ¢;.
Furthermore, from the expression of the Wannier wavefunctions (B23) by
virtue of the Bloch theorem (B16), the electronic Wannier orbitals wy;(r) are
seen to decay away from their lattice site R;. In the tightbinding approzimation,
the decay is assumed fast enough such that the electrons can be considered
localized around the individual atomic nuclei, leaving the Wannier functions
centered at different lattice sites R; and R; with negligible overlaps. Seeing that
the single-band tunnelling rate (4.3) is dependent only on the distance between
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the lattice sites t;; = t(R; — R;), a suitable approximation is to consider only
tunnelling between nearest neighbouring lattice sites, denoted (i, j).

Within the single-band and tightbinding approximations, the derived Hamil-
tonian (4.5) takes the form of the tightbinding Hamiltonian

0= —Z tijéjéj - Zﬂiéjéi» (4.6)
(i,3) (

where the on-site energy ¢;;, = ;. Due to the non-diagonal matrix elements
t;; the tightbinding Hamiltonian (4.6) is not diagonalized. Recall then that the
Bloch states are defined as the eigenstates of the single-electron Hamiltonian
(B14). Hence, with a Bravais crystal lattice the tightbinding Hamiltonian will
be diagonalized through a change from the Wannier to the Bloch basis. This
is performed by introducing the Bloch creation and annihilation operators é;k
and ¢, respectively, related to the Wannier creation and annihilation operators

from the relation between the Bloch and Wannier states (4.2) as

N ik-R; At A —ik-R; 4
Cope = E e Cpi Cnk = E e Cni
i i

. L . Ak .
Cim‘ =Ve /BZ 7(27_(_)(1 e LC;ka Cni = Vo /BZ (27-‘-)d el Gk

(4.7)

This change of basis will reveal the electronic band structure of the system,
from which many of the physical properties of the crystal can be calculated.
The exact band structure will however depend on the structure of the lattice,
exemplified by the tightbinding calculations of the square lattice in section 4.2.

4.1.2 Tightbinding with a Polyatomic Primitive Unit Cell

Consider then instead a non-Bravais crystal lattice where each primitive unit cell
comprise a number of W atomic nuclei, located at the relative positions .. For
a Bravais lattice, where each primitive unit cell consists of only a single atomic
nucleus, each electron can be described by a Wannier state (4.2) corresponding
to a highly localized electronic orbital at a specific lattice point. For a poly-
atomic unit cell, it can similarly be postulated that each electron will reside in
highly localized orbitals around a specific atomic nucleus « of the primitive unit
cell. In general, there will be a number of possible electronic orbitals at each of
the atomic nuclei within each primitive unit cell. For simplicity however, adopt
the single-orbital approximation and consider only a single electronic orbital at
each of the atomic nuclei within each primitive unit cell.

Denote by |¢;q) the quantum state corresponding to the single electronic
orbital at the atomic nucleus labelled « residing in the primitive unit cell located
at R;. These states are then analogous to the Wannier states of a Bravais crystal
lattice. Introduce also the Bloch sums, given by the transformations
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Xka) = Y eFFIT) gi0)  [ia) = Vo / A% em ™ EAT) |vpa) (48)
i BZ

analogous to the transformations between the Bloch and Wannier bases (4.2).
In the position representation, the Bloch sums xro(r) = (r|xke) are readily
seen to satisfy the Bloch theorem (B16) with yga(r — R;) = e* Riyg,(r), and
are thus eigenfunctions of the discrete translation operator. In fact, seeing that
the reciprocal lattice of the crystal lattice is dependent only on the underlying
Bravais lattice and not on the arrangement of the atomic nuclei within the
primitive unit cell, the crystal momentum k originates by the exact same discrete
translation invariance as for the Bloch states |1,k). Even so, the Bloch sums
may not be eigenfunctions of the single-electron Hamiltonian (B14).

By the analysis of Lodwin [18], the Bloch eigenfunctions of the single-electron
Hamiltonian are postulated to be expressed in terms of Bloch sums (4.8) as

w
V) = Z Yo (k) [Xka) (4.9)
a=1

where the sum is over the different atomic nuclei o of the primitive unit cell.
Consider then the eigenvalue equation of the single-electron Hamiltonian (B14),
written 6|wk> = ¢k [¢k). Assuming the Bloch sums are normalized to unity
but not necessarily orthogonal, inserting the postulated Bloch function and left
multiplying by the state (xs| then leaves the eigenvalue equation

> Hpa(k)va(k) = ek Y Spa(k)a(k). (4.10)

The equation introduces the matrix elements of the Hamiltonian kernel H and
the overlap matriz S, respectively defined by Hg,(k) = <XBI<:|6|XI€Q> and
Spa(k) = (XkslXka). Denoting also by (k) the vector whose elements are
the expansion coefficients v, (k), the eigenvalue equation for the Hamiltonian b
has been rewritten to the matrix equation H (k)Y (k) = e S(k)y (k).

In general, the electronic orbitals situated at different atomic nuclei will
not be orthogonal, with nearby orbitals having some spatial overlap. In the
tightbinding approximation however, the orbitals are assumed highly local-
ized around each respective atomic nucleus, and the overlaps can be consid-
ered negligible. In that case, the different Bloch sums |xzo) can be approx-
imated as orthogonal for different «, and the expansion coeflicients of the
Bloch function (4.9) can be expressed ¥, (k) = (Xka|¥k). The overlap ma-
trix Sga(k) = (Xks|Xka) is thus approximated diagonal, and the eigenvalue
equation for the single-electron Hamiltonian (B14) can be expressed

H(k)Y(k) = exp (k). (4.11)
Hence, under the tightbinding approximation the energy band spectrum eg will
be given by the eigenvalues of the Hamiltonian kernel H(k), with the corre-
sponding Bloch states being expanded in Bloch sums (4.8) with the expansion
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coefficients given by the eigenvectors of the Hamiltonian kernel (k). Both
the eigenvalues and eigenfunctions can thus be labelled by the index a as egq
and v, (k) respectively, which serves as a band index even under the single-
orbital approximation. Hence, the introduction of localized orbitals at each of
the atomic nuclei in the primitive unit cell thus corresponds to the introduction
of a discrete degree of freedom, termed the orbital degree of freedom.

For non-Bravais lattices, a tightbinding Hamiltonian analogous to the tight-
binding Hamiltonian for Bravais lattices (4.6) can be devised by expanding the
single-electron Hamiltonian (B14) in the orbital basis spanned by the states
|¢ie). The resulting matrix elements —t%ﬁ = (Pial h |¢js) are again interpreted
as tunnelling rates (4.3), here describing the quantum tunnelling of an electron
from the atomic nucleus localized at R; 4+ r3 to the atomic nucleus located
at R; + r,. Recall here that the discussion at hand is within the single-orbital
approximation; if several types of atomic orbitals are considered for each atomic
nucleus, two more indices will be added to the tunnelling rate.

Introducing then the creation and annihilation operators éja and ¢&;, corre-
sponding to the quantum states |¢;,), the tightbinding Hamiltonian for non-
Bravais lattices within the single-orbital approximation thus takes the form

H==>" 120 e;5 = pintl,tia, (4.12)
ia,j B 1o}

where as before the chemical potentials ;o = t$;* have been extracted. The
derived form of the Hamiltonian is identical to the general Hamiltonian (4.5)
for a Bravais lattice. Here however, the index « refers to the different atomic
nuclei of the primitive unit cell, and not to the different orbitals on a single
atomic nucleus. Furthermore, the Hamiltonian is here expanded in the orbital
basis |¢q), and not the Wannier basis |wy,;) as in the Bravais case.

From appendix B, the reciprocal lattice of a crystal lattice is dependent
only on the underlying real space Bravais lattice, and not on the arrangement
of atomic nuclei within the primitive unit cell. In consequence, the creation
and annihilation operators ézTa and ¢;, can be written in terms of creation and
annihilation operators of the Bloch sums (4.8) denoted é;; o and Crq, as

Ak _, Ak

AT —ik-(Ri+7a) At - ik-(Ri+7a) A

&, = Vc/ e Cha ia = VC/ e Cha (4.13)
pz (2m)4 k “ Bz (2m)4 “

In this case however, a change of basis from the orbital basis |¢;,) to the Bloch
sum basis |xiq) will not diagonalize the Hamiltonian, but instead reveal the
Hamiltonian kernel (4.11) of the system. For W atomic nuclei in the primitive
unit cell, a diagonalization corresponding to a change to the proper Bloch basis
|ke) Will then reveal W energy bands of the energy band spectrum.

Finally, it should be noted that the set of indices o may incorporate other
quantum numbers than the specific atomic nucleus within the primitive unit
cell. In chapter 6, the electron spin is taken into account, which doubles the
dimensionality of the Hamiltonian kernel (4.11) compared to the spinless case.
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4.2 Tightbinding Model for a Square Lattice

In the following, a general expression for the energy band structure of Bravais
crystal lattices is derived, as a continuation on the calculation of the Bravais
tightbinding model (4.6) in section 4.1. From this, the energy band structure
of a square lattice is calculated and then expanded in the low-energy regime.

4.2.1 Tightbinding Calculation for a Bravais Lattice

For Bravais crystal lattices, the crystalline system is homogeneous at the level
of atomic nuclei. Then, all lattice sites are equivalent excepting a translation,
leaving the tightbinding parameters t;; = t; and pu; = p equal for all lattice
sites. Introduce also the vector d; running through all nearest neighbours. Two
neighbouring lattice vectors can then be related by R; = R; + d;, and the
nearest-neighbour sum of the tightbinding Hamiltonian (4.6) is split into a sum
over all lattice sites R; and a sum over the nearest neighbour vectors 9.

The Hamiltonian (4.6) is rewritten in the Bloch basis by inserting the Bloch
transforms of the creation and annihilation operators (4.7). Using the lattice
orthogonality relations (B13), the nearest-neighbour sum can then be expressed

Zzt Ve / dkl AT e_ikl'RiV / dde ¢ eik?(Ri—H;j)
¢ (2m)d s ¢ Bz (2m)? .
d%k, d%
_ 12 1 2 ol (k2—k1)-R; ko865 —
—VC'/BZ( ) 71' Ck2Zez z:teZ Zd)

Here, the last sum is conventionally written over remprocal vectors k within the
Brillouin zone. The expression introduces the structure factor of the lattice,

= tje*, (4.14)
J

which under the current approximations is the only part of the tightbinding
Hamiltonian dependent on the spatial structure of the crystalline system. Notice
here that the structure factor will be a real quantity, as both d; and —d; will
be nearest-neighbour vectors for any Bravais lattice.

Seeing that the chemical potential term (4.6) is diagonalized by default, the
tightbinding Hamiltonian of a general Bravais lattice can be expressed

H=- Zgb ckck - chck = Z (k)¢ };ék (4.15)

As foretold, expressing the Harmltoman in the Bloch basis leaves it diagonal,
and reveals the energy band structure of the electrons in a Bravais crystal lattice

(k) = —o(k) — p. (4.16)

The chemical potential i acts as a constant shift in energy, and serves the same
physical role as the chemical potential of the Fermi-Dirac distribution (1.34).

o7



4.2.2 Square Lattice Energy Band Structure

Consider a d-dimensional regular square lattice with lattice spacing a, shown in
figure 4.1 together with its reciprocal lattice for d = 2. There are 2d nearest
neighbours to each lattice point with nearest neighbour vectors é; € {j:aaf:l}ld:l.
Due to the isotropy of the lattice, the tunnelling rate is equal for all sites: t; = t.

| | |
e
b,
_ 5 C(—aa: )\ +ai,‘_
b,
—@ 1‘. 0 —
—Q o) X o—
a,
e a, oy 00—, o—
1 TEa T oL

Figure 4.1: Square Bravais lattice in two dimensions. The left figure shows the real space
square lattice with lattice constant a, primitive lattice vectors a1 and a2, and all nearest
neighbour vectors. The right figure shows the reciprocal lattice, with primitive lattice vectors
bi and by of length 2w/a. The shaded gray areas shows the real Wigner-Seitz cell and
reciprocal Brillouin zone, respectively, the latter of which has a critical point at its center I'.

The square lattice is a Bravais lattice with a single atomic nucleus in each
primitive unit cell, as seen in the Wigner-Seitz cell of figure 4.1. Inserting the
nearest neighbour vectors, the corresponding structure factor (4.14) becomes

d d
o(k) = Z [temkl + te*mk’} = Qthos(akl).

=1 =1
Inserting this structure factor into the energy band for Bravais lattices (4.16)
gives the expression for the single electronic energy band

d
e(k) = —Zthos(ak‘l) — L. (4.17)

1=1
Notice that this function is invariant under the point symmetries of the square
lattice, and under translations by the reciprocal lattice vectors b,, = 2%k,,.

a

The energy band for the square lattice is shown in figure 4.2 for d = 2. The
geometrical shape is typical for that of a conduction band, the lowest vacant
energy band at zero temperature. If more single-electron orbitals had been
taken into account in the tightbinding model, both vacant and occupied energy
bands above and below the conduction band would emerge in the calculations.
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Figure 4.2: The electron energy band structure for the square Bravais lattice in two dimensions
in the single-band approximation of the tightbinding model. The energy band is calculated
for crystal momenta k inside the Brillouin zone, given on the upper left, and is periodic with
the reciprocal lattice vectors b1 and bz. An intersection of the band at k, = 0 displays the
cosine form of the band on the lower left, giving rise to an effective mass.

At the ground state of the system the conduction band will be vacant. For
low but non-zero temperatures however, some electrons will have the energy to
occupy electronic states in the vicinity of the conduction band minimum. The
minimum of the conduction band (4.17) is at the center I' of the Brillouin zone,
at the energy £9 = e(k = 0) = —2td — p. Expanding the cosine-functions about
this minimum leaves cos(ak;) ~ 1 — a®k? /2, such that for low energies

d
1
(k) ~ —2t E (1- §a2k12) — =g +ta’k? =eo +
1=1

h2k?
2m*

(4.18)

Here, m* = h?/2ta? is the effective mass of the electrons near the energy min-
imum; comparing the expansion above (4.18) to the free electron dispersion
relation (3.52), then near the conduction band minimum the electrons behave
as if they were free electrons but with a renormalized mass m*.

The expansion condition ka < 1 translates to the wavelength of the electron
being much longer than the interatomic distance. The apparent free electron
behaviour at low temperatures thus allows for a simple physical interpretation:
if the wavelength of the electron is much larger than the modulations of the
underlying periodic crystal potential, the electrons are effectively unaffected
by the crystal potential and hence can be mathematically described as free
electrons, but with a renormalized mass. Notice that this effective mass m™* is
inversely proportional to ¢; if the tunnelling rate is large, meaning tunnelling
between atoms is more recurrent, the effective mass is smaller. It is also smaller
for a longer lattice spacing a, being the distance the electron is transported for
each tunnelling event between neighbouring atoms.
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4.3 Tightbinding Model for Graphene

Carbon is the sixth element of the periodic table, with four electrons residing
in the two lowest s-orbitals denoted 1s and 2s, and two electrons distributed
among the three 2p-orbitals. When atoms of carbon are forced to bond in a two
dimensional plane, the 2s-orbital and two of the 2p-orbitals hybridize to form
three sp?-orbitals, forming a two-dimensional hexagonal crystal structure known
as graphene. Pure graphene has been known theoretically for many decades,
but was not experimentally isolated until 2004 by Novoselov and Geim [19].
The electrons residing in the remaining 2p-orbitals of the atoms interact with
eachother to form m-bonds, which in combination with the hexagonal crystal
structure gives graphene many exotic electronic properties.

This subsection derives a tightbinding model for diatomic primitive unit cells
in general, and then applies this model to the m-bonds of graphene; the electrons
of the sp?-orbitals are too tightly bound to contribute to the conductive prop-
erties of the material. The crystal lattice in question then refers to the spatial
configuration of these single 2p-orbitals of the carbon atoms in the graphene
sheet, as these electrons are the ones responsible for the electronic properties.
Hereafter, there will be no further reference to the origins of the atomic orbitals.

4.3.1 Tightbinding with a Diatomic Primitive Unit Cell

Consider now a crystal with a diatomic primitive unit cell, where the two atoms
are separated by some distance a. The lattice will then be a bipartite lattice,
meaning the lattice can be separated into two sublattices A and B such that all
nearest neighbours of sublattice A lies in sublattice B and vice versa. Denote
by éla and ¢, the creation and annihilation operators of electrons in sublattice
A, and by é;rb and ¢;, the creation and annihilation operators of electrons in
sublattice B, as introduced in section 4.1. The two labels a and b here constitute
the orbital degree of freedom for the diatomic primitive unit cell.

Let then the denotation (a, b) signify two nearest-neighbouring atomic nuclei
of the diatomic bipartite lattice, whether part of the same or different primitive
unit cells. By separating the sum over the entire lattice into two sublattice
sums, the non-Bravais tightbinding Hamiltonian (4.12) can then be written

H== "t e — > 0l 60 = > piatlytia — > panthyéin,  (4.19)
A

i,5,(a;b) i,4,(a,b) @

where again the system is isotropic at the level of primitive unit cells, such that
the tunnelling rates t?f = t?b and chemical potentials p;, = p, for each of the
two sublattices. Notice that for this Hamiltonian to be hermitian, satisfying
H' = H, the tunnelling rates t?b must be equal to the complex conjugate of
the tunnelling rate ¢2*, denoted t4* = (t5*)* = ¢;. If this had not been the
case, there would be a higher rate of electrons tunnelling to lattice sites in one
of the sublattices, and the crystal would not be stable. This is also clear from
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the definition of the tunnelling rate (4.3), which in addition shows that the
tunnelling rate ¢; is a real parameter for the model at hand.

Introduce then the nearest-neighbouring vectors d,; and d5; running through
nearest-neighbouring atomic nuclei for lattice points in the sublattices A and B
respectively. The vector d,; are then defined by Rj + 1, = R; + 74 + 45, with
T, being the relative positions of the atomic nuclei within the primitive unit
cell. Inserting the operators of the Bloch sum basis (4.13) and using the lattice
orthogonality relations (B13), the relative coordinates r, cancels out, and the
bipartite lattice tightbinding Hamiltonian (4.19) takes the form

.E[ = — Z |:¢)a(k)é£aékb + ﬁbb(k)é;rcbék:a + ,uaé;rméka + /szé;rml;k} R (4.20)
k

where the structure factors (4.14) denoted by ¢, (k) and ¢(k) runs over the
nearest-neighbour vectors of their corresponding sublattices. Hermiticity of the
Hamiltonian then translates to ¢, (k) = ¢; (k) = ¢(k). By the construction of
the bipartite lattice, this condition is a reflection of the fact that the nearest-
neighbour vectors are arranged in pairs d,; = —0,; = ;.

Hence, the change to the Bloch sum basis (4.13) does not diagonalize the
Hamiltonian (4.20). Introduce then the operator doublet Uy, = (¢ka, Crp), such
that the Hamiltonian assumes the quadratic form

oy it | Ha  OR)] 5 N ;
H= —zk:\pL Lb*(k) ph ]\Ifk :Zk:\p,L'H(k)qfk, (4.21)

where the matrix #(k) is the Hamiltonian kernel of the system. The introduc-
tion of the Hamiltonian kernel allows for a two-level description of the system.
Two-level systems in general are investigated further as a part of chapter 5.

Notice that the derived Hamiltonian kernel (4.21) satisfies HT = H, thus
inheriting the hermiticity of the total Hamiltonian H. The Hamiltonian kernel
of the diatomic primitive unit cell can thus be written in terms of the complete
set of hermitian (2 x 2) matrices conventionally denoted (79, 7) = (70, Ta, Ty, T2),
where 79 is the identity matrix and 7 are the Pauli matrices (C8), as

e Ty Re{g(k)}re + Tm{o(k)bn, — L (422)
Because the Pauli matrices are also used to describe the spin degree of freedom
o for electrons as explained in appendix C, the orbital degree of freedom for the
diatomic primitive unit cell is said to be a type of pseudospin degree of freedom,
denoted 7 = £1. In general, the appearance of a pseudospin degree of freedom
can be attributed to any discrete quantum number taking on two values.

The two energy bands corresponding to the two atomic nuclei in the primitive
unit cell are then calculated as the eigenvalues of the Hamiltonian kernel

— 2
gT(k)Ma—;ub+7\/|¢(k)z+<ua2ub) .

H(k) =
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The first term of the band energies is the arithmetic average of the on-site
energies of the two sublattices, and can be considered a reference energy. The
reference energy is subsumed into the energy function e, (k) without changing
the eigenstates of the Hamiltonian. The second part is dependent on the on-site
energy difference between the sublattices A = p, — pp and the absolute value
of the structure factor (4.14). The energy bands are then recast into the form

2
er(k) = e =7\ |o(k)]" + %. (4.23)
Hence, with a diatomic primitive unit cell the range of electronic energies is
split into two bands. These are the valence band £_(k) and the conduction
band e (k). The valence band constitute the highest range of occupied electron
energies, and the conduction band the lowest range of vacant electron energies
at absolute zero temperature when the crystalline system is in its ground state.
From the energy function (4.23), the maximum of the valence band and the
minimum of the conduction band are given by points k = K in reciprocal space
for which the structure factor ¢(K) = 0. In consequence, if the difference be-
tween the on-site energies of the two sublattices A is unequal to zero, a bandgap
between the valence band and conduction band emerges with no available elec-
tronic states. The width of this bandgap is given by e, (K) —e_(K) = A.
Hence, from now on the parameter A will simply be referred to as the bandgap.
Because the Hamiltonian kernel (4.22) is hermitian, its eigenvectors @b,f cor-
responding to the eigenvalues e (k) will be orthogonal by default. These eigen-
vectors represent two-component Bloch states, and can be chosen

- 1 % - (k) ik-r - _ 1 ¢(k) ik

These eigenvectors are then orthonormal, with the normalization constant given
by D?(k) = 2¢(k)(e(k)—A/2). The corresponding combined eigenvector matrix
M = [y 4 ] is both unitary and hermitian, satisfying M~ = MT = M.
Introduce then new creation and annihilation operators through

[g:+] = M\i/k, = ¢zéka + w;ékb (4.25)
Using the unitary transform M, the Hamiltonian (4.21) is readily diagonalized
H=Y" (5+(kz)éfc+ék+ + g(k)é,ték) (4.26)

k

The operators ¢x4 and ¢i_ are here interpreted as the annihilation operators
of the single-electron Bloch states with energy e (k), respectively.
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4.3.2 The Energy Band Structure of Graphene

In the two-dimensional crystal graphene, the carbon atoms are arranged in a
hexagonal lattice with two atoms in each unit cell separated by the distance a.
The primitive lattice vectors of the underlying triangular Bravais lattice are

\/gaA+3aA V3a . 3a.
= —I+ — a, = —=& — —1.
2 2y7 2 9 2y

From their defining relation (B11), the reciprocal lattice vectors can be chosen

ay

21 . 27 ~ 21 - 27 &
= —k;+—k,, by =——k, + —ky,

V3a " 3a 2 V3a © ' 3a Y
spanning a triangular reciprocal lattice rotated with respect to the real space
lattice. The graphene lattice with its diatomic Wigner-Seitz cell is shown in

figure 4.3, along with the corresponding reciprocal lattice and Brillouin zone.

L

Sublattices
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B o

/0\62 ky
w e U

Figure 4.3: The two-dimensional hexagonal crystal lattice and the corresponding reciprocal
lattice. The underlying triangular Bravais lattice is spanned by the primitive lattice vectors
a;, with two atomic nuclei in each unit cell separated by the distance a. The crystal lattice
is bipartite, separated into two triangular sublattices denoted by A and B. There are three
nearest-neighbour vectors of the same length for each atomic nucleus, denoted by &; for
sublattice A. The reciprocal lattice spanned by the reciprocal vectors by, is triangular, rotated
with respect to the real space Bravais lattice. The Wigner-Seitz cell and the Brillouin Zone
are shaded in gray, and the Brillouin zone center is denoted I". Due to the periodicity of the
Brillouin zone there are only two distinct Brillouin zone corner points, denoted K and K'.

The hexagonal lattice is bipartite with the nearest neighbour vectors 41, -
and d3 as shown in figure 4.3. In coordinate form, these are given by

a \/ga a 3a
= 7 = ——q -7 :—7'\—7’\. 42
61 ay, 62 2y + 2 &€, 63 2y ) €T ( 7)

Because each sublattice is isotropic in the directions of the vectors d;, the tun-
nelling rate is independent on the nearest-neighbour index, denoted by t; = ¢.
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Inserting the nearest neighbour vectors into the definition of the structure factor
(4.14), the structure factor of the hexagonal lattice is readily expressed
V3a

o ke ).

P(k) = telkv 4 2te™ 5 v cos ( (4.28)

The energy band structure of graphene is then calculated by inserting the struc-
ture factor into the energy band formula for diatomic bipartite lattices (4.23)

et(k) = :I:\/[3+2 cos(\/gakm) +4 cos (?akm‘) cos (gaky)}ﬂ + %2 (4.29)

For pure suspended single-layered graphene, the bandgap A = 0 and the graphene
lattice becomes invariant under space inversion. If however the graphene sheet
is deposited on some other material, the space inversion symmetry of the lat-
tice can be broken due to interactions with the substrate, inducing a bandgap
A # 0. The energy bands are drawn for both of these cases in figure 4.4.

The Energy Bands

of Graphene
Il Conduction Band
[l Valence Band

-

Figure 4.4: The conduction and valence bands of graphene, with a bandgap A # 0 and A = 0,
respectively. The framed central figure shows a section of the reciprocal lattice of graphene,
the shaded hexagon being the Brillouin zone and the parallelogram being subtended by the
primitive reciprocal lattice vectors by and ba. The energy bands are drawn for crystal momenta
k within the parallelogram unit cell, and is periodic with the reciprocal lattice. For the case
A = 0 the two bands meet at the Brillouin zone corners K and K’, forming Weyl points.

Because of the diatomic primitive unit cell of graphene, the electrons of the
system will at zero temperature occupy all the available states in the valence
band, whereas the conduction band is completely vacant. For energies minutely
higher than this crystalline ground state, the electrons will then begin occupying
states near the minima of the conduction band. It is due to these conduction
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band electrons that graphene obtains its exotic conduction properties. In order
to investigate the behaviour of these electrons, let the conduction band be ex-
panded about its minima, located at reciprocal vectors k = K for which the
structure factor (4.28) vanishes. The condition ¢(K) = 0 here translates to

—3ai 3
1+ 2e 2" Ky cos(?KI> =0,

from which the reciprocal vectors K can be found. Separating this into a real
and an imaginary part gives two equations for the two variables K, and K,,

COS(%"K?J) cos(@Km) = f%
Sin(%aKy) COS(@KQL) =0

The simplest solutions to these equations are found for K, = 0, giving

K:(%,O), K’:(-g%@,o). (4.30)

These points correspond to two of the corner points of the Brillouin zone in
reciprocal space. Choosing instead K, = £27/3a would give the coordinates of
the other four corner points. However, due to the periodicity of the Brillouin
zone, the points K and K’ are the only two distinct solutions; in figure 4.3,
it is seen that either solution is separated from two other corner points of the
Brillouin zone by reciprocal lattice vectors. That K lies at the Brillouin zone
corner points follows directly from the symmetries of the graphene lattice [20].

The low-energy behaviour of the conduction electrons can now be found by
expanding the structure factor around the Brillouin zone corner points, defining

0 d
¢k(q) = 0(K +q)~ QI£¢(K ta)| _ F qyacb(K +q)
x - Y

q:0.

Here the reciprocal vector ¢ = (¢g, gy) has its origin in the Brillouin zone corner
point K, whereas the usual reciprocal vector k has its origin in the Brillouin
zone center I') seen in figure 4.3. The notation of g is introduced to differ
between these origins. Inserting the found Brillouin zone corner points (4.30),
then near the minima of the conduction band the structure factor behaves as

K (q) = @(—qw + iqy) oK (q) = @(Qw +iqy). (4.31)

2 2
Here, the prefactor 3at/2 = vp can be interpreted as the Fermi-velocity of the
electrons. The corresponding behaviour of the Hamiltonian kernel (4.22) near
the conduction band minima is then found by inserting these effective structure
factors, and can be written in terms of the pseudospin Pauli matrices (C8) as

65



Hiq) = {vp(:tqm +igqy) A/2 = FUpQeTe + VFQyTy — 5 7% (4.32)

Here, the upper sign refers to the corner point K and the lower to K’, and must
not be confused with the signs distinguishing the energy bands (4.23), which
are seen to be equivalent for the Brillouin zone corner points and equal to

9a?t? A2 A2
si(q):t\/ 1 q2+75 \/v%q2+4. (4.33)

The positive sign here describes the low-energy behaviour of electrons occupying
states in the conduction band, and the negative sign the effective behaviour of
the vacant electron states in the valence band which acts as positively charged
quasiparticles known as electron holes.

The resulting low-energy band structure (4.33) is on the same form as the
energy-momentum relation from special relativity, with the Fermi velocity vg
serving as an effective speed of light and the bandgap A as an effective rest
mass energy. In particular, for pure isolated graphene the on-site energies for
the two atoms in the primitive unit cell are equal, leading to a vanishing bandgap
or effective rest mass energy A = 0. In this case the valence and conduction
energy bands meet at a doubly degenerate Weyl point at the Brillouin zone
corner points, around which the energy band structure is locally given by

e+(q) = turlql. (4.34)

In consequence, for pure graphene the energy band structure for conduction
electrons is linear in momentum, as if the electrons were ultra-relativistic. The
non-relativistic conduction electrons of graphene are therefore describable by
the same mathematics as relativistic fermions in quantum field theory, making
graphene an example of a two-dimensional Weyl semimetal.

In consequence, due to the lattice symmetries of graphene the effective
Schrodinger equation for non-relativistic crystalline electrons has been recast
into the same shape as the two-dimensional Weyl equation for relativistic fermions.
In general for crystalline systems however, the mathematical description is not
restricted to obey the symmetries of spacetime. In chapter 6, other systems of
solid state physics with linear dispersion relations are investigated, while the
mathematical formalisms of relativistic theory of fermions and the resulting
Dirac and Weyl equations are presented in appendix D.

The reader should be aware that graphene originally was categorized as a
Dirac semimetal [2], because the two Hamiltonian kernels (4.32) describing the
system near the two Brillouin zone corner points can be combined to form a
(4 x 4) Hamiltonian kernel analogous to the Dirac Hamiltonian (D8) of rela-
tivistic quantum theory. This categorization has since been abandoned after
the discovery and taxonomy of Dirac and Weyl semimetals in three dimensional
systems, being the main topics of investigation of chapter 6.
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Chapter 5

The Berry Phase and
Berryological Quantities

Under the early development of the theory of quantum mechanics the prevail-
ing notion was that the phase of a quantum state is arbitrary and inherently
unphysical. In 1984 however, M. V. Berry [21] argued that quantum states
may attain a geometrical phase observable through interference upon a cyclic
evolution with respect to a set of system parameters. The geometrical phase,
named the Berry phase after its discoverer, is analogous to the anholonomy
angle appearing upon a cyclic parallel transport on curved topological surfaces.

The original derivation of the Berry phase is based on the adiabatic theorem
and cyclic evolution in time. The same year of the discovery, B. Simon [22]
interpreted the Berry phase as the holonomy in a hermitian line bundle. This
allowed for the possibility of defining a berryology for the Brillouin zone, and
served as the theoretical foundation for a class of solid state systems known as
topological materials; of particular interest are topological semimetals, investi-
gated in chapter 6. In general, it is not necessary to consider time evolution
in order to coherently define berryological quantities, and the following section
introduces the theory of berryological quantities based on the evolution of a
general parameter set. On this basis, the current chapter investigates the back-
ground and derives the expressions for the Berry phase, the Berry connection
and the Berry curvature for different systems. The theory presented is indebted
to the introductory textbooks by Bernevig [23] and Vanderbilt [24].

Furthermore, the chapter introduces the general description of a quantum
two-level system, for which the berryological quantities are calculated in order to
exemplify the theory. Finally, the berryological quantities of the Brillouin zone
and of two-level systems are combined in order to calculate the berryological
quantities of graphene, whose Hamiltonian is derived in chapter 4.
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5.1 Introduction to Berryology

Consider a quantum mechanical system for which the Hamiltonian operator is
dependent on a set of parameters R = (R,,), spanning a parameter space. Then,
each point in parameter space gives rise to a Hamiltonian H=H (R) with a
set of eigenstates {|ng)} defined through the eigenvalue equation

H(R) In®r) = E,(R) |nR) . (5.1)

For simplicity the eigenvalue spectrum FE,,(R) is assumed non-degenerate, and
the Hamiltonian, its eigenvalues and corresponding eigenstates are assumed to
vary continuously with the parameter set. Furthermore, only the phases of the
eigenstates are of interest, and the eigenstates are assumed normalized to unity.
For each realization of the parameter set R, the eigenstates {|ngr)} spans a
complete Hilbert space. Hence, through the eigenvalue equation (5.1), the pa-
rameter space corresponds to a continuous set of related Hilbert spaces, mathe-
matically analogous to the set of tangent spaces on a topological manifold. This
analogy will in the following be referred to as the Hilbert space manifold.

5.1.1 Definition of the Berry Phase

Denote by C a curve in parameter space, choose two points R, and R, along
this curve and consider a single eigenstate |ng) evaluated at these two points.
In general, the inner products of different Hilbert spaces are not compatible.
However, it is possible to define a common inner product for the combined
Hilbert space corresponding to the two realizations of the parameter set. In this
setting, the phase difference A~y between the two states can be calculated by

671'A’y — <nR1 |nR2>
‘ <nR1 |n7"’-2> |
which upon taking the logarithm gives an expression for the phase difference

Ay = —Im{ln (nr,[nr,)}
This phase difference is entirely arbitrary with the choice of phases for the two
states, and may also differ with the definition of the combined inner product.
Assume then the eigenstate is differentiable along the parameter space curve
C, and let the two points along the curve be separated by an infinitesimal pa-
rameter space distance dR. Then, in the continuous limit the logarithm

In (ng|nriar) =In (nz| (|nr) + dR - Vg [ng) + O(dR?))
= In(1+dR - (ng| Vg [nr) + O(dR?))
= dR (nr| Vg |nr) + O(dR?).
By derivation of the normalization condition (ng|ngr) = 1, the remaining term

here is completely imaginary. Hence, in the continuous limit the infinitesimal
phase change along the curve C can be given by the linear differential form
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dy, = (ng|iVg [ng) - dR = A™(R) -dR (5.2)

where A" (R) is the Berry connection for the eigenstate |[nr) in particular.
The Berry connection A(”)(R) continuously connects the Hilbert spaces, or
rather the relation between the inner products of the Hilbert spaces along the
Hilbert space manifold. From its definition, it will naturally depend on both
the chosen state |ng) and on the parameter space curve C.

Introduction of the Berry connection allows for integration of the phase
difference along the curve. Letting Ry and R be the initial and final parameter
sets along the parameter space curve, the total phase difference along the curve

RT
Ro

Again, this phase difference is completely arbitrary with the choice of phases.

Let then the parameter space curve C form a closed contour in parameter
space, such that the curve begins and ends at the same parameter space point.
The phase difference along the contour is then given by the Berry phase

%—ygA (R) dR—g§< |iVR [nR) - AR (5.4)

Clearly, if the Berry connection A (R) is a single valued function, the Berry
phase y,, will be zero. However, if the topology of the Hilbert space manifold is
non-trivial, the Berry phase can take on a non-zero value.

5.1.2 Gauge Freedom and Parallel Transport

For any single quantum mechanical state the phase of the state is of no physical
importance, and so the physical observables for any realization of the parameter
set R are unaffected by a gauge transform of the eigenstates, given by

fir) = e "R ng), (5.5)

where 6,,(R) is the chosen phase change for the state |nr ). The gauge transform
is said to be local in parameter space if the phase changes 6,, are dependent and
global if they are independent on the parameter set R.

Reconsider then the curve C in parameter space. A gauge transform (5.5)
individually changes the basis states {|ng)} of each Hilbert space along this
line by a phase. In consequence, the connection between these spaces must also
change. Inserting the gauge transformed states into the definition of the Berry
connection (5.2), the gauge transformed Berry connection becomes
A" (R) = A™)(R) + Vrb,(R); (5.6)
for local gauge transforms the Berry connection is not gauge invariant.

The gauge variance of the Berry connection will naturally transfer to the
Berry phase (5.4). Consider the total change of the phase shift 6, (R) upon
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moving around the parameter space contour. Because the state at the beginning
of the contour must be retrieved, the total change of the phase shift going around
the contour once must be Af, = 2mwc, where ¢ is some integer. Inserting the
gauge transformed Berry connection (5.6) into the definition of the Berry phase,
the Berry phase will under a local gauge transform change by A#6,,, such that

Vn = Yo + 2me. (5.7)

The Berry phase is therefore said to be gauge invariant modulo 27. Thus, the
Berry phase factor €' is a gauge invariant quantity, and cannot be made to
vanish using a gauge transform. Although not sufficient, gauge invariance is a
necessary condition for a quantity to represent a physical observable.

A particular choice for a gauge transform is one in which the linear differen-
tial form (5.2) is zero; dy, = 0. In that case the Berry connection A™ = 0, and
the inner product (nr|nr+dr) = 1, retaining the normalization to linear order
in dR along the curve C. This is equivalent to the notion of parallel transport on
curved manifolds, in that the inner product (ng|¢) between any general state
vector |¢) and the eigenstate |ng) is constant along the curve in this gauge.

Let again the curve C be a contour, and consider the definition of the Berry
phase (5.4) in the parallel transport gauge A =, Clearly, if the Berry phase
is non-zero such a gauge cannot be applied along the entire contour; at some
point, the Berry connection must obtain a singularity, corresponding to a phase
shift equal to the Berry phase. In this way, the Berry phase is analogous to an
anholonomy angle which appears when parallel transporting vectors on curved
manifolds. This also means the Berry phase is a result of the topology of the
manifold of Hilbert spaces: if the topology is non-trivial, the Berry phase may
attain a non-zero value dependent on the parameter space curve.

5.1.3 Berry Curvature and Chern Numbers

Until this point, the Berry connection has been defined only along a curve
in parameter space. Consider instead a surface S in parameter space whose
boundary is the parameter space contour C = 9S. Assume then there exists
a gauge for the Berry connection (5.6) which makes it smooth and continuous
on the entire surface, such that the connection components AL") (R) becomes
differentiable with respect to the parameters R, for every point R on S. It
is then possible to define everywhere on this surface the components of a real,
antisymmetric rank-2 tensor ng,) (R) known as the Berry curvature, written

Q) = 9, AT — 0,A7Y = —21m (9nr|d,nR) (58)

where the shorthand notation 9, |u) = |0,u) is used and the partial derivative
O = 0/0R,. In viewing the Berry connection as analogous to an affine con-
nection on the Hilbert space manifold, the Berry curvature is mathematically
interpreted as the corresponding analogous curvature tensor.

In calculations, it is often preferable to rewrite the expression for the Berry
curvature (5.8) in terms of the Hamiltonian of the system. By derivating the
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eigenvalue equation for the Hamiltonian (5.1) with respect to the parameter R,
left multiplying with some state vector (mg| # (ngr| and using the orthogonality
condition (mg|ngr) = 0, it is readily shown that

(mz| [0,H] Inw)
E,— B,

Inserting the completeness relation (1.1) of the eigenstates |mg) in between the
inner product of the original expression for the Berry curvature (5.8) then gives

(mr|dunr) =

afp = -2y, 22l Q) (] 9, ) 59)
m#n
The term for [mg) = |nr) is left out of the sum, as (ng|d,nr) is completely
imaginary and hence when multiplied by a similar term vanishes when taking
the imaginary part. Recall also the assumption of non-degenerate eigenvalues.
By inserting the gauge transform of the Berry connection (5.6) into the
definition of the Berry curvature (5.8), it is clear that the Berry curvature is
inherently gauge invariant. Notice however that the choice of gauge now is
restricted to a gauge for which the Berry connection is differentiable in the
regions where the Berry curvature is defined. This gauge will also fix the value
of the Berry phase (5.4), which by the generalized Stokes theorem now can be
calculated as a surface integral in parameter space as

o = §éA(n) (R)-dR = /SQEJL)dsM Ads,. (5.10)

Here, the expression ds, Ads, is an infinitesimal area element on the surface S,
and the Einstein summation convention applies.

Let then the surface S be a closed smooth manifold in parameter space,
and choose a closed contour C on this manifold, separating it into two regions.
For either region, choose gauges such that the Berry connection is differentiable
inside both regions separately. Integrating the Berry connection along these
regions will then leave ,, and —v, +27c¢,, respectively, where the integer multiple
of 27 arises due to the possibly different gauges. Combining the two integrals
will then give the total integral of the Berry curvature over the manifold as

% Ql(g)dsﬂ Nds, =27y, (5.11)
s

This is a version of the Chern theorem, stating that the integral of the Berry
curvature over any closed manifold is an integer multiple of 2w. The integer
¢p, is known as the Chern number, and will in general depend on the manifold
chosen. If the Chern number is non-zero, it is not possible to choose a gauge
which is differentiable on the entire enclosed surface; at some located points or
regions on the surface, the Berry connection will be singular. The proof is easily
generalized to piecewise smooth manifolds by choosing several closed contours
along the boundaries of the differentiable regions.
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By derivating the orthonormality condition (mg|nr) = dmpn and using the
completeness relation (1.1) of the eigenstates, it can be shown that the sum

> (Ounrldnr) =Y (unwrlonzr)".
n n
This sum over all eigenstates hence leaves no imaginary part. From the original
definition of the Berry curvature (5.8), it is then clear that

> oo =o. (5.12)

In consequence, within the gauge permitting a definition of the Berry curvature,
the sum over all Berry phases (5.10) corresponding to the different eigenstates
must be zero for any curve in parameter space: ) v, = 0. Likewise, from its
definition (5.11), the sum over all Chern numbers corresponding to the different
eigenstates must also be zero: ) ¢, =0.

5.2 The Berryology of the Brillouin Zone

In solid state physics, the Hamiltonian 6 for crystalline systems (B14) is invari-
ant under discrete translations by lattice vectors (B8), as described in appendix
B. The eigenstates of the Hamiltonian can then be chosen as Bloch states (B18)
for each energy band n, denoted |¢,x). Besides being energy eigenstates, these
Bloch functions are eigenfunctions of the discrete translation operator, and are
labelled by the crystal momentum k corresponding to their translation operator
eigenvalues. For each energy band n of the crystalline system, the state vector
|tnk) is continuously dependent on the components of the crystal momentum
k of reciprocal space, which hence may serve as the parameter space R.

According to Blochs theorem (B16), for a d-dimensional reciprocal space the
Brillouin zone has the topological shape of a d-torus, on which parameter space
contours and surfaces are well defined. Hence, it is possible to devise a berry-
ology of the Brillouin zone of systems in solid state physics. The berryological
consideration of the Brillouin zone is the basis for defining topological materials,
such as the Weyl semimetals investigated in chapter 6.

5.2.1 Berryological Quantities of the Brillouin Zone

Recall from appendix B that the crystal momentum k is solely a consequence
of translation invariance, and hence does not appear as a parameter in the
eigenvalue equation for the crystal Hamiltonian (B14). In consequence, all Bloch
states |1,k ) reside in the same Hilbert space, being the eigenspace of the crystal
Hamiltonian 6 Therefore, the mathematical framework surrounding the Berry
phase cannot be applied directly to the Bloch states themselves.

The berryology of the Brillouin zone is instead framed with respect to the
lattice periodic states |unk) whose Hamiltonian (B19), connected to the single-
clectron Hamiltonian as h(k) = e®*"he=%* 7 indeed treats the crystal momen-
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tum as a parameter. For each point k in the Brillouin zone, the set of eigen-
states |ung) corresponding to the different energy bands n spans an independent
Hilbert space, as for the generic states |[ng) presented in section 5.1. The in-
ner products (B20) of these Hilbert spaces are defined separately for each point
k of the Brillouin zone, and can be mathematically connected by the Berry
connection (5.2) of the Brillouin zone, which consequently is defined

A () = i (tnp| Vi [unk) =i [ A%l (r) Vietine (7). (5.13)
Vo
From Blochs theorem and the periodic properties of the lattice periodic functions
Unk(r) in reciprocal space (B17), the Berry connection of the Brillouin zone
satisfies A™ (k — G;) = A™ (k). Hence, the Berry connection is periodic with
the Brillouin zone, consistent with its interpretation as an affine connection.
The Berry connection of the Brillouin zone (5.13) is associated with a specific
energy band n. Similarly, the Berry phase associated with band n is defined

_ (n) .
o = fé AP (k) - dk (5.14)

for some closed contour C in the Brillouin zone. Recall then that the Brillouin
zone has the topological shape of a d-torus, periodic in the directions given by
the reciprocal lattice vectors b,,,. It is then possible to construct closed contours
in the direction given by b,,; the Brillouin zone is not simply connected.

For most materials the crystal lattice and hence the reciprocal space will be
three dimensional, with d = 3. In this case, the three independent components
of the antisymmetric Berry curvature (5.8) for band n can be written as a
pseudovector denoted by B("), whose components are connected to the original
definition of the Berry curvature through Bg\") = %E AWQL@, leaving

B™ (k) = Vi x A™ (k) = — Im (Vitng| X [Vitink)
Y (nke] [ViD(E)] [tmie) X (] [V (R)] [unk) — (5:15)

[en (k) — em(K)]?

m#n

By virtue of the periodicity of the Berry connection of the Brillouin zone (5.2),
the corresponding Berry curvature is periodic with the Brillouin zone, satisfying
the condition B™ (k — Gj) = B™ (k).

The Chern number (5.11) of any closed two-dimensional manifold in the three
dimensional Brillouin zone is then readily defined using the Berry curvature
(5.15). Notice then that any plane at any fixed value of k, will constitute a
closed torus, due to the periodicity of the Brillouin zone. Assuming energy
band n is isolated, any property of the band will evolve smoothly with k,. In
consequence, because the Chern number of the closed torus is integer valued, it
must take the same value for any k,. The argument is identical also for planes in
the k, and k, directions. Thus, any fully isolated band n of a three dimensional
crystal can be characterized by a triplet of Chern numbers (c,z, Cny; Cnz)-
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For two-dimensional crystals with a corresponding two-dimensional recipro-
cal space, the Berry curvature (5.8) of each energy band n has only one com-
ponent, conventionally written Q%)(k) = Bgn)(kz). In this case the Brillouin
zone has the topological shape of a regular torus, and hence constitutes a two-
dimensional closed manifold itself. In consequence, even though the parameter
space is two-dimensional, a Chern number (5.11) for two-dimensional crystalline
systems can be defined by integrating over the entire Brillouin zone as

Cn = L B™ (k)dk,dk,. (5.16)
27 [Tz
If the Chern number is non-zero, the two-dimensional crystalline system is clas-
sified as a quantum anomalous Hall insulator, also known as a Chern insulator.
The Chern number will then be directly linked to the anomalous Hall conduc-
tivity of the material [24], briefly introduced in chapter 7.

5.2.2 Symmetry Restrictions on Berryological Quantities

For many crystalline systems the Hamiltonian is invariant under the operations
of time reversal T and space inversion P, both described in appendix B, which
in turn puts restrictions on the berryological quantities of the Brillouin zone.
Seeing that all derived quantities are dependent on the lattice periodic state
vector, the general behaviour of the berryological quantities under space inver-
sion and time reversal can be found by first investigating the corresponding
behaviour of the lattice periodic function ung(r) = (r|tunk)-

Under both space inversion and time reversal, the crystal momentum k is
inverted, whereas the position vector r is inverted only under space inversion.
Additionally, the time reversal operator 7 involves a complex conjugation, being
an antiunitary operator (C2). In conclusion, the lattice periodic function trans-
forms under these operations as Puyk(r) = tn—k(—7r) and Tunk(r) = w)_,(r).

A more rigorous derivation of the transformation properties can be found us-
ing the Bloch function, defined by ¥,k () = €*"u,1(r). Consider in particular
the space inverted function P,k (r), which transforms under a lattice trans-
lation as TrPYnk(r) = PT_rtnk(r) = "R CRIPy, 1 (r) by virtue of the
Bloch theorem (B16). Assuming the Bloch functions corresponding to different
bands can be made orthogonal (B21), the space inverted Bloch function thus
becomes Pk (r) = ¥n_i(—7), which transfers directly to the lattice periodic
function w,k(r). In conclusion, the transformation property holds as long as
the lattice periodic function is square integrable over the unit cell of the lattice.
This condition holds in general whenever the energy bands are isolated, which
is a prerequisite for defining the Berryological quantities of the Brillouin zone.

The transformation properties of the lattice periodic function under space
inversion and time reversal can be inserted into the definition of the Berry
connection (5.13), which in turn gives the transformation properties of the Berry
phase (5.14) and the Berry curvature (5.15), from which the behaviour of the
Chern number (5.11) follows directly. The results are summarized in table 5.1.
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Berryological Quantity  Symbol P T Invariance under Operation O
Lattice Function Up(T) Up—g(—T) wk . (r) Oupg(r) = ew"L<k>unk(r)

Berry Connection APk | —AM (k) AP (—k) | 0AM (k) = A" (k) + V0, (k)
Berry curvature B (k) B (—k) —BM(—k) | 0B™ (k) = B™ (k)

Berry Phase Tn Yn —Tn Oyn = n + 272

Chern Number Cn Cn —Cn Ocp = cn,

Table 5.1: The behaviour of berryological quantities under space inversion P and time reversal
T. The rightmost column gives the condition for invariance under a general operation O for
the respective quantities, dependent on their gauge variance. The Chern number ¢,, refers to
either element of the Chern number triplet (cnz, cny, cnz)-

The rightmost column of table (5.1) gives the condition for invariance of the
berryological quantities under any general operation. If then the k-dependent
Hamiltonian (B19) is invariant under a symmetry operation, this translates to
symmetry restrictions on the berryological quantities. From the table, it is then
seen that if a system is invariant under time reversal 7, the Berry phase must
satisfy —v, = v, + 27z, and so becomes 7, = 7wz for some integer z. Thus,
because the Berry phase is gauge invariant modulo 27, the only possible values
of the Berry phase for systems invariant under time reversal are v, = 0 and
vn = 7. Under space inversion symmetry, no such constraint is present.

Consider then the behaviour of the Berry curvature B" (k) under both space
inversion and time reversal, given in table 5.1. The Berry curvature must be
even for a crystalline system invariant under space inversion P, and odd for
a crystalline system invariant under time reversal 7. If then the system is
invariant under the combined P7T-symmetry, the Berry curvature must be zero
at all points where it is defined, as it then satisfies B" (k) = —B"(k) = 0.

If however the Berry phase for some contour in the Brillouin zone is non-
zero, it is not possible to define the Berry curvature over the entire Brillouin
zone; at some points, the Berry curvature will be singular. In particular, for a
two-dimensional system with both space inversion and time reversal symmetry,
as time reversal symmetry imposes v, = zm, the Berry curvature under the
restriction of P7T -symmetry need not be zero identically, but can take the form

B (k) = zamd(k — ka), (5.17)

where 0(k) is the Dirac delta function. Here, the crystal momenta k, are points
in the Brillouin zone where the energy bands are degenerate, leading to the
singular behaviour of the Berry curvature. The integers z, then correspond
to the Berry phase v, = c,7 for any contour enclosing solely the momentum
k.. Because Berry phases are only defined modulo 27, the singularities can be
categorized depending on z; is even or odd. In particular, if the number z, is odd
and the energy band structure is linear near the degeneracy, the corresponding
crystal momentum k, is known as a Weyl point.
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5.3 The Berryology of Two-Level Systems

In general, a quantum two-level system is any system whose Hilbert space of
states is two-dimensional. Any state of the system can then be described as a
superposition of two orthonormal basis states, hereby denoted |0) and |1).

Only based on the assumption of a two-level system, it is possible to find a
general Hamiltonian of the system with a general set of parameters, and in turn
calculate the Berryological quantities involved. A particular case for a two-level
system is the tightbinding model for graphene, derived in section 4.3.

5.3.1 Description of a General Two-Level System

A general state of a two-level system is denoted [¢)) = ¢g |0) + ¢4 |1). Left multi-
plying by (i| and using the orthonormality of the basis states, these coefficients
can be expressed ¢; = (i|¢). Introduce then the matriz representation of quan-
tum mechanics, in which the state of the system is represented by the column
vector denoted ¢ = (cg,c1) = ((0]), (1|¢b)). The two basis states are then
represented by ¥y = (1,0) and ¥; = (0, 1) respectively, giving ¥ = cothg + c141.

Consider then the Hamiltonian H of the system, whose eigenvalue equation
is given by H |y = E |¢). Left multiplying by either basis state (i| and using
their completeness relation (1.1), the eigenvalue equation takes the form of a
matrix equation Hvy = E1, where the Hamiltonian matriz is given by

5, — [(O1H]0) mﬁuq_rm mﬂ

T l@alHE0) Q| H|D)] T [Hio Hn

Notice here that Hi9 = H{;, making the Hamiltonian matrix a hermitian ma-
trix. The energies E can be calculated as the eigenvalues of this matrix.

In consequence, any two-level system can be described in the matrix for-
mulation of quantum mechanics by the Hamiltonian matrix. Then because the
two-dimensional identity matrix and the three Pauli matrices (C8) respectively
denoted by o9 = Iy and o = (0,,0y,0,) span the space of complex (2 x 2)
hermitian matrices, a general two-level Hamiltonian matrix can be expressed

ho+he  hy —ih,
he +ihy  ho—h.

The vector h = (hg, hy, h.) will in the following be referred to as the Bloch
vector of the two-level system, with the three components and the scalar hq all
being real. With the decomposition of the Hamiltonian matrix in terms of the
Pauli matrices, the corresponding energy eigenvalues are readily calculated as

H=hooo+h-o= (5.18)

Ey =ho+ |h|. (5.19)

Whenever the quantity hg is constant, it can be physically interpreted as the
zero-point energy of the system, and can be subsumed into the energy eigen-
values without physical consequences. The eigenfunctions corresponding to the
two energies are in general independent on the quantity hg, and can be chosen
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1 [h.+|h| 1 [—hy +ih,
= | = 2
%= Din) {hx—i—zhy Y== DRy | b+ 10l (5:20)
where the normalization constant is given by D?(h) = 2|h|[h, + |h|]. Notice

now that the energy eigenvalues (5.19) of the two-level system are degenerate
whenever the Bloch vector h = 0, where both energy eigenvalues take on the
value EL = hy. Inserting h = 0, it is seen that the degeneracy corresponds to
a singular behaviour of the eigenfunctions (5.20) of the Hamiltonian matrix.
Introducing spherical coordinates, letting
h = |h|(sinncos&, sinnsin &, cosn) where the
polar angle n € [0,7) and the angle azimuth
& €[0,2m), the two eigenstates take the form

h
0y

i T e

For the particular Bloch vector h = (0,0, h,),
the eigenvectors of the Hamiltonian (5.20) co-
incide with the originally defined basis vec-
tors, denoted ¥ = (1,0) and ¢¥_ = (0,1).
By argument from the spherical represen-

tation, there exists a bijective map between
the Hilbert space of the two-level system and
the unit sphere in three dimensions. This unit
sphere is known as the Bloch sphere, which
is traced out by the normalized Bloch vector
h = h/|h|, and gives a geometrical visual-
ization of the two-level system Hilbert space.
The Bloch sphere is shown in figure 5.1, with

Figure 5.1: The Bloch sphere, visu-
alizing the mapping between the unit
sphere spanned by the Bloch unit vec-
tor A and the two-dimensional Hilbert
space of a two-level system. The ba-
sis states of the Hilbert space are de-
noted |0) and |[1), and are mapped
onto the two poles of the sphere. The
eigenstates of the Hamiltonian of the
two-level system are denoted |¢4),
mapped onto two antipodal points.

the two basis states at the poles. The two
eigenvectors of the Hamiltonian then map onto two diametrically opposite points
on the sphere, with ¢, and ¥ _ conventionally chosen at the positive and neg-
ative h,-hemisphere, respectively.

5.3.2 Berryological Quantitites for Two-Level Systems

In general, the parameter hy and Bloch vector h are dependent on a set of
parameters R. This dependence can be assumed continuous, and translates
to the Hamiltonian matrix (5.18) and its corresponding eigenvectors (5.20),
allowing for a definition of berryological quantities for the two-level system.

Consider the Berry curvature (5.9) of the two-level system, whose sum now
consists of only one term. Using the completeness relation (1.1) of the basis
states of the two-level system, the Berry curvature is rewritten in terms of the
general Hamiltonian matrix (5.18) as a product of two quadratic forms
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(WL [0, H)) (WL [0, H]s)
[Ex — Ex]?

Notice here that (wT:F O H|Ys) = (k. [0, H]=)*, and so Q, = —QF . This is
a manifestation of the previously derived result that the total Berry curvature
summed over all band indices should be zero (5.12).

In the expression (5.21), the derivative of the Hamiltonian matrix (5.18)
becomes 0, H = 0,hooo + O,h - o, and the denominator £y — E+ = £2|h|.
Inserting also the eigenvectors (5.20), the components of the Berry curvature
for a general two-level system described by the Bloch vector h can be calculated

+ _
Qf, = —2Im . (5.21)

OF, = F—h- [0,k x 0,h] = :F%ﬁ. 0,7 x 8,1 (5.22)

2|h|

independent on the parameter hg, where the second equality follows from writing
out the derivatives. From this expression, the Berry curvature is singular at any
point R = Ry in parameter space leaving h(Ry) = 0, corresponding to the
previously mentioned degeneracy of the energy eigenvalues (5.19) with Ey = hy.

The found expression for the Berry curvature of a general two-level system
(5.22) yields a particular interpretation of the Chern number (5.11). Recalling
the assumption that h(R) varies continuously with the parameter set R, any
enclosed surface S in the parameter space R will correspond to a closed two-
dimensional manifold h(S) drawn by the Bloch vector h. Consider then the
projection h(S) of the initial closed manifold h(S) onto the Bloch sphere of
figure 5.1. Upon this projection, the manifold h(S) will cover the entire Bloch
sphere only if the initial surface h(S) encloses the origin h = 0. More precisely,
if the initial manifold wraps around the origin B times, the Bloch sphere will
correspondingly be covered B times. Thus in general, the closed manifold il(S )
will subtend a solid angle from the origin given by 47 B. The integer B is known
as the Brouwer degree of the map iL(R), thus giving how many times the Bloch
sphere is covered by the map. Notice that the Brouwer degree B is a positive
or a negative integer whenever the normal vector of the manifold h(S) points
away from or towards the origin of the Bloch sphere h = 0, respectively.

In viewing the normalized Bloch vector fL(’R) as a map from parameter space
to the surface of the Bloch sphere, the expression for the general two-level Berry
curvature (5.22) is nothing but half the Jacobian determinant corresponding to
the map A(R). The Chern number (5.11) is thus readily expressed

Cct = h- [a,jz X &,it]dsu ANds, = FB. (5.23)

$47T S
Here, the center integral is evaluated as the integral of the map B(S) over the
Bloch sphere. In consequence, the Chern number corresponding to some surface
S in parameter space gives the Brouwer degree B of the map S — fL(S), which
equals the number of times the surface B(S) covers the Bloch sphere. Hence,
the Chern number is zero unless the surface S encloses some point of degeneracy
R, in parameter space for which h(Ry) = 0.

8



As a result of this interpretation, all surfaces with the same topology en-
closing a degeneracy point R in parameter space will give the same Chern
number. It is then meaningful to speak of the Chern number as a topological
invariant of the degeneracy point itself. Analogous to a magnetic monopole, the
degeneracy point R acts as a source or a sink of Berry curvature in parameter
space, corresponding to a positive or negative Chern number respectively.

Viewing the Bloch vector iL(T\’,) as a map from parameter space to the surface
of the Bloch sphere and the Berry curvature (5.22) as the Jacobian determinant
of this map also leaves a simple interpretation of the Berry phase (5.10). Choos-
ing any closed contour C in parameter space, corresponding to a closed contour
il(C) on the surface of the Bloch sphere, the Berry phase readily becomes

g = :Fl/ h-[0,h x d,h)ds, Ads, = q:ch
2 /s 2
where ()¢ is the area on the Bloch sphere enclosed by the contour fz(C)
Another expression for the Berry phase can also be calculated explicitly in
terms of the Berry connection (5.2), which for the two-level system also can
be rewritten with respect to the eigenvectors of the Hamiltonian matrix (5.20).
The components of the Berry connection then becomes

hyOuhy — hyOphy - (h x O h).
2[h|(|h] + h-) 2h|(Jh| + h2)
Hence, the Berry connection becomes proportional to the h,-component of the

cross product between the Bloch vector and its derivative. Alternately, in terms
of the spherical coordinates of the Bloch sphere, the Berry connection becomes

AL = ipl O,y = + (5.24)

A*(,8) = Fsin® (g)vnﬁ (5.25)

Notice here that both angles are in general dependent on the parameter set R.

Choose then in particular a closed contour C in parameter space correspond-
ing to a contour on the Bloch sphere fL(C) at a constant polar angle n. For such
contours, by inserting the expression for the Berry connection (5.25), the Berry
phase (5.4) can readily be expressed

ve = Fsin? (g) 515 VRE(R) - dR = F27T sin’ (g) - wr(1 - %') (5.26)
c

Here, A¢ = 27T is the change in the angle azimuth £ on the Bloch sphere upon
moving around the contour in parameter space once, where I' is the winding
number of the contour with respect to the h,-axis of the Bloch sphere. In
consequence, the Berry phase (5.4) for a fixed polar angle  becomes dependent
only on the winding number of the contour. In particular, at the Bloch sphere
equator with n = 7/2, the Berry phase v+ = FxI'. Notice that this expression
for the Berry phase (5.26) is in agreement with the Berry phase corresponding
to half the enclosed area on the Bloch sphere, which for a contour at a constant
latitude 7 is given by the formula Q¢ = 47 sin’(1/2).
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5.3.3 The Berryology of Graphene

A particular example for two-levels systems is that of crystals with diatomic
primitive unit cells in general, and that of graphene in particular, both of which
is investigated in section 4.3. In neglecting the Coulomb interaction between
electrons, the Hamiltonian of these systems is written as a sum of single-electron
terms, each of which takes the second quantized form \I/L’H(k)\llk with H being
the Hamiltonian kernel (4.11). The two rows of the Hamiltonian kernel then
corresponds to an electron located at either of the two sublattices of the diatomic
lattice structure, thus enabling a two-level description.

As can be seen from the expression of the Hamiltonian kernel (4.22), recalling
that H = hgoo+h-o for a general two-level system (5.18), the Bloch vector for a
general diatomic crystal take the form h(k) = (— Re ¢(k), Im ¢(k), —A/2). Here
the structure factor ¢(k) depends only on the crystal momentum k, whereas
the bandgap A is a constant of the crystalline system. The parameter space is
given by the Brillouin zone of the crystal, denoted R = k.

Let the Brillouin zone be two dimensional, leaving only one component of
the Berry curvature (5.8). Inserting the vector h = (— Re ¢(k), Im ¢(k), —A/2)
into the general expression for the Berry curvature of two-level systems (5.22),
the Berry curvature for a two-dimensional diatomic crystal becomes

oo (lel* + 553

(5.27)

where the partial derivatives 0, = 0/0k,, are with respect to the components
of the crystal momentum. Notice here that even though the structure factor is
not periodic with the Brillouin zone, but changes by a phase upon a reciprocal
lattice translation, the Berry curvature does satisfy BE (k — G;) = BE (k).
Inserting the structure factor for graphene (4.28) into the expression for the
Berry curvature (5.27) above leaves the Berry curvature for gapped graphene

4sin<@ky) cos(2ak,) — 2sin(v3ak,)

+ \/§a2t2A
b= 2 V3 3 A243
(t2[3+2cos (\/gak:y) +4 cos (Tak:y> cos (§ak$)] +55)2

i 16

] (5.28)

Notice here that the Berry curvature is an odd function of the reciprocal vector
k, as Bf(—k) = —BZF(k), which is a consequence of the time reversal symmetry
of the system as noted by the symmetry restrictions of table 5.1.

The Berry curvature of the conduction band B is plotted for different
bandgaps in figure 5.2. Comparing the curvature to the energy bands in figure
4.4, it is seen that the Berry curvature is mostly negligible, except near the
Brillouin zone corner points K and K’ at which the energy bands are at their
closest. In particular, with a zero bandgap A = 0, the system becomes invariant
under space inversion and the Berry curvature vanishes everywhere except at
the Brillouin zone corners where it diverges, being ill defined at the degeneracy.
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Consider then the Hamiltonian kernel expanded about the Brillouin zone cor-
ners at low energies (4.32), giving the Bloch vector h = (tvqq,viqy, —A/2),
where the signs corresponds to the corner points K and K', respectively. In-
serting this into the formula for Berry curvature (5.22) of the conduction band

2
LA

2 A2
1(v392+(3)?)
Here, the upper sign corresponds to the corner point K and the lower to K.
In the limit A = 0, the Berry curvature is again seen to approach identically
zero except at the corner points where g = 0 and the Berry curvature diverges.

In particular, for a constant energy
contour in the Brillouin zone surround-
ing either of the corner points K and K'.
Using the Bloch vector of graphene near | B2 (k) A = ot

the corner points, the Berry phase (5.26)
of this contour is readily given by [25]

Bi(q) = F (5.29)

3
2

The Berry Curvature
of Graphene

1.5

e

( A
=l e——
2\/v3g? + (%)

where now |g| # 0 is fixed for the par- | a=10]
ticular contour. For pure graphene with
A = 0, the Berry phase thus attains the —
non-trivial value vy = —= for any con-
tour surrounding either of the Brillouin
zone corner points. Notice also that for «
A # 0, the magnitude of the Berry phase i
decreases with increasing bandgap A. ‘

1

) (5.30) —T

I
o

For A = 0 the space inversion sym-
metry of graphene is restored, and the
energy band structure obtains two Weyl a=0.
points of opposite sign located at the -
Brillouin zone corner points K and K'.

These Weyl points are topologically pro- ‘
tected by the space inversion and time re-

versal symmetries of the crystalline sys-

tem, and so graphene can be categorized Figure 5.2: The Berry curvature B3 (k) of
as a symmetry-protected Weyl semimetal. graphene for diﬂ”erent. values of the ratio
The topological properties of graphene ? tfe fu/iﬁeﬁ?féerﬁe.ls 12}}1:; Ezgiagfiii
are precursors to defining the Dirac and peaks located at the Brillouin zone corners
Weyl semimetals in three dimensions, be- K and K’ is given by 9/2a2. The three

ing the main topic of chapter 6. upper graphs are drawn using the same
scale, whereas the peak for o = 0.1 is 25

times higher than for a = 0.5.
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Chapter 6

Dirac and Weyl Semimetals

In section 4.3, the tightbinding model revealed that the point symmetries of
the two-dimensional crystal lattice of pure graphene made the non-relativistic
Schrédinger Hamiltonian (4.21) effectively take on the same form as the rela-
tivistic Weyl Hamiltonian at low energies. Graphene is a part of a larger class of
materials known as topological semimetals, in which features of the energy band
structure are protected by topology rather than or in combination with symme-
try. The following chapter describes the emergence of two particular types of
topological semimetals, known as Dirac and Weyl semimetals.

Common to both Weyl and Dirac semimetals, the energy band structure
is completely gapped at the Fermi level, except for at a single point in the
Brillouin zone where the energy band structure is twofold and fourfold degen-
erate respectively, around which the dispersion relation is locally linear. Unlike
Weyl semimetals the energy band structure of Dirac semimetals are Kramers
degenerate, usually attributed to the crystalline structure being invariant under
the PT-symmetry, elaborated on in appendix C. A Weyl semimetal can then
be produced from a Dirac semimetal by breaking the P7T -symmetry, which lifts
the Kramers degeneracy of the band structure and splits the fourfold degenerate
Dirac point into two doubly degenerate Weyl nodes.

Weyl semimetals were predicted theoretically in 2011 by Burkov, Hook and
Balents [4] and experimentally verified first for the material tantalum arsenide
(TaAs) in 2015 by Xu et al. [26]. Also in 2015, Soluyanov et al. [27] ex-
tended the classification of Weyl semimetals to include two types: in addition
to breaking the PT-symmetry, Weyl Type-II materials also violate the effective
Lorentz invariance preserved more or less stringently in Weyl Type-I semimetals.
The first verified Weyl Type-II semimetal was lanthanum aluminum germanide
(LaAlGe), found experimentally by Xu et al. [28] in 2017.

The following chapter presents the theory of Dirac and Weyl semimetals
as given through the several seminal papers on the subjects from recent years.
The mathematical concepts behind the classification and symmetry arguments
of Weyl semimetals however originates in fermionic quantum field theory, elab-
orated upon in appendix D, along which the chapter runs parallel.
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6.1 Weyl Semimetals

The following section investigates the emergence of Weyl nodes as points of
degeneracy for a general energy band structure comprising two energy bands.
The section relies heavily on chapter 5 on two-level systems and berryological
quantities, from which the topological protection of Weyl nodes originates, and
runs parallel to the relativistic derivation of Weyl fermions in appendix D.

6.1.1 The Hamiltonian Kernel of Weyl Semimetals

In order to investigate the properties of Weyl semimetals, introduce similarly to
the Hamiltonian matrix of two-level systems (5.18) the two-band kernel

H(k) = ho(k)To +T- h(k) (61)

where (79, Ty, Ty, 72) is a complete set of Pauli matrices (C8) corresponding to
some pseudospin degree of freedom, with ho(k) and h(k) = (hy(k), hy(k), h.(k))
being four real parameters of the crystalline system. The two-band kernel is a
generalization of the graphene Hamiltonian kernel (4.22), which was derived
based on the tightbinding approximation. Here however, no assumptions are
made on the origin of the pseudospin degree of freedom.

Denoting by 7 = £1 the pseudospin index, the two energy eigenvalues cor-
responding to the two-band kernel (6.1) can be written on the form

- (k) = ho(k) + 7\/h2 (k) + W2 (k) + h2(K), (6.2)

which describe two energy bands of the crystalline system. The energy spectrum
is entirely gapped, except for momenta ko where h, (ko) = hy (ko) = h. (ko) = 0.
This condition gives three equations for the momentum kg, which without any
additional tuning in general requires three independent variables in order to
have a solution. Hence, such points of double degeneracy can be expected to
exist for the spatial dimension d = 3. In this case, as the two-band kernel (6.1)
exhausts the basis for two-dimensional hermitian matrices, the degeneracy will
in general be stable to small perturbations to the system parameters [5].
Consider then the expansion of the two-band kernel (6.1) to linear order
about the degeneracy at kg, with the momentum q = k — kg being denoted by

H(q) = (e0 + o - @)70 + (v - @) + (hvy - @)1y + (02 - @) (6.3)

Here the parameter eq = ho(ko), while the effective velocities v, = (Vyz, Vpy, Vpz)
are defined as the gradients hv, = thﬂ(k)|k:ko; recall here the matrix ele-
ments of the velocity operator (3.10) in the Bloch basis. Unless the effective
velocities v; for i € {x,y, 2z} are linearly dependent due to additional symme-
tries, the degeneracy point located at g = 0 is a Weyl node, with

er(q) =¢eo+hvy-q+ T\/(hvx -q)? + (hwy - )% + (hv, - q)? (6.4)
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being locally linear around the point of degeneracy. The shape of the energy
dispersion around the Weyl node is known as a Weyl cone, depicted in figure
6.1. The effect of the effective velocities vy and wv; is to tilt the Weyl cone or
alter its shape respectively without changing its location in the energy band
spectrum, and the former vector is known as the tilting vector. If the energy
at the Weyl node ¢ lies near or at the Fermi level p of the fermionic system,
the material is said to be a Weyl semimetal. For simplicity, assume both the
reference energy €9 = 0 and the tilting vector vy = 0; a non-zero tilting of the
Weyl cone is investigated in the subsequent subsection.

If the Fermi-level u lies near the Weyl node, the Fermi surface defined by
the equation &, (k) — p = 0 takes the shape of an ellipsoid in momentum space.
Consider then a linear transformation of the crystal momentum, given by

Vi q = VizQax + ViyQy + Vi2q = VFKy, (65)
for each of the three effective velocities v;. Here, the introduced parameter vg is
an isotropic effective velocity. Denoting by V the matrix with elements v;;, the
transformation can be written on the form Vg = vpk, where the transformed
crystal momentum is denoted by k = (k1,k2,k3). Because the transforma-
tion is linear, the corresponding Jacobian matrix is independent on the crystal
momentum and given by V/vp, with the Jacobian determinant det V) /v3. where

detV = v, - (vy X v;) (6.6)

The transformation of the crystal momentum renders the Fermi surface spheri-
cal, with the transformed energy bands e;(k) = svp|k| being dependent only on
the magnitude of the transformed momentum || = x. The condition that the
three effective velocities v; are linearly independent here corresponds to a non-
zero determinant det) # 0, such that the inverse transformation q = vV 'k
is well defined. For detV = 0, the Fermi surface becomes unbounded in some
direction, leaving the transformation ill defined.

In particular, for the isotropic case v;; = d;;vF, the defined transformation
of the crystal momentum (6.5) is the identity transform, with & = ¢. In this
case, the Hamiltonian kernel (6.3) becomes a three dimensional analogue to the
effective Hamiltonian kernel of graphene (4.32), and the parameter vp can be
interpreted as the effective velocity of the electrons at the Fermi level. The
Hamiltonian kernel is then mathematically identical to the Weyl Hamiltonian
(D17) of relativistic fermionic quantum theory, as derived from the condition of
Lorentz invariance in appendix D, and can be written on the form

H(k) =hop(k - T). (6.7)

The Fermi velocity vg here acts as an effective speed of light. The equivalence
with the Weyl Hamiltonian is the reason for the nomenclature surrounding the
class of materials known as Weyl semimetals. The electrons described by the
Weyl Hamiltonian kernel (6.3) thus effectively behave as if they were ultrarela-
tivistic, but with a different value for the speed of light in different directions.
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6.1.2 The Tilting Vector and Weyl Type II Semimetals

In appendix D, the Weyl Hamiltonian (D17) describing massless Weyl fermions
was derived on the basis of Lorentz invariance. For systems in solid state physics
however, the Lorentz invariance exhibited by the systems investigated is merely
an effective Lorentz invariance due to the symmetries of the systems, and is not
a constraint from an underlying principle of the physical theory. This allows
for a nonzero tilting vector vy in the Weyl Hamiltonian kernel (6.3), and the
corresponding energy bands can be expressed on the form

e(q)=vo-q+T /Z(hvi -q)2=T(q) +7U(q) (6.8)

The tilting term clearly breaks the effective Lorentz invariance, being propor-
tional to the momentum itself. Considering in particular isotropic effective ve-
locities v;; = d;;vF and a tilting vector vy = (v, 0,0), the corresponding Weyl
cones are portrayed in figure 6.1 for different values of the tilting parameter v;.

Weyl Type-I Weyl Type-II
Isotropic Anisotropic
v = 0 vy < VR v > VR

Figure 6.1: The distinction between Weyl nodes of Type-I and Type-1I, with the Fermi level
displayed as a translucent plane. In the leftmost figure an isotropic Weyl cone with an effective
Fermi velocity vg is shown. The effective Lorentz invariance is then increasingly broken by a
tilting parameter v¢. At the critical point v+ = vp, the Weyl cone tilts partially through the
Fermi level, and the node transitions from a Weyl Type-I node to a Weyl Type-II node.

Due to the tilting vector v;, Weyl semimetals can be categorized into two
types [27]. For Weyl Type-I semimetals, the Fermi level crosses the Weyl cone
only at the Weyl node, as shown in figure 6.1. If however there exists a direction
¢ for which the tilting vector dominates, meaning |7(§)| > |U(§)| for the energy
band structure (6.8), the Weyl cone tilts through the Fermi level and the Weyl
node is rendered a contact point between electron and hole pockets in the energy
band structure. If such a direction exists, the Weyl node is of Type-II.

The tilting of the Weyl cone is analogous to the tilt of the light cone in general
relativity near massive objects. Consequently, materials comprising both Weyl
Type-I and Weyl Type-II materials have been proposed as solid state systems
able to simulate analogues of black hole horizons, Hawking radiation and other
astronomical phenomena known from general relativity [29].
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6.1.3 Topological Analysis of Weyl Semimetals

Consider the isotropic Weyl Hamiltonian kernel (6.7), for which the Bloch vector
becomes h(k) = hvpk. Inserting this into the formula for the Berry curvature
of a two-level system (5.21), which is related to the Berry curvature vector of
the Brillouin zone (5.15) through By = %E)\MVQHW the Berry curvature for the
isotropic Weyl semimetal can be caltulated

B (k)= -1 sgn[vF}ﬁ (6.9)

where sgn[vr| denotes the sign of the Fermi velocity vp. Hence, in the isotropic
case the Weyl node located at kK = 0 acts as a Berry curvature monopole in
momentum space. The divergence of the Berry curvature readily becomes

Vi BT (k) = =277 sgn[vp]|d(k), (6.10)

where 0(k) is the Dirac delta function. In consequence, the Chern number (5.11)
of any enclosed surface S in momentum space will be zero unless the surface
encloses the Weyl node, for which the divergence theorem gives

o (vp) = % #g B (k)-dS = % //Z Ve BT (K)AZ = —7 sgnfop]  (6.11)

where Z is the momentum space volume enclosed by the surface S.

From the expression of the Berry curvature (6.9), the Chern number (6.11)
can be interpreted as the topological charge of the Weyl node, which acts either
as a sink or a source of Berry curvature depending on the sign of the Chern
number. Furthermore, the Chern number is decided by the sign of the effective
velocity v, which also gives the sign in front of the isotropic Weyl Hamiltonian
kernel (6.7). Compared to the Weyl Hamiltonian (D17), the Chern number is
then also analogous to the chirality of the Weyl fermions of relativistic fermionic
theory. Thus, the electronic states near the Weyl node in the positive energy
band 7 = +1 are effectively described as Weyl fermions with chirality —sgn[vg].

Reconsider the linear transformation of the crystal momentum (6.5), which
transforms the non-isotropic Weyl Hamiltonian kernel (6.7) to the isotropic Weyl
Hamiltonian kernel (6.3). From this transformation, it is readily shown that the
Chern number for the non-isotropic case can be expressed [5]

¢r = —7 sgnfvy - (v2 X v3)] (6.12)
Hence, the Chern number corresponding to any Weyl node will take on either
of the values ¢, = %1 for both isotropic and the non-isotropic Weyl semimetals.
Recall that the Brillouin zone takes the topological shape of a 3-torus, mean-
ing the Brillouin zone boundary becomes a single point. Hence, an integration
over the entire boundary and thus the net Chern number (6.11) of the Brillouin
zone will leave zero. Weyl nodes must therefore come in pairs of opposite Chern
number, and can only be eliminated through pairwise annihilation with Weyl
nodes of opposite chirality. Weyl nodes are therefore said to be topologically
protected, leaving stable band degeneracies even in the absence of symmetry.
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6.2 Dirac Semimetals

As stated in the chapter introduction, a Dirac semimetal is a material for which
the energy bands are doubly degenerate and fully gapped, except at a single
point of the Brillouin zone known as a Dirac point where a fourfold degeneracy
persists. The section at hand introduces the conventions needed for mathemati-
cally describing Dirac semimetals. The Kramers degeneracy of the energy band
structure is usually attributed to an imposed PT-symmetry of the system, as
described in appendix (C), from which a general form of the Hamiltonian kernel
for Dirac semimetals can be derived.

6.2.1 Conditions for the Dirac Hamiltonian Kernel

In order to describe a fourfold degeneracy in the energy band spectrum, the
Hamiltonian kernel 7 (k) of the given crystalline system must be at least of size
(4 x 4), corresponding to a set of discrete quantum numbers with a total of four
components. For many electronic systems, two of the components are related
to the electron spin, manifested by the set of Pauli matrices (C8) denoted by
o = (03,0y4,0;) and og, with the fourth Pauli matrix being the unit matrix
conventionally added to complete the basis of (2 x 2) hermitian matrices.

The remaining two components comprise a pseudospin degree of freedom,
denoted by 7 as for the Weyl Hamiltonian kernel (6.3). Alike the spin compo-
nents, the pseudospin components can be represented by a set of Pauli matrices
and the unit matrix, conventionally denoted by T = (7., 7, 7.) and 7 in order
to separate the spin and pseudospin degrees of freedom.

The set of matrices (09, ) and (79, 7) can be combined using the Kronecker
product to obtain a basis for the set of hermitian (4 x 4) matrices, with basis
elements on the form 7, ® o, = 7,0,; the notational differentiation between the
two sets of Pauli matrices renders the explicit Kronecker product redundant.
The resulting sixteen matrices can be arranged as a Clifford algebra (D13),
with four of the matrices serving as the Dirac matrices (D3) of appendix D,
depending on the chosen representation. The arrangement corresponding to the
Weyl representation of the Dirac matrices is given in table D.1.

In conclusion, a general Hamiltonian kernel (4.11) describing four energy
bands, here by named the four-band kernel, can be expressed on the form

H(k) = Z h;w(k)TuUm (613)

where hy,, (k) are real parameters dependent only on the crystal momentum
k with indices p,v € {0,,y,z}. Further constraints can then be put on the
particular parameters using the symmetries of the system at hand.

Assume in particular the pseudospin degree of freedom is spatial in nature,
as is the case for the tightbinding model of chapter 4. As elaborated upon in
appendix C, the operation of time reversal does not affect the spatial and by
assumption the pseudospin degree of freedom, while the spin is reversed. In
the conventional representation (C10), the time reversal operator acting on the
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spin and pseudospin bases becomes given by T = 79 ® (ioy)K = i0,K, with
K being complex conjugation; the matrix 7y acting on the pseudospin basis is
written implicitly, being the unit matrix. Notice that the time reversal operator
incidentally takes on the same form as in relativistic fermionic theory (D23).

Likewise, the operation of space inversion (C12) affects only the pseudospin
degree of freedom while preserving the spin, and so the part of the parity opera-
tor P acting on the spin basis is simply the unit matrix oy. In which way spatial
inversion acts on the pseudospin basis will depend on the physical interpretation
of the pseudospin degree of freedom. In order to exemplify a representation for
the parity operator, consider a crystalline system within the tightbinding ap-
proximation of chapter 4, where the pseudospin degree of freedom is an orbital
degree of freedom. In general, there are only two ways in which the primi-
tive unit cell harbours the possibility of being invariant under spatial inversion:
the electron orbitals must either transform into themselves or into each other.
Furthermore, the spatial shape of the electron orbitals must also be invariant
under space inversion, with either even or odd intrinsic parities. If the orbitals
transforms into themselves, the parity operator acting on the pseudospin basis
can take on the forms P = +79 and P = £, if the orbitals have the same and
opposite parities respectively. If instead the orbitals transform into each other,
the parity operator can likewise take the forms P = £7,, again depending on
the intrinsic parities of the orbitals; this is the case of graphene, which can
be ascertained from the hexagonal lattice portrayed in figure 4.3. It should be
noted that the particular representation however does not necessarily render the
Hamiltonian invariant under the parity operator; for graphene, the symmetry
is broken whenever the two lattice sites inhibits different on-site energies.

Under the combined P7-symmetry the crystal momentum is invariant, and
so the corresponding invariance of the Hamiltonian kernel (6.13) does not restrict
the form of the coefficients h,, (k). However, the particular representation of
the PT-operator will discard some of the terms due to its action on the spin
and pseudospin spaces. With 7 = o, K, then for the different representations
of the parity operator, the Hamiltonian takes on the forms

P=+7,: H(k)=ho+ (o hy)+ hyory + heoT,
P==79: H(k) = hgo+ Ty(O' . hy) + h,oT, + hpoTs (614)
P==xr,: H(k)=hoot+ 7:(0 - h;)+ hpoTe + hyoTy

where the vectors h; = (hig, Riy, hi.) and the momentum independence is writ-
ten implicitly. Notice that all terms are diagonalized with respect to the spin
degree of freedom, except the terms pertaining to o, and o,. These two terms
model spin inversion processes, often generated through spin-orbit coupling [11].

Notice that the three different representations of the four-band kernel (6.14)
are related by unitary rotation in pseudospin space. Furthermore, the represen-
tation corresponding to P = +7, is equivalent to the Weyl representation of the
Dirac matrices, investigated in appendix D. In order to simplify the analysis,
consider therefore the Hamiltonian kernel corresponding to P = +7,, rewritten
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H(k) =holy+ 7. ® (0’ . h) + T, ® (h40’0) + 7y & (h50'0)

_ [ho+o-h  hy—ihs (6.15)
| ha+ihs ho—o-h

where the vector h = (hy, he, h3) and all coefficients are dependent on the crystal
momentum; h; = h;(k). In the following, it is convenient to introduce the five
dimensional parameter vector H = (hq, ha, hs, hg, hs), in terms of which the
energy eigenvalues of the Hamiltonian kernel are readily expressed

cro(k) = ho+7\/h2 + 13+ h3 + h3 +hE = ho +7[H|.  (6.16)

Here, 7 = +1 is the pseudospin index. The energy band structure is independent
on the spin index ¢ = £1 and hence doubly degenerate over the entire Brillouin
zone, being an effect of the imposed PT-symmetry. The degeneracy becomes
four-fold at any region of the Brillouin zone where crystal momenta kg renders
the parameter vector H (ko) = 0. For a three-dimensional crystal, such a four-
fold degeneracy will in general not be guaranteed unless two of the parameter
vector elements of H = (hq, ha, hs, ha, hs) are identically zero.

The PT-invariant four-band kernel (6.15) can similarly to the Weyl Hamil-
tonian kernel (6.3) be expanded around the fourfold degenerate point kg of the
Brillouin zone with q = k — ko to give the Dirac Hamiltonian kernel

H(k) =¢eo+ Iy - g+ 720,(A1 - q) + T204(A2 - q)

6.17
+7,(hvy - @) + Ty (hva - q) + 1.0, (s - q) ( )

where the vectors v; are analogous to the effective velocities of the Weyl Hamil-
tonian kernel (6.3), while the parameters A, = thm(kz)|k:kO for m € {1,2}
are parameter vectors A,, = (A1, Apme, Apns) modelling spin-orbit coupling.

In particular, when the spin reversal parameters A; = As = 0, the Dirac
Hamiltonian kernel (6.17) decouples into two Weyl Hamiltonian kernels (6.1)
with Bloch vectors given by g (q) = h(v1-q,v2-q, £v3-q). From the expression
of the Chern number for Weyl semimetals (6.12), these two Weyl Hamiltonians
are seen to describe Weyl fermions of opposite chirality. Furthermore, if instead
the effective velocities v1 = vo = 0, the Dirac Hamiltonian kernel will similarly
decouple into two Weyl Hamiltonian kernels on the form

Hi(q) = £[04(A19) + 0y (A2q) + 0. (hv1q)] (6.18)

where the two degrees of freedom are related to the spin basis o rather than the
pseudospin basis 7. In both cases the fourfold degenerate Dirac point is seen to
be created from two superposed Weyl nodes of opposite chirality. Hence, the
total Chern number (5.11) corresponding to a Dirac point is zero.

In fact, seeing that the Dirac Hamiltonian kernel (D8) is invariant under
the combined PT-symmetry, the Berry curvature (5.15) of Dirac semimetals is
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identically zero. Dirac points are therefore unlike Weyl nodes not topologically
protected, and may split into two separated Weyl nodes upon small perturba-
tions. In conclusion, Dirac semimetals are dependent on rigid symmetries in
order to be stable other than the imposed PT-symmetry. The different physi-
cal phenomena responsible for producing Dirac points in real systems allows for
a categorization of Dirac semimetals [3]. An example of symmetry protected
Dirac points is found in the antiferromagnetic Dirac semimetal CuMnAs [11],
for which the emergence of Dirac points is investigated in chapter 8.

6.2.2 The Isotropic Dirac Hamiltonian Kernel

Until this point, the four-band Hamiltonian kernels (6.14) have been assumed
invariant only under the combined P7T-symmetry. Consider then a four-band
system invariant under both time reversal T and space inversion P separately.
In this case, the different parameters h,,, (k) will be either even or odd under
inversion of the direction of the crystal momentum k. As an example, consider
the four-band Hamiltonian kernel (6.15) with the representation of the parity
operator being P = +7,. From application of the parity operator, it is seen
that the different parameters must satisfy h;(—k) = h;(k) for j € {0,4} and
hj(—k) = —h;(k) for j € {1,2,3,5}. Seecing that the combined PT-operator by
assumption leaves the Hamiltonian kernel invariant, a similar application of the
time reversal operator 7 = i0, K leaves the same conditions on the parameters as
the parity operator. Hence, if the system is invariant under space inversion and
time reversal separately, both the even parameter hy(k) and the linear tilting
term of the parameter ho(k) will be left out of the linearized Dirac Hamiltonian
kernel (6.17), while the remaining parameters still may leave a locally linear
dispersion around a point of fourfold degeneracy.

Finally, the reason for the name of Dirac point is due to the similarity be-
tween the Dirac Hamiltonian kernel (6.17) and the Dirac Hamiltonian (D8) of
relativistic quantum theory. In particular, with the parameters hg = hs = 0
and hy = m, and assuming an isotropic linearization h;(q) = —hvpg; for the
remaining parameters, the four-band kernel (6.15) linearized around the Dirac
point g becomes equivalent to the relativistic Dirac Hamiltonian, written

—hvpo - q m

o honor-q| (6.19)

Hp(q) = —1.(hvpo - q) + m7, =
Similarly to the isotropic Weyl Hamiltonian kernel (6.7), the effective velocity
vr here takes on the role of an effective speed of light. From the preceding
discussion, this Hamiltonian kernel is invariant under both time reversal 7 and
space inversion P separately, as derived also in appendix D on the basis of
Lorentz invariance. Due to the rest mass term m however, not to be confused
with the electron mass, the energy band structure will be completely gapped in
the entire Brillouin zone. Only for m = 0 will the Hamiltonian kernel decou-
ple into two Weyl Hamiltonian kernels (6.18), and the energy band structure
becomes locally linear around the emerging fourfold degenerate Dirac point.
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6.3 Weyl Nodes from Symmetry Breaking

Recall that the Dirac Hamiltonian kernel (6.17) under the correct assumptions
decouples into two Weyl Hamiltonian kernels (6.3), meaning the fourfold degen-
erate Dirac point can be interpreted as two superposed Weyl nodes. Because the
Weyl nodes are topologically protected, these cannot be removed from the en-
ergy band structure for small perturbations. Hence, under certain perturbations
the Dirac point may split into two Weyl nodes, corresponding to a transition of
a topological semimetal from the Dirac to the Weyl type.

In the following, the isotropic Dirac Hamiltonian kernel (6.19) will serve as a
basis for investigating the emergence of Weyl nodes from Dirac points under time
reversal and space inversion symmetry breaking perturbations. The resulting
energy band structures are the same as derived by Burkow, Hook and Balents
[4], with figures inspired by Armitage, Mele and Vishwanath [5].

The section ends with a discussion of magnetic order in a crystalline system
with a diatomic primitive unit cell, in order to exemplify the origin of the
different types of perturbations. Magnetic order also allows for a classification
of ferromagnetic and antiferromagnetic topological semimetals, one of which is
the material CuMnAs investigated in chapter 8.

6.3.1 The Breaking of Time Reversal Symmetry

Consider first breaking the time reversal symmetry of the Dirac Hamiltonian
kernel (6.19) while preserving the space inversion symmetry. From the trans-
formation properties of the Clifford algebra in table D.1, the matrices satisfying
these conditions are the relativistic spin matrix ¥ = rgo and v°y = —7,0. The
time reversal symmetry of the Dirac Hamiltonian kernel is thus broken with

oc-(b—q) m+o-z

H(g) =Hp(g) + (0 -b) + (0 2) = m+o-z o-(b+q)

(6.20)
where the parameter vectors b and z physically can be interpreted as Zeeman
fields, whose components can be taken as internal or external variables.

The energy eigenvalues of the current Hamiltonian kernel (6.20) does not in
general attain an easily analyzable form. However, analytical expressions for
the energy can be found for specific choices for the mass m and the Zeeman
fields b and z. Consider first the case z = 0, for which the energy eigenvalues

ero(gq,m;b) = T\/q2 +m2+b” +20/(b- q)% + b*m? (6.21)

where again ¢ = +1 and 7 = %1 are the spin and pseudospin indices. Here, the
introduction of the Zeeman field b lifts the Kramers degeneracy of the original
Dirac Hamiltonian kernel Hp(q), giving four energy bands in total. For |b| > m,

the four bands touch pairwise in two Weyl nodes located at g = +bvb%2 — m2 in
the direction of the Zeeman field b = b/|b|, respectively. The energy spectrum
is fully gapped whenever |b| < m, where the mass dominates the Zeeman term.
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Consider next the case b = 0. The energy bands are likewise calculated

Ero(q,m; 2) = T\/q2 +m? + 22 4 201/|z x g[* + z2m? (6.22)

The analytical expression for the energy bands are almost identical to the pre-
vious case, but with the scalar product exchanged for the vector product. In
this case, when |z| > m two of the bands touch along a circle with radius
q> = 22> — m? known as a nodal loop, lying in the plane defined by z - g = 0.
Letting for simplicity m = 0, the energy bands for the two cases b = 0 and
z = 0 are shown in figure 6.2, displaying the Weyl nodes and the nodal loop
respectively, together with the fourfold degenerate Dirac point for z = b = 0. If
the Fermi level of the material lies near a Weyl node or a nodal loop, the material

is categorized as a Weyl semimetal or a line nodal semimetal, respectively [4].

Weyl Nodes Dirac Point Nodal Loop
b#0 b=2z2=0 z#0

Figure 6.2: The central figure displays a Kramers degenerate Dirac cone. Introducing the
Zeeman field b breaking time reversal symmetry, the Kramers degeneracy is lifted and the
Dirac point is split horizontally into two Weyl nodes in the left figure. Alternately, introducing
the field z, the Dirac cone is split vertically and the energy bands meet at a nodal loop.

Consider then both of the Zeeman fields b and z to be nonzero, while as-
suming a mass m = 0. The four energy bands are then readily calculated

ero(a:b,2) = \/ @B+ 21 20\/(b-q) + [z x g+ (b2 (6.23)

For simplicity, consider in particular the case z x b = 0, such that the fields
become parallel with (b - z)? = b”22. The band structure may then exhibit
either two Weyl nodes or a nodal loop depending on the relative magnitude
of the two fields. If the field b dominates, with |b| > |z|, there are two Weyl

nodes located at g = £bv/b? — 22. If the other field dominates however, with
|b| < |z|, there will instead be a nodal loop with radius g = 22 — b* lying in
the plane defined by z - g = 0.

Finally, assume both Zeeman fields b and z and the mass m are all nonzero.
In that case an analytical expression for the energy bands can be found as long
as the Zeeman fields are perpendicular, satisfying b - z = 0, for which
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ero(g,m;b, z) = T\/q2 +m2+b% 22+ 20\/(b @)+ |z x q* + (b* + 22)m?

(6.24)
If the mass term dominates over the fields, with b®> + z2 < m?2, the energy
spectrum will be fully gapped. For b> + 22 > m? however, the energy bands

touch at two Weyl nodes located at g = +bv/b* + 22 — m2.

2

6.3.2 The Breaking of Space Inversion Symmetry

In order to break the space inversion symmetry of the Dirac Hamiltonian (D8)
while preserving the time reversal symmetry, the only suitable hermitian matri-
ces of table D.1 are v° = —7, ® 0y and iy* = —7y ® 0. Adding these symmetry
breaking terms to the Dirac Hamiltonian kernel Hp(q), the total Hamiltonian

(6.25)

H(g) =Hp(q) +7y(0 - w) + AT, = [_U.ﬁ/\ m_w.w}

m4ioc-w o-q—A\

where now the scalar A and the vector w are introduced as parameters of the
system. The energy band spectrum of the system can then be calculated to be

Ero(g,m;w, A) = 7'\/(]2 +m? 4+ w2 + A2+ 201/ A2¢2 + |w x q|? (6.26)

Here, the energy spectrum is fully gapped whenever m # 0. For m = 0 however,
two of the bands touch at a nodal loop defined by g% = w? + \? and ¢ - w = 0.
Under the current analysis there are then no Weyl nodes appearing if only
the space inversion symmetry is broken. From topological arguments, Weyl
nodes must be generated in pairs of different Chern number, with each Weyl
node pair representing a source and a sink of Berry curvature. Recall then the
transformation properties of the Berry curvature, given in table 5.1. If space
inversion symmetry is broken whereas time reversal symmetry is preserved, the
Berry curvature must be an even function of the crystal momentum k. In that
case, two Weyl nodes located at the momenta k¢ and —kg must have the same
Chern number. Thus in general, if only the space inversion symmetry is broken
there must be a minimum of four Weyl nodes in the system in order to have
a net Chern number of zero. The Hamiltonian under consideration however is
dependent linearly on its parameters and only describe four degrees of freedom,
and so cannot produce four points at which the energy bands are degenerate.
Finally, it should be noted that all introduced parameters in the preced-
ing calculations are assumed independent on the crystal momentum. Hence,
it should be clear that the discussion on the generation of Weyl nodes from
Dirac points is not exhaustive, and holds only when the dependence on crystal
momentum lies entirely within the Dirac Hamiltonian kernel (6.19).
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6.3.3 Classifications of Magnetic Order

From relativistic quantum theory, the spin of electrons in the classical limit gen-
erate a magnetic moment which couple to the spin of other particles. For crys-
talline systems in particular, the spins of itinerant electrons may couple to the
magnetic moment generated by the localized spins of electrons in lower energy
orbitals of the underlying lattice. In most materials however the spin structure
of the underlying crystal lattice is disordered both spatially and temporally, and
the effect of the coupling between the spins levels out at the macroscopic scale.

If the system is magnetically ordered, the material can be classified according
to the symmetries of the spin structure. For ferromagnetic materials, the spins
tend to align in the same direction throughout the material, giving rise to a
net uniform magnetization per spin m which serves as an order parameter for
the system. If instead neighbouring spins tend to align in opposite directions,
the material is said to be antiferromagnetic. In the antiferromagnetic case,
the material is magnetically ordered but without a net magnetization, and the
order parameter is instead given by the staggered magnetization, conventionally
termed the Néel vector and denoted by n.

In the following, a diatomic crystalline system is considered where the local-
ized spins of the two atomic nuclei of the unit cell are denoted by S 4 and Sp,
as shown in figure 6.3. Assuming the representation of the parity operator is
given by P = £7,, the itinerant electrons of the system will then couple to the
localized spins through the exchange interaction [30]

szg[(70+ Tz)®(U.SA)+(TO—TZ)®(U~SB)] (6.27)
:J[To®o.,m+7-z®0'.n} .

where 7 and o are sets of Pauli matrices (C8) corresponding to the orbital and
spin degrees of freedom respectively, and J is an assumed isotropic coupling
strength. The uniform and staggered magnetizations are here related to the
two spins through m = (S4 + Sp)/2 and n = (S4 — Sp)/2 respectively. The
following classification scheme for magnetic order is illustrated in figure 6.3.

Collinear Magnetic Ordering Non-Collinear Magnetic Ordering

® - () ® _ () Sgiltic:s ® - O
I L
—> Uniform

() I () — =) Staggered O S ®

Ferromagnetic Ordering Antiferromagnetic Ordering

Figure 6.3: The different classifications of magnetic order, shown for a diatomic square crystal
lattice where the spin related to the atomic orbitals provide the two sublattices.
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If the spins are aligned with S4 = S = m and n = 0 the system is fully
ferromagnetic. Similarly, if instead the spins are anti-aligned with m = 0 and
S 4 = —Sp = n the system is fully antiferromagnetic. In both cases, all spins
are arranged in the same direction, and the spin structure is said to be collinear.
In the non-collinear case, both the uniform and the staggered magnetizations
are non-zero. Notice that for a general polyatomic primitive unit cell, the net
magnetization m can be zero even in the non-collinear case [31].

From appendix C the quantum spin is inverted under the time reversal sym-
metry 7, while being unaffected by the space inversion symmetry P. Consid-
ering then the different spin structures of figure 6.3, ferromagnetic ordering is
seen to break the time reversal symmetry which would otherwise be present
in the absence of spin. The ferromagnetic ordering does however not affect
the space inversion symmetry, seeing that the spins are equivalent on all lat-
tice sites; a system invariant under space inversion without magnetic ordering
will also be invariant under space inversion with ferromagnetic ordering. For
the antiferromagnetic ordering, both the time reversal symmetry and the space
inversion symmetry are broken due to the magnetic ordering. If however the
crystal lattice is invariant under space inversion without the magnetic ordering,
the system will be invariant under the combined P7T-symmetry.

Consider then adding the exchange coupling (6.27) to the general PT-
invariant four-band kernel (6.15), which then takes the form

H(k) = ho(k)Ls + 7.0 - (h(k) + Jn) + ha(k)rs + hs(k)7, + Jo -m.  (6.28)

The uniform magnetization m is here seen to be equivalent to the Zeeman field
b introduced in order to break the time reversal symmetry (6.20) of the Dirac
Hamiltonian kernel (6.19). Hence, the uniform magnetization lifts the Kramers
degeneracy of the energy band structure, and so Dirac semimetals excludes ferro-
magnetic order; the energy band structure of a ferromagnetic crystalline system
cannot harbour Dirac points. Weyl semimetals however can be ferromagnetic,
and in general also antiferromagnetic as long as the P7-symmetry is broken.

In order to investigate the effect of the Néel vector m on the four-band
system, consider an antiferromagnetic system with m = 0, for which the energy
bands can be calculated from the Hamiltonian kernel (6.28) to be

er(kin) = ho(k) + 7/ (R(k) + Jn)® + W3(k) + h2(K)  (6.29)

As foretold by the PT-invariance of the antiferromagnetic coupling term, the
energy band structure remains Kramers degenerate under the perturbation. As-
sume then that the two parameters hy = hs = 0 identically, and that the energy
band structure harbours a Dirac point as explained in section 6.2. In this case,
the effect of the Néel vector is solely to move the location of the Dirac point in
the Brillouin zone. If instead the spin reversal parameters h; = ho = 0 identi-
cally, the Néel vector will in general open a gap in the energy band spectrum,
removing the assumed Dirac point. Thus, the effect of the antiferromagnetic
exchange coupling will depend on the physical origin of the Dirac point.
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Chapter 7

Conductivity Calculations
for Two-Band Systems

In this chapter, the theoretical machinery regarding the calculation of conduc-
tivity derived in Part I of the thesis is used to derive a conductivity tensor for
a general energy band structure comprising two bands. A calculation using the
resulting formula is then exemplified through the conductivity calculation of a
Rashba ferromagnet, as previously performed by Qaiumzadeh and Titov [32].

The chapter can be regarded a prelude to the calculations of chapter 8, where
a conductivity formula is derived for a general Kramers degenerate four-band
system. The resulting expressions for the conductivity tensors in the two cases
will be directly analogous, and a purpose of the current chapter is to introduce
the nomenclature and methodology used in the final calculations of the thesis,
in a setting where the conductivity tensor is known.

A main demonstration of the calculations is the direct dependence of the
conductivity tensor on the Berry curvature tensor, defined and derived for a
general two-level system in chapter 5. For topologically non-trivial systems with
a finite Berry curvature, the topology of the Hilbert spaces of Bloch functions
thus result in the emergence of the anomalous Hall conductivity, where the
transverse components of the conductivity tensor are nonzero.
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7.1 The Two-Band Conductivity Formula

Consider a crystalline system in the tightbinding approximation, where the mu-
tual Coulomb interactions between the electrons in the system are neglected such
that the Hamiltonian takes the form of a single-particle operator. In particular,
consider two energy bands of the system, assumed related to some pseudospin
degree of freedom denoted by 7. The system then allows for a two-level de-
scription, whose general characteristics were investigated in section 5.3, with
the two-band Hamiltonian kernel written

H(k) = ho(k)To + h(k) - T (7.1)

where 79 is the (2x2) identity matrix and 7 denote the Pauli matrices (C8). The
vector h(k) = (hy(k), hy(k), h.(k)) is the Bloch vector, which together with the
zero-point energy ho(k) constitute four real parameters of the system. The two
k-dependent eigenvalues of the Hamiltonian kernel constitute two energy bands,
written in terms of the four real parameters ho(k) and h(k) as

e+ (k) = ho(k) £ |[h(K)], (7.2)

assumed to vary differentiably with respect to the d components of k. From
the two-band Hamiltonian kernel (7.1) a specific Kubo formula for conductivity
(3.33) for two-band systems can be derived.

7.1.1 The Two-Band Matsubara Autocorrelation Function

The two-point Matsubara Green functions of the two-band system can be cal-
culated from the equation of motion for the matrix of Green functions (2.44)

. . —1 thvy, — (ho(k) — h-t
Gtk )= i = 0 = 0] = e

Here, the denominator is the determinant of the matrix ifw,Is — (H(k) — p)
written as the product of its two eigenvalues, where £; = €5 — p with p being
the chemical potential. Through a partial fraction decomposition the matrix of
Green functions is readily expressed as a sum over band indices s as

1 T h(k) 1
Glkyiv) =5 > (1 TS TR ) )iﬁl/n —&(k) "

s==+

where the unit Bloch vector in the following is denoted by h = h/|h|.

Considering the uniform case, where the modulations of the applied electric
field are much larger than the interatomic distances within the crystal, the
current density matrices (3.14) can be calculated as the derivative

e 0H(k)
h Ok;

Conk) T (7.4)

Tilk) = = L oho(R) L — 20,
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where e is the charge of the electron and the notation 9; = 9/9k; is adopted.
Inserting the two-band matrix of Green functions (7.3) and the current den-
sity matrices (7.4) into the Matsubara autocorrelation function (3.41) gives

, 1 [ d% L ,
o (lwm) = 3 /W ZTr{Ji(k)g(k,wn + thw, ) T (k)G (K, ivy) }

i [k Y >

Vp S1=2 s2=

Lo [hols + 0 7]lI + 1R - T)[OhoL + ik - T[T + soh - 7]
[ihvy, — &g, |[ihvy, + ihw, — &s,]

Here, the calculation involves a trace over multiple products of identity and
Pauli matrices (C8). Using the relation for the product of Pauli matrices (C9),
all the Pauli matrix products reduce to sums over identity and Pauli matrices.
Then, as the trace over Pauli matrices Tr{7T} = 0, only the coefficients of the
identity matrix remains. The trace can then readily be expressed

Tr{[aihofg + 0;h - T] [12 + Slil . T][@lhofg + Oh - T] [12 + SQiL : T]}

= (1 + 5152)D:hoOho + (51 + $2)[0iho(h - 8ih) + (b - 8;h)D1ho]
+ 28182(il . 61’7,)(;7, . 81’1) + (1 — 5152)62"161’7, + i(SQ — sl)fz(&h X 6lh)

N | =

Performing the sums over band indices s; and s3, and noticing that the deriva-
tive 9;|h| = h - 0;h, the Matsubara autocorrelation function can be expressed

i) = P o) + 7 Gi) = i [ DY

(8i€5)(8l€s) T (hx@lh)(hxal ) — zsh(@lhxalh)]
(thvy, — &) (thvy +ikw,, — &) (ihvy, — &) (thvp +ihw,, — €—5)

(7.5)

The autocorrelation function is here split into an intraband and an interband
contribution, describing the transport properties of electrons within and between
the two energy bands, respectively. Notice in particular that the form of the
intraband terms are identical to the autocorrelation function for a single band
(3.42). By the analysis of section 3.3, the intraband autocorrelation function

2

d )
() = S f (gﬂ’)def?ﬁ;(’“) B E) e — o) mi(el)]. (76)

w1

where np(e) is the Fermi-Dirac distribution (1.34).
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7.1.2 The Two-Band Interband Autocorrelation Function

Consider the interband term of the two-band Matsubara autocorrelation func-
tion (7.5) describing the excitation of electrons between the two energy bands,

. (hx8;h)-(hxdh) —ish-(d;hx I h)
1nter
mii' (fm) h26/ dZZ (hvn — &) (it Fibiom —E-0) " 1)

In order to simplify notation under calculations, introduce here the tensors

Zu(k) = (hx9;h)-(hxdh) = d;h - O h — 8;|h|y|h|

Qi(k) = (78)

h - (3;h xdh).
2|h|3 ( 1 )

In the following, the first tensor =;; (k) will be referred to as the interband tensor,
while the second tensor is related to the Berry curvature tensor (5.21) of band

s through les)(k:) = —sQ; (k). Furthermore, the second Matsubara frequency
summation rule (2.38) can be applied directly to give the expression

1 np(es) —np(e_s — ihwy,)

8 Z (ihvy, — €5)(ihvy, + ihw,, — €_5) €5 — E_g + ihwp, ’

Un

where the Fermi-Dirac distribution satisfies np(e — ihw.,) = np(e). Inserting
also the exact form of the energy functions (7.2) then leaves

2 d — . 2
inter / - et [ dY% ' B Z(k) — is|h|"Qu (k)
mir (iwom) = 75 /(%)d Z [np(es) = np(e—s)] 2s|h| + ihwn,

Performing the analytical continuation of the interband Matsubara autocorrela-
tion function then gives the interband current density autocorrelation function

d Z(k) — i|h|*Q;
Hmter(w) _ h2/(d l;:d[ F(6+)—nF(5_)] Z 5-—42(:7;” +|;:L i;i}k) (79)

where the sum over bands has been moved past the Fermi-Dirac distributions.
The interband current density autocorrelation function (7.9) can thus be
split into two parts, denoted by the two tensors

(M

62 ddk SEZ' k
15 (w) = hg/w[”F(“) —nr(e-)] ;2s|h|+li(iw)+m

a%k 2|h|*Q (k)

i (7.10)
1 (w) = ;W/W[HF(€+)HF(E_)] Z2s|h|+—fm+m’
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By definition the diagonal terms of the Berry curvature (5.8) are zero, and so the
term Hg (w) only contributes to the transverse conductivity. Furthermore, seeing
that the interband and Berry curvature tensors (7.8) are symmetric and anti-
symmetric respectively, the corresponding conductivity tensors (3.33) will also
be symmetric and antisymmetric, with 05 (w) = o5 (w) and o$}(w) = —o}(w).
In calculations of the interband autocorrelation function (7.9), the Sokhotski-
Plemelj theorem [33] states that when residing within an integral, the factor

1 1
2s|h| + hw +in 2s|h| + hw
where P signifies the action of taking the principal value of the surrounding
integral. Here, seeing that the frequency w > 0, the delta function will only leave
a contribution for s = —1. Furthermore, because the vector |h| is in general
dependent on both the magnitude and the direction of the crystal momentum
k, the delta function will leave an integration over the surface in the Brillouin
zone for which the equation fiw — 2|h(k)| = 0 holds.
Finally, in the zero temperature limit the Fermi-Dirac distribution ng(e)
approaches the Heaviside function O(u — €), for which the difference

= —ind(2s|h| + w) + P (7.11)

Jim [ne(er) = np(e-)| = O —e1) —O(u—c-). (7.12)

Hence, in the zero temperature limit, seeing that e, > ¢_ for any value of k,
the Fermi-Dirac distributions in the interband autocorrelation function (7.9)
enforces the constraint e_(k) < u < £4 (k). The constraint allows for a natural
physical interpretation: the direct optical transition of an electron from the
valence band £_(k) to the conduction band e (k) requires the former to be
filled and the latter to be empty at the specific momentum k, which at zero
temperature is the case only if the Fermi-level p lies in between the two bands.

7.1.3 The Anomalous Hall Conductivity

The direct current interband conductivity tensor (3.34) can then be calculated

inter
inter _ 6H1l
oy (w) =1
Ow

2 d (0;
= % /% [np(e_) — nF(€+)]7h <a21|f;>|<381h)

where the sum over s cancels the part I15 (k) and leavs a factor of two for II$}(w).

Recalling that the Berry curvature (5.21) is defined QE;)(k) = —sQ; (k) for band
s, the two-band direct current interband conductivity becomes

w=0

2 d
inter __ € d k (5)
=% [ Gy 2 ne(es) A (713)

This is the expression for the anomalous Hall conductivity [34], which is a conse-
quence of the topology of the Brillouin zone. The anomalous Hall conductivity
is a contribution to the transverse conductivity, as the diagonal terms of the
Berry curvature (5.8) are zero from their definition.
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7.2 Conductivity of a Rashba Ferromagnet

The present section rederives the conductivity tensor for a Rashba ferromagnet,
as performed in the article by Qaiumzadeh and Titov [32]. The section initiates
with a description of the Rashba system, whose effective Hamiltonian operator is
invariant under continuous translation invariance. The calculations are therefore
performed in the momentum representation (B6), and not in the Bloch basis
(B18) as for systems where the translation invariance is discrete.

7.2.1 System Description of the Rashba Ferromagnet

Consider a two dimensional ferromagnet with Rashba spin-orbit coupling, whose
Hamiltonian operator disregarding disorder effects takes the form [32]

A2

h(p) = %Uo+a3(ﬁx o). +Mo., (7.14)

where p = (P, p,) denotes the two dimensional momentum operator and m is
the electron mass. The parameter ar here describes the strength of the Rashba
spin-orbit coupling, and M gives the ferromagnetic exchange energy for the
magnetization perpendicular to the material plane. The set of Pauli matrices
(00, 0) represents the electron spin degree of freedom.

For the case at hand, the Hamiltonian operator ﬁ(ﬁ) describing a single
electron is only dependent on the momentum operator p of the electron. The
Hamiltonian kernel H(p) can then readily be calculated as the matrix elements
of the Hamiltonian operator with respect to the eigenstates |p) of the momentum
operator (B6), with the corresponding momentum eigenvalue denoted by p.
Thus, the Hamiltonian kernel for the Rashba ferromagnet becomes

2

H(p) = (Pl 6(B)[p) = 5 —00 + ar(p x 0). + Mo (7.15)

Compared with the general two-band Hamiltonian kernel (7.1), the Bloch vec-
tor for the Rashba ferromagnet becomes h(p) = (—agrpy, arpz, M) and the
parameter ho(p) = p*/2m, with the corresponding energies (7.2)

2
es(p) = f—m—i—s\/a%p?—i—M? (7.16)

Notice here that the energy spectrum is dependent only on the magnitude of
the momentum |p| = p. The energy bands are plotted in figure 7.1.

From the analysis of section 3.1, the momentum representation of the cur-
rent density matrices (3.8) can then be calculated from the Hamiltonian kernel
(7.15) as J (p) = —eVpH(p) = —Po¢ —ear(2 x o), where 2 is the unit vector
in the z-direction and e is the unit charge. The derivation of the conductivity
formulae for a general two-band Hamiltonian kernel in section 7.1 can then sim-
ilarly be performed for the Rashba Hamiltonian kernel (7.15), with the crystal
momentum exchanged for the fully conserved linear momentum p.
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Energy Bands of a
Rashba Ferromagnet

M

Figure 7.1: The two energy bands of a Rashba ferromagnet with spin-orbit coupling as a func-
tion of the magnitude of the momentum p, with a Fermi level p larger than the ferromagnetic
exchange energy M. The frequency w corresponds to a direct optical transition from e_(p) to
€4+ (p) under the condition e_ (p) < p < e4(p). The coupling strength of the Rashba spin-orbit

coupling is denoted by A, and the parameter hwg = /A2 + 2Au + M2. Notice that with zero
spin-orbit coupling A = 0, the optical frequency hiw = 2M, equal to the resulting constant gap
between the energy bands. The energy bands are plotted for the parameter values u = 3.3eV,
M =0.4eV and A =0.1eV, as given by Qaiumzadeh and Titov [32].

Let then the conduction band e, (p) be vacant while an electron occupies a
state in the valence band with energy e_ (p) for a specific momentum p, imposing
the condition e_(p) < u < 4 (p) on the Fermi level p. From the expression of
the energy bands (7.16), this condition is satisfied for any momentum with a
magnitude satisfying p_ < p < p4, where the bounds are defined through

pL = 2m(A + p = hwp) (7.17)

Here, the introduced parameters A = ma% and wg = (A2 +2uA+M?)/h?. The
notation is related to the interaction between an imposed photon and an electron
occupying the state with the energy e_(p). For a direct optical transition from
the lower to the upper energy band to occur at the specific momentum p, the
frequency of the photon must satisfy hw = €1 (p) —e_ (p), which in combination
with the condition on the Fermi level can be written

hw
hwo—A<7<hUJ0+A. (7.18)

Ascertaining that the mass m and the Fermi level y both are positive quantities,
the introduced parameters here satisfies fwg > A by definition. Notice also
that with no Rashba spin-orbit interaction ag = 0, the condition means any
optical transitions between the bands must occur at the frequency hw = 2M
corresponding to the then constant separation between the two bands. In this
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way, the spin-orbit interaction allows for a wider interval of frequencies for which
an optical transition between the two bands can occur.

The following calculations of the conductivity tensor for the two dimensional
Rashba ferromagnet will involve the introduced parameters A and wg. Further-
more, the calculations assumes the optical transitions occurs at the upper part
of the energy spectrum, where both energy bands satisfies e5(p) > M. This im-
poses the additional restriction u > M, which translates to A+ > hwg. These
restrictions on the parameters are rendered implicit in the following calculations.

7.2.2 The Rashba Ferromagnet Intraband Conductivity

Consider the intraband term of the Matsubara autocorrelation function (7.5)
for a general two-band system. By the analysis provided in section 3.3, in the
limit p > w the corresponding intraband conductivity tensor can be calculated

kD0 4 D

Op; Opy

2

) = o5

For the case at hand, the energy band spectrum e4(p) = £5(p) is independent
on the direction of the momentum. Using the derived conductivity formula for
single isotropic energy bands (3.51) then gives the expression

O,gltra(w) _ 47T — Z Z sa

where the current dimension d = 2 has been inserted. Here, the momenta pg® are
the solutions to the equations e5(p§*) — p = 0 for s = £1. These equations are
solved for the momentum bounds previously defined (7.17), with py being the
solution for band s = F respectively, confirmed visually by figure 7.1. Inserting
the derivative of the energy bands (7.16), the conductivity readily becomes

6‘&

Sll

(7.20)

: Sq €2 M?A 0 pe? R2wi 4+ A?
intra [ A _ T = == 0 . 7.21
i (W) TN — [ e M2+ 2uA T N —iw hPwi — A2 (7:21)

In the last expression, it is seen that the conductivity increases with an in-
creasing Rashba spin-orbit coupling parameter A, which alters the slope of the
energy bands near the Fermi level. Furthermore, it should here be noted that
the expression is derived for a Fermi level u > M, where both of the energy
bands cross the Fermi level and hence contributes to the intraband conductiv-
ity. Inserting then first M = 0 followed by p = 0, the intraband conductivity
is still seen to be finite and proportional to the Rashba coupling strength A.
Furthermore, for A = 0, the intraband conductivity becomes proportional to
the Fermi level p, independent on the ferromagnetic exchange energy M.
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7.2.3 The Rashba Ferromagnet Interband Conductivity

The interband contribution to the conductivity tensor (7.9) is expressed in terms
of the interband and Berry curvature tensors (7.8), which for the Bloch vector
h(p) = (—agrpy, arpz, M) of the Rashba ferromagnet can be expressed

— hpipi —
Eu(p) = akdu — — p§ j_ e Ei(p)
(7.22)
Moz%

2(a%,p? + M?

Furthermore, at zero temperature the Fermi-Dirac distributions take the form
of Heaviside functions enforcing the constraint e < p < 4. In terms of the
previously defined momentum bounds (7.17), the difference

O(n—e+(p)) — O —e—(p)) = —O([p] — p°|[P* — p2)), (7.23)

enforcing the constraint p_ < p < p4 as seen in figure 7.1; the momenta in the

final Heaviside function are squared for easier calculations in the following.
Consider first the interband contribution corresponding to the tensor Z;;(p).

Using the Sokhotski-Plemelj theorem (7.11), the autocorrelation function (7.10)

(1]

I1:

(2

d%p aRDiPL
2 2 212 2 268, — _ROWE
(W)= —e /(%)QG)(M p7llp p])(aR5zl a%p2+M2)

s
—imsd(hw + 2s|h -_—
;{ imsd(hw + 25 |)+28|h|+ﬁw]
Notice here that the only dependence on the direction of p lies in the second
factor. Converting to spherical coordinates and performing the integral over the

solid angle (3.50), the resulting integral can be expressed

II

(1

2 2 2.2
ape 2 2172 2 QRp

(w) du—y /dpp@([m p7llp p_])< aZp? + Mz)

(7.24)

, 1
ES: { imsd(hw + 2s|h(p)|) + 2R + sﬁw]
Hence, the autocorrelation function I15(w) contributes only to the diagonal el-
ements of the interband conductivity tensor. Recalling then that the other
contribution II$}(w) only contributes to the transverse elements of the conduc-
tivity tensor, the transverse components satisfies ITiI*"(w) = IIZ(w). Notice
also that the delta function only gives a contribution for s = —1.
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In consequence, the real and imaginary parts of the transverse elements of
the interband autocorrelation function can be expressed

e a2e? aZp? + 2M?
Im [T} (w) = — =& /dpp @([pi*pﬂ[ptpi])ia’ﬁpuw §(w —2|h(p)])
R
. 2 2 D+ 2,2 2M2 1 1
Retter(w) = - "B "oy 2 L2 + ]
dm agp? + M2 [ 2|h(p)|+ hw  2|h(p)| — hw

Here, the Heaviside function was used to change the bounds of the integral of
the real part. For the imaginary part, the remaining delta function

S — 2ln(p)]) = oL 1) Y

_ W~ Po) S —M?2 (725
‘Qavé(pn(po)’ Po="nV 4 (7.25)
P

where py is the solution to the equation 7w — 2|h(p)| = 0. Introducing also the
substitution u = |h(p)| = \/a%p? + M?, the real and imaginary parts becomes

2 2 2,2 2
age 9 911 9 o\ RDG + 2M hw
@ _ _ ‘< .
A Po ([p+ pollpo — pZ]) a%p% T M2 404%’}?0

- ate? [U+ M? 1 1
ReIlMer () = — & / d 1+ —
eIl (w) AT . wu +u2 2u—|—w+2u—w

where the bounds u+ = hwy = A. Inserting the expressions for pg and p+ in
the imaginary part, performing the remaining integral for the real part, and
introducing the parameter

Im I (w) = —

T A\ 4

the interband autocorrelation function (7.9) can thus be written on the form

1 2, .2
A (h i 2 AQ) (7.26)

» hwe? [ AM?
Tm T () = — oo ( +

aM 32

16 h2w2>®(1 A

ﬁweQ[l( 4M2> ‘l—i—/\’ A]
1 In

or |8 h2w? + hw

(7.27)
Re 12" (w) = —

1—-A

Notice here that the imaginary part is finite only for |A\| < 1, which can be
rewritten to the frequency condition (7.18) derived previously.

From the expression of the Rashba ferromagnet interband autocorrelation
function (7.27), the real and imaginary parts of the corresponding conductiv-
ity tensor (3.33) are readily calculated. Noticing here that Im IT%**(0) = 0 by
virtue of the Heaviside function, and calculating Re IT?*°r(0) = 2uA? /(h?wd —
A?) in the zero frequency limit, the diagonal elements of the interband conduc-
tivity tensor for the Rashba ferromagnet (7.14) can be expressed
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Rea »t (W) = ]_6( + W)G)(l — )\2)

; he? 1 4M? 1—A A 2Ap
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Inserting the zero magnetization limit M = 0, the expressions for the conduc-
tivity are seen to reduce to the results found by Magarill et al. [35].
Consider then the part of the interband autocorrelation function (7.9) cor-

responding to the Berry curvature tensor €;;(p). From the previous discussion,
the transverse elements of the interband autocorrelation function

(7.28)

. d?p Ma?
() = 1%, (0) = ie? [ 5 B0 ~ plp? ~ 12 ) gy
" o @ryp O NG e
1
—imd(hw + 2s|h + 7}
> |~ mdths + 251 (0)) + o
Here, the other transverse component is given by H;’ger(w) = —H;?;er(w).
As in the derivation of the diagonal elements (7.27), the delta function only
gives a contribution (7.25) for s = —1. Performing also the integral directly for

the second part, the transverse interband autocorrelation function becomes

eeM e2M 1+ A

42
1 01— X)) +i gy T

where all frequency dependence lies within the parameter A, introduced previ-
ously (7.26). In this case, both the real and imaginary parts leave H;“yter(O) =0,
and so the transverse interband conductivity for the Rashba ferromagnet

H;nyter (w) = In

, (7.29)

. . M
oy (w) = oy (w) =

01— \?) (7.30)

’1—)\‘ M
In

SR

Seeing that the intraband term (7.21) is diagonal, the resulting expression gives
the entire contribution to the transverse conductivity of the Rashba ferromag-
net, being the alternate current anomalous Hall conductivity of the Rashba
ferromagnet [32]. Inserting the direct current limit w = 0, the direct current
anomalous Hall conductivity (7.13) becomes

4w w

he?  MA

Tey T or M2 1 2uA
Hence, in the zero magnetization limit M = 0, there is no transverse conduc-
tivity in either the direct current or the alternate current cases. In this limit,
the Hamiltonian kernel (7.15) is rendered invariant under time reversal, and the
Berry curvature tensor of the system (7.22) becomes zero. In conclusion, for the
Rashba ferromagnet, a nonzero transverse conductivity is reliant on the Berry
curvature being nonzero, both in the alternate and direct current cases.

(7.31)
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Chapter 8

Conductivity Calculations
for Dirac Semimetals

In the final chapter of main contents of the thesis, the cumulation of all previous
chapters, a formula for the conductivity tensor for a general Kramers degener-
ate four-band system is calculated and then specialized to the case of a Dirac
semimetal as introduced in chapter 6. The calculations are first performed for
two superposed Weyl nodes where spin-orbit coupling is neglected, where an
analytical expression is achievable in the zero temperature limit. Then, the
spin-orbit coupling is treated as a perturbative interaction between the super-
posed Weyl nodes, and the conductivity tensor calculated to second order in the
emerging spin reversal parameters.

Finally, the formulae are used to predict features of the conductivity tensor
of the orthorhombic phase of the antiferromagnetic Dirac semimetal CuMnAs,
whose energy band structure has been analyzed by Tang et al. [11]. In this
regard, the symmetry protection of the Dirac points for the particular material
is investigated in order to exemplify the symmetry protection of Dirac nodes,
and in particular to discuss the effect of reorientation of the magnetic moments
in the antiferromagnetically ordered crystal structure.

The calculations suggests the orthorhombic phase of CuMnAs will inhibit
a Hall conductivity, which unlike the anomalous Hall conductivity introduced
in chapter 7 is symmetric in the conductivity tensor indices. The emergence of
the symmetric Hall conductivity is dependent on a non-zero optical frequency,
and cannot be attributed to the Berry curvature which is identically zero due
to the imposed Kramers degeneracy. Instead, the symmetric Hall effect appears
to originate in particular features of the anisotropy of the Fermi surface related
to the directions of the effective velocities nearby the Dirac point.
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8.1 Conductivity Neglecting Spin-Orbit Coupling

The following section derives conductivity formulae from the general Dirac
Hamiltonian kernel (6.17) investigated in chapter 6. In particular, the sec-
tion initiates with the calculation of a general current density autocorrelation
function for a Kramers degenerate four-band system, and then specializes to a
conductivity calculation for two superposed Weyl nodes.

8.1.1 Kramers Degenerate Four-Band Conductivity

Recall the Kramers degenerate Hamiltonian four-band kernels (6.14) devised in
chapter 6, and consider in particular the representation

H(k) = ho(k) + TyOo - h(k!) + Tzh4(ki) + Twh5(k) (81)

where the vector h(k) = (h1(k), ho(k), hs(k)) is analogous to a Bloch vector
(5.18), and 7 and o denote a pseudospin and a spin related degree of freedom
respectively. The Hamiltonian kernel is exhaustive for all Kramers degenerate
four-band system; all PT -invariant perturbations can for any four-band system
be incorporated in the parameters h;(k). The Hamiltonian kernel corresponds
to the representation of the parity operator P = +7j, and are related to the
other derived representations of chapter 6 through a rotation in pseudospin
space. Hence, the calculations performed in the following for the particular
representation will apply for any Kramers degenerate four-band system with a
spin related and a spatial pseudospin degree of freedom.

Due to the imposed PT -invariance the four energy bands are pairwise Kramers
degenerate, and can be labelled by a band index s = +1. Defining the five di-
mensional parameter vector H (k) = (hy(k), ha(k), hs(k), ha(k), hs(k)), the two
pairs of Kramers degenerate energy bands can be expressed on the form

es(k) = ho(k) + s|H (k). (8.2)

Notice here the similarity with the non-degenerate two-band system (6.1) inves-
tigated in chapter 7, the analogy of which will be apparent in the following.

Recall the expression for the Matsubara autocorrelation function (3.41) for
a spatially uniform imposed electric field, rewritten here for convenience as

d
(i) = % /éﬂ’;d ST T (k)G i + i) T (k)G i) }.

The matrix of Matsubara Green functions (2.44) is calculated as the inverse ma-
trix G(k) = [ihv, — (H(k) — )] 7!, where v, is a fermionic Matsubara frequency
(2.15) and p is the Fermi-level of the system. Inserting the Hamiltonian kernel
(8.1) under consideration, the Green matrices can readily be expressed

. 1 7,0 - h+T,hy + D5 1
k,iv,) = - I+ 8.3
Gk ivs) 22( ’ sH| )mun—ss ®.3)
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with &5(k) = e5(k) — p, the result being analogous to the matrix of Green
functions of a general two-band system (7.3). Furthermore, the current density
matrices (3.14) are defined as derivatives with respect to the crystal momen-
tum J;(k) = —ed;H(k)/h, where the notation 9; = 0/0k; is adopted. The
calculation of the Matsubara autocorrelation function thus involves the trace

1 7,0 - h+ T,hg + Tohs Ty0 - h + Thy + TR
STl [OH] | T + 2 I+
i T{Wﬂ[ " o 0| L w[H| }}

= (1 + 3132)8Z-h061h0 + (81 + SQ)[@ZhQ(I:I . 81H) + (ﬁ . 8ZH)6lh0]
+ 28182(1?[ . BlH)(ﬂ . alH) + (1 - 8182)32'_[‘_[ . 8lH

where the band indices s; and s, originates from the expression for the Green
matrix (8.3). Performing the sums over the band indices, the Matsubara auto-
correlation function for the Kramers degenerate four-band kernel (8.1) becomes

Tt (iwm ) = T (i, ) + T (iwp, ) hgﬁ / ) Z Z

(9ies) (D) n (0:H)-(0.H )—(H'aiH)(H'alH)]
(thvy — &) (ihvn —ihwy, — &) (thvy —E&s) (ihvp + ihwm —&E_5) |

The expression is analogous to the two-level autocorrelation function (7.5), with
the two-level Bloch vector exchanged for the five dimensional parameter vector
H (k). Here however, there is no term involving the Berry curvature (5.15), as
the Berry curvature of the energy band structure is identically zero due to the
imposed PT-symmetry. Notice also how the extra factor of two compared to
the two-band case reflects the double degeneracy of the energy band structure.

Hence, the Matsubara autocorrelation function (8.4) for the Kramers de-
generate four-band system is split into an intraband term 7 (iw,,) and an
interband term 7l (jw,, ), describing the electronic transport properties within
and between the pair of doubly degenerate energy bands respectively. Notice
that the calculated intraband term (8.4) is simply the sum of two terms being
equivalent to the Matsubara autocorrelation function for a single energy band
(3.42). Performing the analytical continuation iw,, — w + in and summing over
the Matsubara frequencies using the second Matsubara frequency summation

rule (2.38), the intraband current density autocorrelation function becomes

(8.4)

2 d »
intra () — 2% : +1i77 /(gﬂi)cdzale;(k) ale;i(k:) [nr(es—hw)—nr(e,)] (8.5)

analogous to the current density autocorrelation function for a single energy
band (3.44) of section 3.3. Here, the infinitesimal 7 is interpreted as a phe-
nomenological scattering rate, without which the interband conductivity is di-
vergent in the direct current limit. Hence, the intraband conductivity is de-
pendent on impurities in the crystal lattice in order to be finite, and is as
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such not intrinsic to the ideal crystalline system. The function ng(e) is the
Fermi-Dirac distribution (1.34). In particular, for the zero temperature limit
the Fermi-Dirac distribution approaches a Heaviside function, and the differ-
ence O(p—e) —O(p— e+ hw) enforces the integrals to attain boundaries defined
through p < e4(k) < p+ hw. For values of energies outside of these boundaries,
the electron will optically transition to a bandgap or to another band. Such
a transition is either forbidden or incorporated by the interband part of the
autocorrelation function.

In order to simplify notation for the interband term of the derived Matsubara
autocorrelation function (8.4), introduce the interband tensor

Eu(k)=0,H -0,H — 0;|H|0,|H|, (8.6)

which is analogous to the interband tensor of the two-level system (7.8) but with
the three-dimensional Bloch vector exchanged for the five-dimensional param-
eter vector H. In terms of the interband tensor the interband autocorrelation
function can after using the second Matsubara frequency summation rule (2.38)
and performing the analytical continuation iw,, — w + in be expressed

, 22 [ Ak sZa (k)
mter () = — | —=I[np(ey) —np(e_ —_— 8.7
1@ =T [ el e E g 60
again analogous to the two-band result (7.9). From the expression of the in-
terband tensor the interband conductivity tensor will be symmetric, satisfying
ot (w) = o (w). However, an exact formula for the interband conductivity
(3.33) will depend on the direct current limit of the interband autocorrelation

function, which is dependent on the exact form of the remaining integral.

8.1.2 Conductivity of Two Superposed Weyl Nodes

Recall the Dirac semimetals investigated in section 6.2, and consider the general
Dirac semimetal Hamiltonian kernel (6.17) linearized around the Dirac point,
which upon neglecting the tilting term corresponding to h(k) and the spin-orbit
coupling terms can be expressed in the current representation (8.1) as

Ho(k) = Tyo.(hvs - k) + 7. (hws - k) + 7, (hv, - k). (8.8)

Here, the three vectors v; = (v;1, vi2, v;3) are interpreted as effective velocities,
giving the gradient of the different terms of the Hamiltonian kernel (8.1) near
the Dirac point. The zero label is introduced in order to differentiate between
the cases with and without spin-orbit coupling, the former of which will be
investigated in the next subsection. From the analysis of chapter 6, the effective
Hamiltonian kernel here describes two superposed Weyl nodes (6.3) of opposite
chirality, with the corresponding Kramers degenerate energy band structure

eV(k) = s\/(hwy - k)2 + (hws - k)2 + (hvy - k)2 (8.9)
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near the Dirac point where again the band index s = +1. Notice that the lin-
earization presumes the effective velocities v; are linearly independent. Under
the assumption of a positive Fermi level p > 0, the Fermi surface defined by
€Y (k) = p then takes the shape of an ellipsoid in momentum space. If in partic-
ular the parameters satisfies v;; = vpd;;, the energy bands becomes isotropic,
taking the form £%(k) = shvp|k| corresponding to a spherical Fermi surface.

Recall the crystal momentum transformation (6.5) relating the isotropic and
non-isotropic Weyl semimetals. For simplicity, the isotropic Fermi velocity vp
can without loss of generality be subsumed into the transformed momentum
elements k;, leaving the transformation rewritten on the form

v, -k =vjks + ’Uizky + visk, = Ky, (810)

with ¢ € {1,2,3}. The transform can be written on matrix form as Vk = k,
where V is the matrix with elements v;; and the transformed crystal momen-
tum is denoted by & = (k1,kK2,k3). The corresponding Jacobian matrix of
the transformation is independent on the crystal momentum and given by
detV = vy - (v2 X v3). The inverse transformation and its geometric inter-
pretation is considered in the following subsection.

The momentum transform allows for a calculation of the conductivity tensor
(3.33) of two superposed Weyl nodes, hereby denoted o¢.;;(w) when spin-orbit
coupling is neglected. Reconsider then the intraband autocorrelation function
(8.5) for a general Kramers degenerate four-band system, which after inserting
the dimensionality d = 3 in the zero temperature limit can be expressed

o 2?1 85 k) 9,e%(
I (w) = ?w-i-in/ 32 l )[@(ﬂ—i‘:s‘i‘h&))—@(u—é‘s)]

The intraband autocorrelation function can here be calculated exactly using the
momentum transform (8.10), in terms of which the derivatives of the energy

Orj 0¥ K
0 — J s A
k)= Ej ks O, sh % Vi (8.11)

where vj; = 0k, /0k; from the definition of the transformation and the isotropic
energy bands are given by (k) = shx. Inserting also the determinant of the
transform det V=1 = 1/det V), the intraband autocorrelation function becomes

an:;a( )= 2@2' / Bk O(p—shr+hw)—O(u—shk) Zvjivml@@-
win ) (2m)3 & det V et K
Here under the assumptions g > 0 and w > 0, the integral only gains a con-
tribution for s = +1 due to the Heaviside functions; for the unconsidered case
1t < —w the integral likewise gains a contribution only for s = —1, while both
terms give a contribution for —w < pu < 0. Introducing here spherical coordi-
nates for the transformed crystal momentum k = x(sin 6 cos ¢, sin 6 sin ¢, cos 6),
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and noticing that x;/k = (&), is dependent only on the direction of the trans-
formed momentum, the integral can be split into two parts as

2e? 1 p/htw d/<;
Hmtra _ 2 iU / A\ (& m
ol (W) w—l—inhdetV/H/h o) ngv ! (R);(~)

The integral over the solid angle (3.50) is calculated in section 3.3 and given by

[ 42 @ ®m =5 5y, (5.12)

proportional to the Kronecker delta d;,,. Integrating also over the magnitude
of the transformed momentum using the delta function finally leaves

intra 62 (Fw‘} 3 +3 M)QM_’_SMM VjiUj1
It () = ) ( Zhvl 35 (8.13)

0sel w +in 923 (v2 x v3)

where the determinant det V = v - (v2 X v3) has been inserted. Hence, the direct
current limit of the intraband autocorrelation function leaves Hg;‘l?lra(O) =0, and

so the intraband conductivity tensor becomes ol (w) = {112 (w) /w, giving

intra 62 52())2 + 37:“"}“ + 3/”' VjiUj1
2 (w) = Z o (o (8.14)

o ‘
0sil 7 — W 9m2h? (vy x v3)

Here, for a zero phenomenological scattering rate the last term gives rise to
a singularity in the conductivity tensor in the direct current limit. For the
two other terms however, the zero scattering limit can be taken without any
singularities appearing, giving rise to terms constant and linear with respect to
the optical frequency w. For a Fermi level p = 0 when only the zero dimensional
Dirac point at the boundary of the two Kramers degenerate bands lies at the
Fermi level, only the former linear term independent on the Fermi level remains.
Consider next the interband current-density autocorrelation function (8.7),
which in the zero temperature limit in d = 3 dimensions can be expressed

inter 2¢% [ A’k s29 (k
It (w) = h2/(27r)3 [O(n—ef) —O(n—-e)] Z 28|H0|jr(hi+m (8.15)

For the Dirac Hamiltonian kernel (8.8) neglecting spin-orbit coupling, the five-
dimensional parameter vector can after the momentum transform (8.10) be writ-
ten in terms of the transformed momentum as Ho(k) = (0,0, fikg, kg, fiky).
The corresponding interband tensor (8.6) can thus be calculated

=0 () = 12 (Osrs-Ours — 0| 1s| 0| ] —h(Zvﬂvﬂ Zvﬂ S ™). (8.16)
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Hence, the interband tensor becomes dependent only on the direction of the
transformed momentum, as =9 (k) = E%(&). Performing then the momentum
transform (8.10) with the Jacobian determinant 1/det ) and inserting spherical

coordinates, the interband autocorrelation function (8.15) then becomes

2¢2 dx  K? sO(hk — p)
Hlnter —_= dQ EO ~
0l (<) h? /(2#)3 detV Z 2shk 4 hw + in / (),

where the two Heaviside functions have been combined to a single function as
O(p—hk) —O(pthix) = —O(hx —p), which holds in general for x > 0. Using here
the derived solid angle integral (8.12) over two components of the unit vector,
the solid angle integral over the interband tensor (8.16) readily becomes

/dQ 29( h2 Z V)1 (8.17)

Furthermore, in the limit of zero scattering Where the phenomenological scat-
tering rate n — 0, the Sokhotski-Plemelj theorem (7.11) states that the factor

. 1 . 1

flili% 2shk + hw +1in —imo(2she + hw) + P257m + hw
where P signifies the action of taking the Cauchy principal value of the sur-
rounding integral. For pu > 0 the emerging dirac delta functions only give a
contribution for s = —1 , leaving the interband autocorrelation function

(8.18)

’Uji’l)jl
37r2 detV

. 1 1
-<Z7T6(2h/<a— hw) + Sy N T hw)

I (w dkk?O(hk — 1)

The integrand can thus be split into a real and an imaginary part. Inserting the
determinant detV = vy - (vg X v3) and integrating over the delta function, the
imaginary part of the interband autocorrelation function becomes

ViV huw
Tm [T () = J j @(— - ) 8.19
m 052l 127‘( Z h’U1 ’UQ X '173) 2 H ( )

For the real part, notice that the remaining integral diverges. This divergence
is an artefact of the linearization of the Hamiltonian kernel (8.8) around the
Dirac point, and can in the effective model be amended by imposing an upper
cutoff k. = h?w?/4 on the integration. Performing the integration then leaves

2 2 2 2

inter e VjiVji 2 2 2 2 2 h (wc —w )
Relloal” (@) = 15275 2 detv{‘l“ RO Py
J

] (8.20)

Notice that only the logarithmic term is dependent on the optical frequency w.
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From the imaginary (8.19) and the real (8.20) parts of the interband current
density autocorrelation function, the interband conductivity tensor (3.33) is
readily calculated as o™ (w) = [T (w) — I (0)] /w, giving

: ViVl hw
R 11'1!:er j J 9(7 _ )
eao’ll 1271' |:Z hvy - ’1)2 X ’03):| 2 H
(8.21)
: ViUl h2w? — 4/12
1 u.l@er ] J 1
mao’ﬂ 127‘(‘2 |:Z h’Ul '02 X ’U3)i| n h2w? — hzwg

Notice here that the imaginary part of the interband conductivity tensor is
dependent on the introduced cutoff frequency w.. The cutoff frequency can
usually be found in terms of other system parameters through calculating the
conductivity when considering the particular crystal lattice structure, using a
full tightbinding model corresponding to the linearized Hamiltonian kernel (8.8).

From the calculated expressions, the contributions to the conductivity from
both the intraband (8.14) and the interband (8.21) conductivity tensors become
proportional to a tensor of sums dependent only on the elements of the effective
velocity vectors v;. In the following, these effective velocity sums will be denoted

1}]111][
U = 8.22
= Z h’Ul ’02 X ’1)3) ( )

In particular, for the isotropic case v;; = vpd;; the sums can be evaluated

. VjiVj1 dil
Isot : Y, = j J = 2
sotropic i = E hor - (03 x v3) _ hwp (8.23)

Thus for the isotropic case, the transverse terms of the conductivity tensor are
zero. The longitudinal terms of the interband conductivity (8.21) here match
the results of Kargarian et al. [9], which calculated the Kubo conductivity for an
isotropic Weyl semimetal with broken time reversal symmetry (6.20). In their
paper, it was also found that the introduced cutoff frequency w. was effectively
proportional to hvg/a, where a is the interatomic distance within the crystal
lattice. For the Weyl semimetal however, the broken time reversal symmetry
leads to a nonzero Berry curvature, leading to an anomalous Hall contribution
to the transverse components of the conductivity tensor.

For the anisotropic Dirac semimetal however, the transverse components of
the conductivity can be nonzero even if the Berry curvature is zero identically.
For this Kramers degenerate system however, the anomalous Hall conductiv-
ity is symmetric with respect to its indices and disappears at zero optical fre-
quency, unlike the direct current anomalous Hall conductivity (7.13) related to
the Berry curvature devised in chapter 7. Hence, for Dirac semimetals in gen-
eral, an anomalous Hall conductivity can for finite frequencies be generated if
the effective velocities pertaining to the Dirac point are anisotropic.
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8.1.3 Geometric Considerations of the Fermi Surface

Recall the momentum transformation (8.10) relating the isotropic to the non-
isotropic Dirac semimetals, which can be written on the matrix form Vk = k
where the transformation matrix is given by the effective velocities v; as

V1 V11 V12 V13
V= V2| = |V21 V22 V23] . (824)
V3 V31 U32 V33

In order for the inverse transform to be well defined the determinant must satisfy
det ¥V # 0, corresponding to the three effective velocity vectors v; being linearly
independent. The inverse transformation matrix is then readily expressed

V_l = 1 ) [(’Ug X ’U3) ('1)3 X ’Ul) (’Ul X 'Ug)] (825)

U1 - ('1)2 X U3
where the determinant detV = vy - (v2 X v3) = v3 - (V1 X V) = Vg - (V3 X V).
From the expressions of the energy bands (8.9), the Fermi-surface is defined
through e (k) = p under the assumption of a positive Fermi level p > 0. As-
suming the effective velocities v; are linearly independent, the Fermi surface for
two superposed Weyl nodes thus takes the shape of an ellipsoid in momentum
space. The transformation (8.24) is then geometrically interpreted as the affine
transformation between the spherical and ellipsoid Fermi surfaces. The inverse
transformation (8.25) reshapes the Fermi surface from spherical to the specific
non-isotropic ellipsoid shape corresponding to the particular effective velocities
v;. Hence, the ellipsoidal Fermi surface can be parametrized in spherical coor-
dinates by kr(0,¢) = w1 sin(0) cos(¢) + ug sin(f) sin(¢) + us cos(d), where the
vectors uy are the column vectors of the inverse transformation V!, written

Euv
uy = E — 7 (v, xv, 8.26
A " 2v1~(112><v3)(‘x ) ( )

It should be noted that the parametrization of the Fermi surface is unique
only if the inverse V! is symmetric and positive definite. The Fermi surface
with its parametrization vectors is visualized in figure 8.1, where the effect of
anisotropy on the Fermi surface is exemplified. If the effective velocities are
linearly dependent, the determinant of the transformation becomes zero. In
this case the Fermi surface will be unbounded, leaving both the momentum
transformation and the linearization of the Hamiltonian kernel (8.8) ill defined.

In terms of the parametrization vectors (8.26) of the Fermi surface, the
inverse momentum transform k = V" !k is readily expressed

o o Epv )
kj = E)\:U)\jlﬂ?)\ = ’%;\ m(vﬂ X /Ul,)jl“f/)\. (827)

Furthermore, by definition of the momentum transform (8.24) and its inverse
(8.25), the effective velocities v; and the parametrization vectors w satisfies

116



Euv
i = —_— v i = Oip- 8.28
%\ UniUAp MEM 301 (03 X 03) (v, X v,)pUA " (8.28)

If the effective velocity vectors v; are mutually orthogonal, the parametriza-
tion vectors u) will also be mutually orthogonal and define the vertices of the
ellipsoidal Fermi surface, as exemplified by figure 8.1.

Ul u2

Isotropic Fermi Surface

vz #0 V23 # 0

Figure 8.1: An exemplification of the effect of the nondiagonal elements of the effective velocity
vectors v;. In the central figure the spherical Fermi surface of a Dirac semimetal with an
isotropic energy dispersion around the Dirac point is portrayed, with v;; = vpd;;. The
parametrization vectors of the Fermi surface uw) are coloured in blue. On the left and right
respectively the corresponding Fermi surfaces with v13 # 0 and va3 # 0 are shown, being the
parameters of the third column of the transformation matrix comprised of the elements v;;.
Notice that the anisotropy only affects the third parametrization vector ws.

Reconsider then the introduced effective velocity sums (8.22). In relation to
the matrix of effective velocity elements (8.24), the effective velocity sums are
seen to be given by the inner products of the columns v; = (v1;, va;, vs;) as

VjiVj1 v; v
7 det V Ul~(02><03)‘

U, = (8.29)

where the determinant has been written in terms of the columns rather than
the rows of V. Hence, if the columns of the momentum transformation matrix
V are mutually orthogonal, the effective velocity sums are zero. In this case, the
inverse transformation matrix (8.25) is composed of an orthogonal matrix fol-
lowed by a diagonal matrix. The inverse transformation then rotates or mirrors
the spherical Fermi surface about the origin, followed by a compression along
the axes. It is then possible to find another set of parametrization vectors of
the ellipsoid Fermi surface which are orthogonal. Although not complete, the
geometrical analysis gives an inkling towards the relation between the effective
velocity sums and the anisotropy of the Fermi surface.

In conclusion, the transverse components of the conductivity tensor of the
two superposed Weyl nodes will be nonzero only if the ellipsoidal Fermi surface
cannot be parametrized by an orthogonal set of parametrization vectors. Hence,

the appearance of the symmetric anomalous Hall conductivity is tightly related
to the geometrical shape, and in particular the anisotropy, of the Fermi surface.
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8.2 Spin-Orbit Coupling Corrections

The rather simplistic calculation of the conductivity for two superposed Weyl
nodes of the previous subsection is solely based on the momentum transforma-
tion (8.10) relating the non-isotropic to the isotropic Weyl semimetals. Such
a transformation is possible seeing that there are three effective velocities and
three dimensions of reciprocal space. Consider instead the Dirac Hamiltonian
kernel (6.17) including spin-orbit coupling, given by

H(k) = 1yo,(hva-k)+1, (hws-k)+71, (hvy-k)+1y05 (A1 -k)+T 0y (As-k). (8.30)

Here, the two parameter vectors A,, = (A1, Az, Aps) relate to spin reversal
processes, and can be interpreted to originate as an interaction between the two
superposed Weyl nodes. The corresponding energy bands are given by

= S\/ h’Ul h’Ug k)2 + (h’vg . k)2 + (Al . k)2 + (AQ . k)2 (831)

Due to the spin reversal parameter vectors A, = (A1, Az, Ams), there is in
three dimensional space no longer a well defined transformation analogous to
the used momentum transform (8.10) relating the energy band structure to a
corresponding isotropic energy band structure.

Instead, the calculations can be simplified by assuming the spin-orbit cou-
pling interaction is weak, and the conductivity tensor calculated using per-
turbation theory. The conductivity tensor can then be written on the form
ou(w) = 0o,u(w) + do(w), where o, (w) is the conductivity disregarding the
spin-orbit coupling, calculated in the previous subsection. In order to simplify
notation, reconsider the current density autocorrelation function (8.4), which is
proportional to some integral on the form

3
() o / %Zyﬂ;s(m (8.32)

where the integrand .%;.; is dependent on the spin reversal parameters A,,,, and
implicitly on the crystal momentum k and the optical frequency w. Recall here
that the current density autocorrelation function (8.4) is even with respect to
its indices, satisfying I1;;(w) = IIj;(w). In consequence, expanding the integrand
of the autocorrelation function (8.32) in orders of the spin reversal parameters
Apmp, the first order term will leave zero. This can also be confirmed by noticing
that the energy band structure (8.31) is dependent only on squares of the spin
reversal parameters. Expanding the integrand to second order with respect to
the spin reversal parameters, the correction term compared to the case without
spin-orbit coupling (8.8) can be written on the form

d3k O Jin,s
STy (w) / B Z (ZZ GA. al Aol AmpAnq>, (8.33)

where the case with zero spin-orbit coupling is symbolically written as A = 0.
Notice here that the indices m,n € {1, 2}, whereas p, ¢ € {1, 2, 3}.
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8.2.1 The Intraband Spin-Orbit Coupling Correction

Consider then the general intraband autocorrelation function (8.5) for a Kramers
degenerate four-band system. From the previous discussion, the second order
spin-orbit coupling correction to the intraband term can be expressed

) 262 1 yllntra
H{lltra — - wis A A
) = i G (5 5 5t e
(8.34)

Here, the intraband integrand can be written in terms of the energy functions
es(k) of the system with spin-orbit interactions (8.31) as

I (A) = 0ies018s [O(p — €5 + hw) — O(p — €5)] (8.35)
in the zero temperature limit. With the derivative of a Heaviside function being
a corresponding delta function, the derivative of the intraband integrand with

respect to the spin reversal parameters is readily calculated

I D%e 0 0
B mp0Brg N 0, 61€5m [6(H—€S+ha})—6(u—gs)]
8281-55 a 3155 0 .
N <8AW,8AW N C%sm A O) [O(1—e2+hw) -0 (u—e?)]

where the energies neglecting spin-orbit coupling (8.9) are denoted by 2(k).
The derivatives of the energies (8.31) including spin-orbit coupling becomes

0%¢, )

aAmpaAnq A=0 - g0 kpkq

829, ) k k k, k (8.36)
_ U0iEs _ Fq  Eps  Fplgg 0
ONmpOA g 1 a=0 Omn <51p g0 + g0 iq g9 €9 Oics)

The second order spin-orbit coupling correction to the integrand of the intraband
autocorrelation function can readily be expressed

9 len;ra 09 _0 kpkq 0 0
78AmpaAnq = —0pm0ic 01, —Eg [5(u — &g+ hw) —o(p— as)]
A=0
kq k: k k
8.37
+ G [(51,, = P&lq)ale + e (Eg Sip + éalq) (8.37)
kq
0 0 0
—285 81855060] [@(M_Es'i‘hw)—@(/i_Es)]

The resulting expression is written only in terms of components of the crys-
tal momentum k, and the energy functions £2(k) in the absence of spin-orbit
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coupling (8.9), making it viable to use the inverse momentum transform (8.27)
which leaves the isotropic energy bands (k) = shx. Notice that under the
assumption p > 0, only the positive energy band s = +1 will give a contri-
bution due to the delta and Heaviside functions. Performing the momentum
transformation in the expression for the second order spin-orbit correction to
the intraband autocorrelation function (8.34) then leaves

2¢? AppA dk
6Hmtra mp=—mgq 2 —h hiw) — _h
() w—i—inpqm h3 detV (27T)3H ([6(;1 it ) = O (=)

K\ IQ]

|:Z {(&'pqu + u,\p&-q)hvﬂ + ﬁ’Uji (5lpu,\q + U)\pdlq)] e
Aj
5 Kj Kk K Kp
_ 2(h Jzk ’Ujivkl;?) AZP u/\pquh/{hIi]

— h&[0(p—hr+hw) — §(u—hk)] ( Zvﬁvkz**)z Ap“qu,ﬁZZ)

where u) are the parametrization vectors (8.26) of the ellipsoidal Fermi surface.
Notice here that the integrand is dependent on the transformed momentum
mostly through terms on the form «;/k = (&);, which are only dependent on
the direction of the momentum and not its magnitude. Converting to spherical
coordinates, the integral over the solid angle can be calculated separately. In
particular, the integration over four components of the unit vector becomes

[ a2 @), @u@aE; = 1

while the solid angle integral over two components (8.12) has been expressed
previously. Inserting the resulting Kronecker deltas leaves two types of contrac-
tions (8.28) between the effective velocities v; and the parametrization vectors
u). Using also the Heaviside and delta functions to calculate the integral over
the magnitude of the transformed crystal momentum, the second order spin-
orbit coupling correction to the intraband autocorrelation function becomes

(01075 + 020k + 0550k) (8.38)

T2 ) =

2¢2 Z AmpAmg R3w? + 3R%w? u + hwp?
w A in (2m)3h3 det V h3

<i5 [ (0ipdiq + digOp1) — (Zvﬂvﬂ) (ZUAPUA(I)]
A

+ % |:5ip5lq + 5iq5pl + ( E Uﬁ”ﬂ) (ZUApqu):|>
A

J
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Fusing the spin reversal parameters with the various terms using the sums over
momentum indices, the second order spin-orbit coupling correction to the intra-
band autocorrelation function can finally be written on the form

2

intr. €
STL™™(w) = g 971'2h3 [RPw® + 3h°w? + 3hwp®]
Z A'mzAml Z VjiUj1 Z Am ux 2 (839)
h?’ ’UQ X’l]3 h’Ul ’Ug X’l]3 Y h

Hence, in the direct current limit the correction to the intraband autocorrelation
function becomes SIIM*#(0) = 0, and so the second order spin-orbit coupling
correction to the intraband conductivity (8.14) can be calculated

e h2w? + 3hwp + 3u?
n— iw 972 h?

2
Z AnuA'rnl Z Vi Vj1 Z Am'u)\
hd 'UQX’Ug h’l)l ’UQX’Ug Y h
The spin-orbit coupling correction is thus seen to take a similar form as the

intraband conductivity tensor without spin-orbit coupling (8.14). Notice in
particular the dependence on the effective velocity sums (8.22).

00t () =

(8.40)

8.2.2 The Interband Spin-Orbit Coupling Correction

Consider next the interband term (8.7), whose integrand can be written

mter SEZ k
%2 (A) = [np(e+) _nF(g_)]%—HI‘LEu—)Hn'

The derivative with respect to the spin reversal parameters then becomes

(8.41)

82%1[“;‘” B { 0%,  Onp B 02%e_ 8np} sE?l(k:)
0N pOA L, Ao 0N 0Dy Oer  OAppOALg Oe_ || o268 + hw +in
L OEalk) | one(ed) —np(el) o, 2[nr(eh) — nr(e)]s=h (k)
OAppODng Ay 260+ Tw +1in  OAppOALg Ay (269 + hw +in)?

where again the energy functions e4(k) and €%(k) denote the doubly degener-
ate energy bands with (8.31) and without (8.9) spin-orbit coupling. Inserting
the zero temperature limit, the Fermi-Dirac distribution approach a Heaviside
function np(es) = O(n — e5). With the two energy bands e strictly positive
and strictly negative respectively, the difference of the Heaviside functions can
then be written ©(u—e%) —O(u—e2) = —0(e% — ) for p > 0. The derivatives
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then approach delta functions, which for g > 0 only gives a contribution for
s = +1. Furthermore, the derivative of the interband tensor (8.6) becomes

0?21 (k)

08,0 sy~ " O B

(8.42)
020, H 0%0|H
__O0HT | i o | ~2OUET
OAmpOAng Ao OAmpOLAng Ao
Notice here that |H (k)| = ¢4 (k) for the case at hand. Inserting then the
derivatives of the energy functions (8.36), the second order spin-orbit correction
to the interband current density autocorrelation function becomes

26 d3k: aZjllnter
inter ;s
o) = 25 [ 32(22%8% Bl
2¢2 s=Y — &%) kyk,
= - — A A zl +
k2 pq%: mpe—=mg dz [ 26()+hw+17] 53_

 25E5(k)O( — p) kpky | sO(EL — 1)
(260 + hw+in)2 &9 2+ hw +in

(61'17 5lq + 6iq6lp

ky |k ky |k ky k
— (0w + 20i0) 05, — S (G + 00 ) + 2a¢s°+alsgg§gg>]
+ + + + + &+

Seeing that the expression is dependent only on the energy function and com-
ponents of the momentum, it is viable to perform the inverse momentum trans-
formation (8.27), which leaves the energy bands isotropic with e5(k) = shix.
Inserting then the derivatives of the isotropic energy functions (8.11) and the
inverse momentum transformation (8.27), the second order spin-orbit correction
to the interband current density autocorrelation function is readily expressed

FAVIYAN Pk /@ N
mter _ mp=—mgq —*0 vp
Ot} Z Z det V / Z WpthogZa (K)o 7

1 1
| hrd(hk —
( 3P u)[Zﬁﬁ+ﬁw+in+2hn—hw—in]

— 2hKO (hk — pu) [(zm n hlw CinE T e = hlw - in)QD

&3k 1 1
+/ (2w)3®(h“_“)[2hm+m+m * 27m—m—m}
Rx Kp

((51[,51,1 -+ 51(15[[, +2 Z Fw]lhvml . m Z’LL)\pupqh ﬂ

jm

*Z{((spukq; +u,\p; 5zq)fwjl +Fwﬂ (5lp“>\qh JF“Aph 51(1)})]
)
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where v; and wy are the effective velocity vectors and the parametrization
vectors (8.26) of the ellipsoidal Fermi surface, respectively.

Recall that the isotropic interband tensor (8.16) is dependent only on the
magnitude of the transformed momentum, as =Y (k) = (&), and notice that
all terms of the correction are dependent only on the magnitude k or the direc-
tion k;/k = (K); of the transformed crystal momentum. Hence, converting to
spherical coordinates the integrals can be split into integrals over the magnitude
and the direction of the transformed crystal momentum separately. In the zero
scattering limit, the Sokhotski-Plemelj-Fox theorem [33] then gives the factors

) F(x) / F(z) ir d"F
| de =P ———F———do + — 8.43
70 (x — a0 Fin)ntL * (x — o)t T e (8.43)

T=T0

where P represents the Cauchy principal value of the integral. The Sokhotski-
Plemelj-Fox theorem is a generalization of the Sokhotski-Plemelj theorem (7.11),
and reduces to the latter for n = 0, giving for the first and third terms

1 1
lim ——— = —ismd(2 ho)+P——"-—— 8.44
nlg%)Qh/s—f—shw—i—isn ismd(26 + shuw) + 20k + shw ( )
Likewise, for the second term the Sokhotski-Plemelj-Fox theorem gives
1 1 o
+ ismd’ (2K + shw), (8.45)

li =P
a0 (2hk + shw + isn)? (2hk + shw)?

where ¢'(x) is the distributional derivative of the delta function. The expression
can also be derived by explicit differentiation of the Sokhotski-Plemelj theorem
(8.44). Thus, for the second term the magnitude integral

im [ de k3O (hk — LL) _ /d/{ K3O(hk — 1)
n—0 (2hik + shw + isn)? (2K — shw)?
ism [ hw 35 shw 3ism ( hw 2@ shw
“a(3) (T ) -G (F) o5 )

In both cases, the action of taking the Cauchy principal value avoids the sin-
gularities present at € = fiw/2 for the case s = —1. In the following, in order
to simplify notation the symbol P representing the Cauchy principal value is
rendered implicit. Notice also that the appearing delta and Heaviside functions
only gives a contribution for s = 4+1 under the assumption p > 0.

Hence, after converting to spherical coordinates and using the Sokhotski-

Plemelj-Fox theorem (8.43), the second order spin-orbit coupling correction to
the interband autocorrelation function becomes
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JANSNYAN Iix K
Hlnter — /mp—/mgq Q = vp
O™ (w) “2m) 3h2 Z Z det V Z“A”“”q / Q=5 (R) 7o

. 1 1
. 3 —_— ; p—
(/dn he26(hek M>[2hm+ + - +ind(2hk hw)}

_2/dn hm3@(ﬁﬁ—ﬂ)[(2hﬂim)2 + (2h/<;ihw)2}
i 3 i 2
(50005 ) 5 (5) o (5 - m)

Ki Km KX K
(47r(5lp51q+5w5lp +2Zvﬂvmlzmpupq / 4% fom Fx Kp
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K K

_ Z [(&-pu)\q + U)\p(siq)’l)jl + vy (5lpqu + U)\p(slq)] /dQI{JH)‘)
A

1 1
. 2 — TS (2hK —
/d/-i/f O(hx m[?hm—&—fw) + Y +imd(2hk hw)w

Notice here that the two delta function divergences cancel exactly. For the third
integral, the solid angle integrals over two (8.12) and four (8.38) components of
the unit vector can be inserted directly. From the expression of the interband
tensor (8.16) with zero spin-orbit coupling, the remaining solid angle integral

0, kAR 167k 4h?
/dQ :3(:;)?*;” =15 Irp Z Vi — T (v,\ivpg + v,,iv,\l). (8.46)
J

The three integrals over the magnitude s however are divergent, being an arte-
fact of the linearization of the energy band structure around the Dirac point in
the continuum limit. Introducing then the momentum cutoff k. = hw./2, all
integrals are readily calculated and the correction term expressed

(i 5 (5) (5 )

2h%w? B 2h%w? 4R — A2
hPw? — hPw?2  h2w? — 42 e TS

2e? Ay A
5H1nter - _ mp=mgq
(@) (27 3#2; h3 det V
h2 2 h2w2
— h2w?

—75T {4( ZJ: Uji'Ujl) ( Z Ukpu/\q) (0ipdig + 5“1551’)]

1(.5 o, |P2w? — h2w?
+ é (h wIn ’4#2 202

4—7; {2( Z Uji'Ujl) (Z u,\pu/\q) + 7(0ipliq + 5iq5lp)H
J )

[3712 2ln

hw
+ hPw? — 4p® + iﬂh2w2®(7 - ,u)>
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Inserting here the determinant detV = wv; - (v2 X v3), in order to compactify
the expressions it is viable to introduce the spin reversal parameter sums

AmzAml
Q; 4
L Z h3 ’U2 X ’03) (8 7)

analogous to the effective velocity sums (8.22) defined previously. Furthermore,
the expressions for the corrections are seen to be dependent on a sum indepen-
dent on the conductivity tensor indices, hereby named the warping sum

% m 2 1 A7Yl ° ('Uu X 'Uu) 2 8 48

Z( ) _2Z(hv1-(v2xv3))' ( )

muv
where the latter equality can be derived from inserting the expression for the
parametrization vectors (8.26). Because the parametrization vectors uy by as-
sumption span reciprocal space, the warping sum will be nonzero as long as any
of the spin reversal parameters A,,, are nonzero.
Gathering similar terms, the spin-orbit coupling correction to the interband

autocorrelation function is written in terms of the warping sum X, the effective
velocity sums U;; and the spin reversal parameter sums 9;; as

2
inter _ € _ o 2 2 [l _
T ) = — s [ 2 @( )220, — 494
5(. 2 9 h2w§ — hPw? 2 2 2
_ g (h w*1n m +h W, — 4,U, |:2.}:Q]zl - 4Dzl:|
4pt 1 htw(h2w? —4pu?)
+ <4u2— n2w? 4 (RPw? —h2w?2)(RPw? —4p2) [4:{%” B QQll}

The second order spin-orbit correction to the interband conductivity tensor can
then be calculated as §oi*" (w) = (SI1I*T (w) — SIIH*T(0)) /iw, which gives

2

inter — 2 @ _ o .
Redolf (w) = 20 (%5 — ) [200 - 224
2 2 2 2
inter — ew h W 4M
Im §oj*" (w) = o <ln R [2Qil - }:mil} (8.49)
L2 hPw?
" g g [ 235‘”1‘!])

Compared to the interband conductivity tensor (8.21) in the absence of spin-
orbit coupling, the second order spin-orbit coupling correction is seen to renor-
malize the effective velocity sums (8.22). Furthermore, the imaginary part of
the correction introduces a new dependency of the conductivity tensor on the
optical frequency w, dependent on the cutoff frequency we.
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8.2.3 The Total Conductivity Tensor

Combining the intraband conductivity tensor a(i)l?flr 2(w) neglecting spin-orbit cou-

pling (8.14) with the corresponding spin-orbit coupling correction (8.34), the
intraband conductivity tensor to second order in spin-orbit coupling becomes

e?  h2w? + 3hwp + 3u
7 — iw 9m2h?

ol (w) =

{(1 - 36) Vi + 29“} (8.50)
Likewise, the real and imaginary parts of the interband conductivity tensor
neglecting spin-orbit coupling (8.21) can be combined with the corresponding
correction (8.49) to give the interband conductivity tensor to second order

2

Re ol1*" (w) = ﬂ@(@ - ,u) [(1 - X> Uy + QQz‘l]

127 2
inter 62w h2 2_4/12
Im o}]*" (w) = 197 [ln 2% 1202 {(1 - %) T + 292’1} (8.51)
2 h2w?

TSR - h2w? [Qil a 2}:%”]

Hence, to second order in the spin reversal parameters both the interband and
intraband conductivity tensors become dependent on the effective velocity sums
(8.22), the warping sum (8.48) and the spin reversal parameter sums (8.47)
through a term (1 — X)U;; + 29Q;,. The warping sum X is interpreted as an
effect of the change in shape of the Fermi surface due to the spin-orbit coupling
interaction compared to the case with zero spin-orbit coupling. The spin reversal
parameter sums however does not allow for a simple geometrical interpretation,
but are seen to give rise to transverse components of the conductivity tensor as
long as the components A,,,; and A,,,; are nonzero for some indices m and i # [.

The calculation for the conductivity tensor corresponding to the Dirac Hamil-
tonian kernel has thus been reduced to calculating the effective velocity sums
(8.22), the spin-orbit coupling sums (8.47) and the warping sum (8.48), deter-
mined by the effective velocities v; and the spin reversal parameters A,,. In
particular, the ellipsoidal Fermi surface does not allow for a parametrization
where the parametrization vectors are orthogonal, or several components of the
spin reversal parameters are nonzero simultaneously, the conductivity tensor
will contain finite nondiagonal elements corresponding to a symmetric anoma-
lous Hall conductivity. However, all the intrinsic terms which are not dependent
on a nonzero scattering are dependent on a nonzero optical frequency w to be
finite. Hence, a Dirac semimetal will in general inhibit a symmetric anomalous
Hall effect for nonzero optical frequencies, even if the Berry curvature of the
material is zero due to the imposed P7T-symmetry of the system.
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8.3 Dirac Fermions in an Antiferromagnetic Semimetal

An important example of a recently investigated Dirac semimetal is the ma-
terial CuMnAs, formed by various atomic compositions of copper, manganese
and arsenic in different crystal structures dependent on the stochiometry of
the composition. Below the Néel temperature of the specific structure [36] the
manganese atoms of the primitive unit cell are antiferromagnetically ordered,
making CuMnAs an example of an antiferromagnetic Dirac semimetal. The fol-
lowing section displays the crystal structure of CuMnAs, and briefly recites the
construction of an effective four-band model based on symmetry arguments as
performed by Tang et al. [11]. The resulting effective Dirac Hamiltonian kernel
is then combined with the general conductivity formulae for a Dirac semimetal
derived in the previous section in order to exemplify the results and predict the
electronic transport properties of an experimentally realizable material.

8.3.1 Symmetry Considerations of CuMnAs

The crystal structure of the compound CuMnAs is sensitive to the exact relative
composition of the copper, manganese and arsenic atoms, with three different
structural phases reported [36]. Stochiometric CuMnAs crystallizes in an or-
thorhombic structure with four formula units in the primitive unit cell. If in-
stead the compound is manganese deficient compared to the stochiometric case
the crystal lattice arranges in a tetragonal structure with two formula units
in the unit cell. For both structures the manganese atoms are antiferromag-
netically ordered and the crystal lattice invariant under the P7 -symmetry, as
shown in figure 8.2. The energy band structures of both the tetragonal and the
orthorhombic phases of CuMnAs are able to harbour Dirac points close to the
Fermi level, and are hence classified as antiferromagnetic Dirac semimetals [37].
In the following, the analysis will only consider the stochiometric orthorhombic
phase, as studied by Tang et al. [11]. An analysis of the tetragonal phase is
investigated by Smejkal et al. [38] and briefly recited in the next subsection.

As portrayed by figure 8.2 the orthorhombic CuMnAs crystal structure con-
tains four manganese atoms labelled Mnl to Mn4. In the ground state of the
crystalline system, the localized magnetic moments of the manganese atoms
point in the positive z-direction for Mnl and Mn2, and in the negative z-
direction for Mn3 and Mn4. Counting the spin degree of freedom, the tight-
binding approach represented in chapter 4 will correspond to the construction of
eight Bloch sums (4.8) denoted by |xac(k)), where k is the crystal momentum,
« the site index of the manganese atoms and ¢ the physical spin index of the
electron; the symbol o attains another meaning in the following.

From the analysis performed by Tang et al. [11], the orthorhombic CuMnAs
crystal lattice is invariant under the screw-axis symmetry Ss., being a rotation
of 7 radians about the z-axis followed by a translation T}, with the translation
vector p = (%, 0, %) given in lattice units. Hence, performing the operation twice
leaves S5, = —Ts, where 2 = (0,0, 1) is the lattice unit vector in the z-direction
and the negative sign originates in the full rotation of the localized magnetic
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moments. Furthermore, from its definition in real space the S5, symmetry acts
on the crystal momentum of reciprocal space as So. : k — (—kz, —ky, k).

CuMnAs
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Figure 8.2: The primitive unit cells of tetragonal and orthorhombic CuMnAs, with lattice
parameters given by a = b = 0.3800nm and ¢ = 0.6318 nm for the tetragonal and a =
0.6586nm, b = 0.3867nm and ¢ = 0.7320nm for the orthorhombic phase, with the two
phases having two and four structural formulae per unit cell respectively. The manganese
nuclei are antiferromagnetically ordered, with spin directions given by the arrows. The figure
also displays the PT-symmetry of the two crystal structures, and the Sa.-symmetry for the
orthorhombic phase. The figures are based on the lattice parameters provided by Miindelein
and Schuster [39], and inspired by Uhlifov4 et al. [36] and Smejkal et al. [38].

The Bloch eigenstates of the Hamiltonian operator of orthorhombic CuMnAs
can thus be chosen as simultaneous eigenstates with Ss,, which can also be
constructed from the Bloch sums |xq¢(k)). Consider then the action of the S,
symmetry on the Bloch sums. Seeing that the Bloch sums satisfies the Bloch
theorem (B16) and noticing from figure 8.2 that the manganese atoms are moved
to different unit cells under the screw-axis symmetry So,, then

S22 [x14(k)) = cie e e |X2§( vs —ky, k2))
S xas (K)) = sie™ e oy (—hy, iy ) .
Sa2z [x3¢(k)) = cie |X4<( —ky, k)

(k) =<t

|X3c( K, kuvk )>

where the sign ¢ = +1 again originates in the rotation of the spin degree of
freedom. In consequence, eigenstates of the S, operator can be constructed as

522 ‘X4§ k

|4 (K)) = as [xas (k) + e e™/2 oy (<ko, —ky, ko)) |
+ by [€7% [xa1 (k) + [xar (—ka, —ky, k2)) ]

|- (K)) = a—[|x14 (k) — e "™/ |xor (—ky, —ky, k2)) |
+b [ — e 2 xar (k) + [xar (—ka, —ky, k2)) ]

(8.53)

satisfying the eigenvalue equations Sy, |®i(k)) = +ie”™*:/2|®.(k)). Notice
that these are then eigenstates of S3, = —T; satisfying the eigenvalue equation
S2|®4(k)) = —eik= |®,(k)), being a consequence of the Bloch theorem (B16).
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Furthermore, the crystal lattice is invariant under the P7T-symmetry, mak-
ing all energy bands Kramers degenerate. From figure 8.2, the manganese atoms
Mn1l and Mn3 are seen to be partners under space inversion, and so their cor-
responding Bloch sums satisfies P |x1c(k)) = |x3.(—k)). Likewise, the Bloch
sums of the lattice sites Mn2 and Mn4 are related by P |xac(k)) = |[xac(—k)).
In conclusion, with the time reversal operator T reversing the direction of the
spin, the PT-operator acts on the eigenstates (8.53) of the Sy, operator as

PT @4 (k) = afe ™ /2 [e™=/2 |x3_(k)) + ™ |xa—(—ko, —ky, k) |
+ 05 e M2 |xa- (k) + e*/2 [xoo (—ky, ky,kz»]
PTI|0_(k)) = a” e /2 [e%/2 |x5_(k)) — ™ |xa—(—ks, —ky, k2)) ]
+ 0 e R 2 g (K)) — /2 [xo (—ky, —ky, k) |

From Kramers theorem, demonstrated in appendix C, the states PT |®L) are
distinct from the eigenstates |®) of the Ss, operator. Furthermore, from the
definition of the S5, screw-axis symmetry, the P7T and S;, operators do not
commute but satisfies the relation So.(PT) = T55(PT)S2.. Using then the
eigenvalue equation Sy, |®4(k)) = +ie /2|, (k)), the states PT |®+(k))
are also eigenstates of the operator Ss,, satisfying the eigenvalue equation

(8.54)

Soo(PT |®4)) = Fie HFee *=/2PT |d,) (8.55)

which is readily confirmed by directly applying the S5, operator.

Recall then that the screw-axis symmetry acts on the crystal momentum
as S, : k = (—kz,—ky, k;). Hence, there are four high symmetry lines in
the Brillouin zone invariant under the operation Ss,, given in lattice units by
kg, ky, € {0,7}. Notice then that in the planes defined by k, = 0 and k, = m,
the PT-partners of the eigenstates (8.53) of the S, operator satisfies

So (PT|®L(0,ky, k) = Fie *=/2PT |®5(0, ky, k=)

. (8.56)
So.(PT | @4 (7, ky, kz)) = +ie *=/2PT @4 (7, ky, k)

and are thus eigenstates of the S5, operator with eigenvalues opposite of and
equal to |®4(k)), respectively. As argued by Tang et al. [11], the assignment
of equal eigenvalues to PT-partners will in general lead any band crossing to
be stable. Hence, for orthorhombic CuMnAs any band crossing in the plane
k. = 0 will be unstable, while band crossings in the plane k, = 7 will be stable
to perturbations. These band crossings are furthermore expected to take place
along the high symmetry lines where also k, = 0 or k, = 7, being the regions
of the Brillouin zone invariant under the S;, symmetry.

Finally, notice that the four states |®4(k)) and PT |®4(k)) are Bloch states,
being linear combinations of Bloch sums (4.8). The eigenstates of the Hamilto-
nian operator can then be written as linear combinations of these four states.
The S5, symmetry thus groups the original eight Bloch sums x.c(k) into pairs,
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effectively reducing the dimensionality of the Hamiltonian kernel to (4 x 4).
The states |®) and |®_) are here interpreted as orbital states corresponding
to a pseudospin basis denoted 7, while the PT-partners |®,) and PT |P;)
correspond to a spin-related antiferromagnetic basis denoted by o.

In particular, in the plane k, = 7 the S5, symmetry can be represented by
Sy, = ie~™F=/2r, with its eigenvalues along the diagonal. Furthermore, seeing
that (PT)? = —1 from the antiunitarity of the time reversal operator, the
PT symmetry can likewise be represented by P7T = io, K. The representation
of the PT operator here mathematically corresponds to the representation of
the parity operator P = =7y investigated in chapter 4. Here however, the
P and T operators does not have a definite representation in the orbital and
antiferromagnetic bases, in that the basis states |®,) and PT |®4(k)) unlike the
original Bloch sums X, (k) are not related by the P or T operations separately.

Hence, along the high symmetry line of the Brillouin zone defined by k, = 7
and k, = 0, the Hamiltonian kernel of CuMnAs takes the same form as the
general Hamiltonian kernel (6.13) investigated in section 8.1, where the PT-
symmetry has been enforced. Imposing the S, symmetry then leaves

So. H(K)Sy! =ho(—ky, —ky, k.) — 7,0 - h(—ky, —ky, k)
+ Tzh4(_kza _kyv kz) — Tmh5(_kr7 _kyv kz) = H(k)v

Hence, invariance under S,. imposes the condition hj;(k) = hj(—kg, —ky, k)
for j € {0,4} and hj(k) = —h;(—ks, —ky, k.) for j € {1,2,3,5}. Thus, at the
line itself where k, = 7 and k, = 0, the only remaining terms are ho(m,0, k)
and hy(m,0,k,). Hence, with only the parameter hy(7,0,k,) remaining with
k. arbitrary, there will in general be some point where the energy bands (8.31)
touch at a fourfold degenerate point. Shifting the origin to and expanding the
parameters linearly around this point then leaves the Hamiltonian kernel

Ho(k) = (hvllkm + h’Uley)’Tx + h’l)33kz7'z + (h’l]glkx + h’l]ngy)TyO'z

8.57
+(A11kx + Algky)TyO'x + (Aglkx + Aggky)TyO'y, ( )

being on the same form as the general Dirac Hamiltonian kernel (8.8) with the
effective velocities v1 = (v11,v12,0), v2 = (v21, v22,0) and vs = (0,0, vs33), and
the spin reversal parameters A; = (A11,A12,0) and Ay = (Agy, Ags,0). In
conclusion, the S5, symmetry allows for the presence of Dirac points in the
energy band structure of orthorhombic CuMnAs.

Along the other high symmetry lines where the Dirac points are not protected
by the Sy, symmetry, the Dirac points will vanish upon the introduction of spin-
orbit coupling [11], rendering the derived Hamiltonian kernel (8.57) invalid. In
general, a more rigorous and careful investigation of the crystal symmetries is
needed in order to confirm the emergence of Dirac points when more than three
terms of the Dirac Hamiltonian kernel (8.30) are nonzero.
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8.3.2 Discussion on Reorientation of Magnetic Moments

Consider the tetragonal phase of CuMnAs as portrayed in figure 8.2 and an-
alyzed by Smejkal et al. [38]. Unlike the orthorhombic phase, the tetragonal
crystal lattice contains only two manganese atoms in the unit cell, and so an
effective four-band model can in the tightbinding approach be derived directly
from the Bloch sums (4.8) corresponding to the manganese atoms. In this case,
the pseudospin degree of freedom 7 corresponds directly to the states |xq+) and
|Xb+) of the two sublattices, while the spin related degree of freedom o is exactly
the physical spin degree of freedom, corresponding to |xq+) and |x4—). The full
tightbinding Hamiltonian kernel of tetragonal CuMnAs is given by [3§]

k k
Ht(k) = —tg (COS kx COSs ky) - Qtl Cos ?7: Cos ?y (858)

+ A7, (oysink, —ozsink,) + 7. J,0 - n.

where t; and to describe intersublattice and intrasublattice tunnelling rates
and A denotes the strength of the intrasublattice spin-orbit coupling strength
respectively, and the final term gives explicitly the antiferromagnetic exchange
coupling (6.27) with a coupling strength J,, in terms of the Néel vector n. The
representation of the Hamiltonian kernel corresponds to the parity operator
P = 1., seeing from figure 8.2 that space inversion exchanges the two sublattices.
In the analysis performed by Smejkal et al. [38], and similar to the discussion
of section 6.3, the tetragonal phase of CuMnAs (8.58) harbours two Dirac points
along the edge of the Brillouin zone when the Néel vector lies either in the = or in
the y directions. Hence, the existence of Dirac points at different regions of the
Brillouin zone can be controlled through a reorientation of the Néel vector. Such
a reorientation can be performed by applying a current through the material,
effectuated by the appearance of a spin-orbit torque. The change in the direction
of the magnetic moments on the two sublattices is perpendicular to the direction
of the applied current and the direction of the magnetic moments themselves.
For the orthorhombic phase of CuMnAs however, the primitive unit cell
contains four localized magnetic moments, and so a single Néel vector is not in
general defined. Recall then the eigenstates 8.53 of the S5, operator, where the
manganese atoms with the same direction of the localized magnetic moments
are paired by the S5, symmetry. Due to this pairing, a Néel vector for the
orthorhombic phase of CuMnAs can be defined similarly to the tetragonal phase,
as the difference between the magnetic moments of the two pairs. Here however,
the exchange coupling (6.27) does not allow for a simple representation as for
the Hamiltonian kernel of tetragonal CuMnAs (8.58), due to the particular
construction of the 7 and ¢ bases. Instead, the volatility of the Dirac points from
the reorientation of the Néel vector can be discussed from symmetry arguments.
In the analysis performed by Tang et al. [11] on which the derivation of
the orthorhombic CuMnAs Hamiltonian kernel (8.57) is based, the entire space
group of orthorhombic CuMnAs is considered, which besides the space inversion
symmetry P and the screw-axis rotation symmetry Sy, is generated also by the
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unconsidered gliding mirror reflection R,,, composed of a reflection in the y-plane
followed by a translation of half a lattice unit in the y-direction; the invariance
under R, can be verified visually by figure 8.2. With zero spin-orbit coupling,
both of the symmetries are preserved. In this case, the analysis [11] reveals a
fourfold degenerate Dirac nodal line on the high symmetry plane defined by
ky = 0, which is invariant under the gliding mirror reflection R,.

When R, is broken and only the S, symmetry is preserved, the Dirac nodal
line becomes gapped except at four fourfold degenerate zero dimensional points.
Two of these points lie on the high symmetry line defined by k; = 7 and k, = 0,
and are from the preceding discussion protected by the S;, symmetry. The other
pair lies within the bulk of the Brillouin zone and are not symmetry protected
from perturbations. If the S», and R, symmetries are simultaneously broken,
the energy spectrum becomes fully gapped near the Fermi surface, and the
material transitions to a semiconducting phase [37].

For the case with spin-orbit coupling, the localized magnetic moments on
the manganese atoms enters into the Hamiltonian of the system. Seeing that
the point group symmetries affect the magnetic moments s through rotation
and reflection as Sy, : 8 = (=55, —Sy,5.) and Ry : 8§ = (—s4, Sy, —S.) respec-
tively, the preservation of the symmetries will depend on the orientation of the
magnetic moments. In particular, for the ground state of orthorhombic CuM-
nAs where the spins are aligned in the z-direction, the R, symmetry is broken
while the S5, symmetry is still preserved. In this case, the pair of Dirac points
lying at the high symmetry line will be preserved, while the pair lying within
the bulk of the Brillouin zone will obtain a gap [37]. If the spins are aligned
along any other axis however the S, symmetry will be broken, and the entire
energy band spectrum will be gapped near the Fermi surface.

In conclusion, the derived Hamiltonian kernel for orthorhombic CuMnAs
(8.57) is only valid when the localized magnetic moments and hence the Néel
vector are aligned in the z-direction. In this case, the effect of the exchange
coupling (6.27) is simply to move the location of the Dirac point along the
z-axis on the high symmetry line of S5, without affecting the shape of the
Hamiltonian kernel itself. If the localized magnetic moments are aligned in any
other direction, the effective Hamiltonian kernel will no longer be valid.

8.3.3 Orthorhombic CuMnAs Conductivity Predictions

Reconsider the derivations of section 8.1, where the intraband (8.14) and inter-
band (8.21) conductivity tensors was calculated for a general Dirac semimetal
neglecting spin-orbit coupling, followed by second order intraband (8.34) and
interband (8.49) spin-orbit coupling corrections. The conductivity formulae are
all dependent on a sum over the components of the effective velocities (8.22).
For the effective Hamiltonian kernel (8.57) of orthorhombic CuMnAs nearby the
Dirac point, the determinant of the momentum transform (8.10) takes the form

detV = V3 - (’Ul X ’1)2) = 033(1}111)22 — U12’021). (859)
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Hence, the condition det )V # 0 here translates to v11v99 # v12v21 and v3g # 0.
The corresponding effective velocity sums (8.22) can be calculated

2 2
B, — Vi + V5 iy — V1112 + V2122
1= 19 =
hvs3(U11U22 - U12021) 71033(11111122 - U12021)
2 2
2. — Vig + V3o Vo — V33 (8.60)
22 = 33 =
hwss(v11v22 — V12V21) h(vi1v22 — v12v21)
Y13 =V3 =0

Likewise, with Ay = (A11,A12,0) and As = (Agy, Agy,0) the corresponding
spin-orbit coupling sums (8.47) and the warping sum (8.48) readily becomes

A% + A3, A11A12 + Ag1Agy
Qu =3 Q2=
) 033(0111122 - U12021) I} 1)33(1)11?)22 - 71121)21)
A? A2
Qoo = o3 12 T B Qi3 =093 =033=0 (8.61)
) 033(11111122 - U12021)
x— (Al X ’1)1)2 + (Al X ’1}2)2 + (A2 X ’01)2 + (AQ X ’1)2)2

h?(v11v22 — v12021)?

where the cross products A, x v; = (0,0, A,,1vj0 — Apovjr) for j,m € {1,2}.

Hence, from the expressions of the effective velocity sums (8.60) and the spin-
orbit coupling sums (8.61), the conductivity tensor of orthorhombic CuMnAs
should satisfy o,,(w) = 0y,(w) = 0, while all other components gain nonzero
contributions. Thus, the material should in general feature a finite symmetric
Hall conductivity o4y (w) = oyz(w) for nonzero optical frequencies w.

The conductivity predictions are dependent on the preservation of the Ss,
symmetry of the orthorhombic CuMnAs lattice, the condition for which the
Hamiltonian kernel (8.57) is valid. When a current is passed through the mate-
rial, the localized magnetic moments on the manganese atoms may reorient in
a different direction due to spin-orbit coupling. Hence, if a current is applied
in the = or y-directions, the following reorientation of the localized magnetic
moments breaks the S, symmetry, and the Dirac point is removed from the
energy band spectrum. In conclusion, the supposed Hall effect in the xy-plane
will only be valid if the current is weak enough to not reorient the localized
magnetic moments of the manganese atoms. However, such a reorientation is
dependent on the presence of a spin-orbit torque, and would be outside the
regime of the linear Kubo formalism, on which the calculations are based.
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Chapter 9

Outlook

This final chapter briefly introduces the prospects of the future research fol-
lowing the results of the thesis. In particular, the chapter recites particular
derived formulae which allows for numerical calculations of the conductivity
tensor, and presents formulae which quantifies the optical phenomena related
to the conductivity of a material.

From knowledge of the conductivity of a material, it is possible to infer
optical effects caused by the interactions between electromagnetic waves and
matter. In particular, the change in polarization angle and ellipticity of a beam
of light being transmitted through or reflected off a material surface can be
predicted based directly on the conductivity formula, constituting the Faraday
and Kerr magneto-optical effects. Apart from being a useful method for probing
the electronic properties of matter, the Faraday effect is important historically
in being the first experimental verification of the connection between light and
electromagnetism, as observed by Michael Faraday in 1845.
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9.1 Numerical Conductivity Calculations

The main goal of the thesis has been to calculate and interpret analytical formu-
lae for the conductivity tensor of different crystalline systems. In this pursuit,
it is necessary to introduce specific assumptions and simplifications for the cal-
culations to be fruitful. In particular, the conductivity tensors obtained have all
been evaluated in the zero temperature limit, and in the limit of zero scattering.

In realistic materials as compared to the ideal crystal structures consid-
ered, scattering of electrons originate in impurities of the crystal lattice, being
irregularities in the otherwise regular lattice structure in the form of extrane-
ous elements or locally broken symmetries. A general approach to incorporate
scattering in solid state calculations is to exchange the non-interactive ideal
Matsubara Green functions G(iv,,) with impurity averaged Green functions [8],
which to lowest order corresponds to exchanging the phenomenological scatter-
ing rate n with a corresponding parameter dependent on the sign of the Matsub-
ara frequency as n, = 7 sgn(v,,). In this case however, the derived Matsubara
frequency summation rules (2.37) cannot be applied directly, and the calcula-
tion will usually proceed using an analytical continuation in complex frequency
space in order to calculate frequency summations. Hence, the calculation of
the Matsubara autocorrelation function (3.41) with a finite scattering is a much
more subtle task than the corresponding calculation in the zero scattering limit.

However, as demonstrated, parts of the conductivity tensor may originate in
other physical processes than scattering, and are hence important to the intrin-
sic physics of the particular crystalline system under investigation. Considering
the zero scattering limit, an important result of the thesis is to obtain gen-
eral conductivity formulae for two-band systems in chapter 7 and P7T -invariant
four-band systems in chapter 8, being dependent only on the Hamiltonian kernel
(4.11) of the system. Importantly, the derivation of the formulae involves per-
forming the Matsubara frequency summation of the Matsubara autocorrelation
function (3.41), leaving only an integral over the crystal momentum k.

Of particular importance are the conductivity calculations for a general P7T -
invariant four-band system, whose Hamiltonian kernel can be represented by

H(k) = ho(k) + Tyo - h(k) + . ha(k) + Tohs5(K), (9.1

where h = (hy, ho, hg). It should here be noted that the particular representa-
tion and interpretation of the 7 and o bases is nonessential; the importance lies
within the imposed P7T-symmetry, which leaves six terms in the Hamiltonian
kernel. The five latter terms are here combined to form the five dimensional
parameter vector H (k) = (h1(k), ha2(k), hs(k), ha(k), hs(k)), in terms of which
the Kramers degenerate energy bands of the system can be written

ca(k) = ho+ s\/ 13 + W3+ B3+ h3 + h2 = ho + |H. (9.2)

Here, s = +1 is a band index labelling each Kramers degenerate pair of energy
bands. The current density autocorrelation function (3.31) then split into one
term originating in transport within each Kramers degenerate pair of energy
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bands, and one term describing optical transitions between the pairs. For the
interband autocorrelation function, a novel quantity aptly named the interband
tensor was introduced, given by

Zu(k) =0,H - 0,H — 0;|H|0)|H|, (9.3)

In terms of the five dimensional parameter vector H, the energy bands £, and
the interband tensor Z;;, the intraband (8.5) and interband (7.9) current density
autocorrelation functions was found to be given by the integrals

2 d )
Hgltra(w) — 2%00 i in/(gﬂ’;dz 815;(1{:) O[E%(ki) [nF(ES)—nF(Es_hw)]

| o s . (9.4)
TIRter (o) — h2/(27r)d (np(es) —np(e2)] Y QSIH\T—MW

S

Under the assumptions of linear response theory as discussed in section 3.2, in
the zero scattering limit and neglecting the influence of other bands present
in the energy band spectrum, these formulae describe the electric transport
properties of an ensemble of non-interactive electrons exactly. For effective
models the integrals are most readily calculated in the continuum limit, where
the Brillouin zone for simplicity is extended to infinity. The corresponding
conductivity tensor is then given by the formula
I (w) — I (0)

oi(w) = o . (9.5)
The second term here originates in a diamagnetic contribution to the current
density operator (3.17), which in general cancels the possible divergencies of the
current density autocorrelation function.

The derived formulae for the current density autocorrelation function (9.4)
are temperature dependent through the Fermi-Dirac distributions ng(e). For
nonzero temperatures, the formulae can be calculated numerically to find the
temperature dependence of the conductivity tensor in the zero scattering limit.

Finally, the reader should be aware that in some literature the diamagnetic
contribution is excluded for a linear dispersion [9], in the belief that the electro-
magnetic vector potential couple to the crystal momentum k. In the semiclassi-
cal Kubo formalism of chapter 3 however, the minimal coupling principle affects
only the momentum operator p, and the appearance of a diamagnetic term can-
not be read from the Hamiltonian kernel (4.11) itself. On physical grounds, if
the electromagnetic vector potential does not vary in time, the electric field is
zero and no current is induced. This effect is accounted for by subtracting the
zero frequency component of the current density autocorrelation function [40].
It can also be argued that a diamagnetic term must exist in order to cancel the
gradient part of the conductivity tensor in the zero frequency limit, which is
necessary for the conductivity to be a gauge invariant quantity [41].
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9.2 Experimental Predictions of the Formulae

From the calculated conductivity tensor, it is possible to predict optical effects
exhibited by the interaction between the particular material and the electro-
magnetic field. In general, the interaction between electromagnetic waves and
matter is highly dependent on the electronic structure of the matter, thus mak-
ing it viable to probe the electronic properties of a material through studying
the interaction with light. The Faraday and Kerr effects in particular are ex-
amples of magneto-optical effects, in which the electromagnetic interaction is
especially affected by the magnetic state of the material. The setup for mea-
suring the Faraday and Kerr effects are shown in figure 9.1, where a linearly
polarized beam of light with initial frequency w is incident on some material.
For linearly polarized light the
projection of the electric field along Faraday Effect
the axis of propagation oscillates in g,
a straight line. In general however
the electric field component will over
time trace out an ellipse, known as
the polarization ellipse. The polar-
ization angle 6 gives the orientation
of the ellipse, whereas the ellipticity
€ gives the ratio between the major
and minor axes of the ellipse. If the
ellipticity is unity, the beam of light
is said to be circularly polarized.
When light is transmitted through Oxcf ¥
the bulk or reflected from the surface ex
of a material, both the polarization
angle and the ellipticity of the beam
may be affected by the material. If
the optical response is linear, meaning

132 () - Polarization
€ - Ellipticity

€ = tand

Kerr Effect

Figure 9.1: Diagrammatic representation of the
Faraday and Kerr effects. A perpendicularly
incident beam of linearly polarized light with

the reflected and transmitted beams
oscillate at the same frequency w as
the initial beam, the change in the
polarization angle and ellipticity is
known as the Faraday effect for the
transmitted beam and the Kerr effect
for the reflected beam. The experi-

polarization angle § = 0 is partially reflected
from and transmitted through some material
of thickness d. The electronic and magnetic
properties of the material affects the ellipticity
€ and the polarization angle of the reflected and
transmitted beams, comprising the Kerr and
Faraday effects, respectively. The figure also
shows the polarization ellipse traced out by the
oscillating electric field component E.

mental setup for measuring both ef-
fects is depicted in figure 9.1, which also portrays the polarization ellipse.

The change in the polarization angle comprising the Faraday effect is a result
of the material having different indices of refraction for right- and left-circularly
polarized light, denoted n.. Assuming the beam of light is incident perpendic-
ularly on the material surface along the z-axis, these indices of refraction can
be calculated from the components of the conductivity tensor as [10]
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i
ni =er =1+ %Ui (9.6)

where the optical conductivity for left and right circularly polarized light

1
oL = 3 Opa + Oyy £ i(aym — awy)} (9.7)

Whenever n, # n_, the right- and left-circularly polarized components of the
beam of light will move at different speeds, hence changing the ellipticity of the
beam cyclically with the transmission length through the material. This effect
is known as circular dichroism, and can be quantified by the parameter

Reo; —Reo_

Di=—""——
Reoy +Reo_

(9.8)
Consider then a material with thickness d, corresponding to the transmission
length through the material. Assuming the material comprise a thin film, the
Faraday angle corresponding to the change in the polarization angle upon trans-
mission through the material is then given by [10]

, wd
OF +iep = Q—C(m_ —n_) (9.9)

where c is the speed of light in a vacuum. The formula also gives the Faraday
ellipticity ep, which is connected to the absorption of light upon transmission.

The magneto-optical Kerr effect likewise observes the change in the polar-
ization angle if an incident linearly polarized beam of light. Unlike the Faraday
effect however, the Kerr effect can be measured for different geometries, de-
pendent on the direction of the magnetization of the material with respect on
the incident angle of the light beam. In particular, for the polar Kerr effect
the magnetization and the incident beam of light are both oriented normal to
the interface. For a magnetic bulk material, the polar Kerr rotation angle is
connected to the components of the conductivity tensor as [42]

. _me
O +ieg = . 9.10
oor/1+i(dm/w)o, (9-10)
Here, the conductivity o, depends on the symmetries of the crystal lattice [42].
For an orthorhombic system in particular, then o, = (044 + 04y)/2.
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Summary and Conclusion

The first part of the thesis investigated the quantum physical theories underpin-
ning the calculation of optical conductivity in the Kubo formalism, considering
perturbations to a crystalline system with low degree of disorder at equilib-
rium in the regime of linear response theory. Of particular importance was the
introduction of the Matsubara autocorrelation function, from which the conduc-
tivity tensor was obtained through an analytical continuation in the complex
frequency plane. The mathematical machinery devised was then used to derive
particular conductivity formulae for topological semimetals, whose emergence
and topological analysis was investigated in the second part of the thesis.

In particular, in the third part of the thesis a conductivity formula for a
Kramers degenerate four-band system was calculated in the low disorder regime.
From the obtained formula, an analytical expression for the conductivity tensor
of two superposed Weyl nodes was calculated in the zero temperature limit. The
resulting conductivity tensor witnessed the emergence of a symmetric Hall effect,
presumably caused by geometrical features of the anisotropy of the Fermi surface
nearby the Dirac point. Adding spin-orbit coupling as a perturbative interaction
to second order between the Weyl nodes manifested in a set of spin reversal
parameters, the conductivity tensor gained a renormalization term originating
in the warping of the Fermi surface due to the spin-orbit coupling, and another
source for a symmetric Hall conductivity dependent directly on the spin reversal
parameters. Furthermore, the intrinsic symmetric Hall effect discovered is only
apparent for a nonzero optical frequency of the applied electric field.

Applied to the antiferromagnetic semimetal CuMnAs, the calculated con-
ductivity tensor predicts a symmetric Hall effect in the plane perpendicular to
the localized magnetic moments in the ground state of the orthorhombic phase
of the material. The results are assumed to hold under the confinement of lin-
ear response theory, where the applied electric current is weak enough to not
break the symmetry protection of the Dirac points. The symmetric Hall effect
is assumed experimentally detectable through different magneto-optical effects
such as circular dichroism, on which further research must be conducted.

139



Appendices

140



Appendix A

Dynamical Pictures in
Quantum Mechanics

The theoretical framework of quantum mechanics allows for the mathematical
computation of physical observables O by assigning to each observable the cor-
responding operator 0. If a system is described by the quantum state |¢), the
expectation value of the physical observable O in that state can then be ex-
pressed as an inner product on the form (O) = (| O [4)). It is only expectation
values on this form that can be measured experimentally. For the expectation
value to be a real quantity, the operators of observables are then constrained to
be self-adjoint, or hermitian operators, satisfying ot = 0.

Many physical systems are dynamical systems, in that the physical observ-
ables (O) = (1| O [¢)) are time dependent. For dynamical systems, this depen-
dence on time translates to the states |¢)) and the operators O describing the
system. However, because only the expectation values themselves are observ-
able, there is no univocal way of distributing the time dependence between the
states and the operators; any apportions of time dependence leading to the same
expectation values are physically equivalent. Even so, some prescriptions turn
out to be more advantageous than others, depending on the system at hand.
This is the mathematical origin of dynamical pictures in quantum mechanics.

In this appendix, the most common dynamical pictures are presented, namely
the Schrodinger picture, the Heisenberg picture and the Dirac picture, the lat-
ter also known as the interaction picture. The formalism of this appendix is
adamant to the definitions of Green functions in chapter 2 and to linear response
theory in chapter 3. The investigation of these dynamical pictures additionally
derives fundamental results from the theory of quantum physics, and also in-
troduces the concept of time ordering which is used in the Matsubara method
of chapter 2.
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A.1 The Schrodinger and Heisenberg Pictures

From the epigraph of this appendix, there are in particular two dynamical pic-
tures which naturally follows. In the Schrodinger picture, all time dependence
is allotted the quantum state |g) = [1hg(t)), whereas operators Og carries
no implicit time dependence. On the contrary, in the Heisenberg picture the
time dependence of the system is fully encoded in the operators Oy = OH(t),
whereas the states |¢) themselves are time independent. The Schrédinger and
Heisenberg pictures are the main dynamical pictures of quantum mechanics
from which all other pictures will be intermediate.

A.1.1 Time Evolution and the Schrodinger Equation

Consider a quantum mechanical system initially prepared in the state |g(0))
at a time t = 0. In the Schrodinger picture, evolution of the system from the
initial state to a state [1)s(t)) at a time ¢ > 0 is then modelled using the evolution
operator U(t,t'), time translating the state as |1g(t)) = U(t,0)|1hs(0)). The
evolution of the system between any two times ¢ and ¢’ is readily given

[Ws(t)) = Ut 1) [s(t)), (A1)
where U(t,t’) = U(t,O)U(O,t’) defines the group property of the evolution
operator. From this definition, the evolution operator satisfies U(t,t) = I.

Furthermore, for the state vector normalization (¢s(t)|1s(t)) = 1 to be pre-
served for all times ¢, the evolution operator must be unitary, and hence satisfy
Ut(t,t') = U1(t, ') = U(t',t), the last equality following by definition.

By the assumption of physical continuity, the state |[¢)g(t)) is restricted to
be differentiable with respect to time. This restriction is transferred to the
evolution operator (A1), guaranteeing the existence of the limit

UG =1 _ = L

lim

t—t tI—t
By the property UT(t,t’) = ﬁ(t’,t), this limit is an anti-hermitian operator,
satisfying @7 (t) = —a(t). Thus, from its definition, the operator H (t) is likewise
a hermitian operator. Then by differentiation, the equation governing the time
evolution of quantum states (Al) is recast into the Schridinger equation

dps)
dt

The hermitian operator H is identified as the Hamiltonian operator of the Sys-
tem, being the quantum mechanical analogue of the classical Hamiltonian func-
tion. In the following of this subappendix, it will be assumed that the Hamilto-
nian operator is independent on time, such that the evolution operator becomes
homogeneous in time, satisfying U (t, ') = U(t—t'). Systems with a time depen-
dent Hamiltonian will be treated in the next subappendix on the Dirac picture,
where a time dependent perturbation is added to the system.

ih

H|ys) . (A2)
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Using the Schrodinger equation (A2), it is now viable to calculate an ex-
plicit form of the evolution operator in terms of the Hamiltonian operator H.
By inserting the expression for the time evolution of the state (A1) into the
Schrédinger equation, the equation of state for the evolution operator becomes

AU (t,t') .-
ih% = HU(t,t"). (A3)
Because the Hamiltonian is assumed to carry no explicit time dependence, the

equation of state for the evolution operator gives directly

Ut,t) =0t —t') = e HE=)/, (A4)

The Hamiltonian operator is thus seen to be the generator of time translations.

A.1.2 The Heisenberg Equation

Recall that the average of any observable <O> must be independent on the
dynamical picture, thus giving (g(t)| Og [¢s(t)) = (Wg| O (t) [¢r). From the
definition of the evolution operator (A1), the time independent states of the
Heisenberg picture are related to the states in the Schrodinger picture as

V) = UT(t,0) [ (1)) = [5(0)) . (A5)

whereas operators in the Heisenberg picture are related to the corresponding
time independent operators in the Schrédinger picture through

Ow(t) = Ut (t,0)05U(t,0) = Bt/ ge1Ht/A, (A6)

where the evolution operator is given in the Schrédinger picture (A16).

Recall now that operators in the Schrodinger picture does not carry any
implicit time dependence. By taking the derivative of the general Heisenberg
operator (A6), and using the expression for the general evolution operator of the
Schrodinger picture (A4), the time evolution of Heisenberg operators becomes
governed by the Heisenberg equation of motion

S = 0 (1,0) (; [,04] —|—(980;S>U(t,0) - %[H,OH} + Cff)ﬁ (A7)

Notice then that when the Hamiltonian H is independent on time, it commutes
with the evolution operator (A4), and hence leaves both the Hamiltonian and
the evolution operator independent on the dynamical picture used.

Finally, it should be noted that the unitary transformation between the
Schrédinger and Heisenberg pictures besides preserving observable averages,
also preserves eigenvalues; if A is an eigenvalue of Og with eigenstate |¢g(t)),
it is also an eigenvalue of O (t) with eigenstate |¢). This is evident from the
relation between the states (A5) and the operators (A6).
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A.2 The Dirac Picture

Consider now a system in which the Hamiltonian can be separated into a time
independent unperturbed part I;To, and a time dependent perturbation Vg(t),
giving the Schrédinger picture Hamiltonian Hg = Hy + Vg(t). Due to the time
dependent perturbation the full Hamiltonian will not be independent on the
dynamical picture used, elucidated by the subscript.

For such systems, it turns out advantageous to distribute time dependence
between both operators O; = Oy (t) and states |¢p;) = |11(t)). Specifically, the
evolution of the operators is governed by the unperturbed Hamiltonian, whereas
the rest of the time dependence is allotted the states. This particular distribu-
tion of time dependence characterises the Dirac picture, otherwise known as the
interaction picture whenever the perturbation Vs model interactions between
different parts of the system not included in the unperturbed Hamiltonian H,.

A.2.1 Modified Schrodinger and Heisenberg Equations

Operators in the Dirac picture are connected to the time independent operators
in the Schrodinger picture through the unperturbed part of the Hamiltonian,

OI(t) _ eiHOt/hOSe—iﬁot/h (A8)

whereas the quantum states evolves by a modified evolution operator

[01(0)) = Ur(t, ) [r (1)) - (A9)
The modified evolution operator U; (t,t') is connected to the evolution operator
of the Schrodinger picture defined through the equation of state (A3) as

Up(t,t') = e Hot/hi(t, ¢~ tHot /7, (A10)
Due to the explicit time dependence of the Hamiltonian operator H, the evolu-
tion operator U(t,#') is no longer given by the homogeneous evolution operator
(A4). Notice also that the second exponential here is unity for Uy (t,0).
Repurposing the derivation of the Schrodinger equation (A2), the time evo-
lution of states in the Dirac picture can through differentiation of its definition
(A9) be recast into a modified Schrédinger equation

YD) G20y o (A11)

where the evolution operator equation of state (A3) was used. Notice that the
operator Vi (t) appearing here is the perturbation term Vg(¢) in the Dirac picture
(A8). Likewise, the Heisenberg equation (A7) has the modified analogue

dor _ i{ﬁo,él} + <8OS>I. (A12)

ih

dt h ot
Recall here that the unperturbed part of the Hamiltonian Hy is independent on
the dynamical picture seeing that it commutes with itself.
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A.2.2 Dyson Series and the Time Ordering Operator

Inserting the modified evolution operator (A9) into the modified Schrodinger
equation (A11l) gives the modified equation of state of the Dirac picture

dU;(t,t)  ~ -
ih% = ViU (¢, ). (A13)
Integrating the equation (A3) from ¢’ to ¢, the equation of state for the modified
evolution operator is recast into an integral equation on the form

St

U[(t,t/) =1 - %/ dtl‘/[(tl)U](tht/). (A14)
t/

This integral equation can be iterated up to any order in the perturbation Vi(t)

to give an arbitrarily accurate expression for U 7(t,t'). At iteration n, inserting

U(tn,t') = I, the integral equation (A14) gives the approximated operator

R R n ik ot . t1 . th—1 R
Up(t,t) =1+ (f %) / dtlvf(tl)/ dtaVi(ts) - - / At Vi (ty)
k=1 v

to to

It must here be noted that the perturbation term in general does not commute
with itself evaluated at different times; [V[(tk),f/[(tl)] # 0. This leaves the
integration over the operators non-trivial.

Introduce then the time ordering operator T, which arranges operators ac-
cording to descending time arguments. In particular, for n time dependent
operators OAl-(t), their time ordered product is defined

T{Ol (ta)--- Ovz(tn)} = Z e(tm RS tpn,)cpopl (tpl) - Op, (tpn) (A15)

The sign factor (¥ = (£1)F, where P is the number of permutations needed to
achieve the specific ordering from the original expression; the upper and lower
signs corresponds to bosonic and fermionic operators, respectively.

Using the time ordering operator (A15), the iterated integral

/dtlf/,(tl)m/ kélthI(tk) = %/dt1---/dtkT{VI(tl)-~-f/,(tk)}.

to tO

The equality is made tenable by considering the boundaries of the integrals: on
the left, the integration domain is over a single of the k! congruent simplexes of
the k-dimensional hypercube, whereas the right expression integrates over the
entire hypercube itself, with all upper limits being t.

In this last expression, the time ordering operator can be put outside of the
integrals, leaving a product of k integrals on the same form. By letting n — oo
the evolution operator is readily expressed as the exponential operator
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k

01t 1) = Tki;o’fl'(_ ;_L/tt dﬂ?,(r)> - Texp(—;/t,t de/I(T)) (A16)

This expansion is known as the Dyson series for the evolution operator. Intro-

ducing also the anti-time-ordering operator T, arranging operators according
to ascending time arguments, the adjoint of the evolution operator (A16) is
likewise expressed as the anti-time-ordered exponential operator

01 (6, 4) = Oy (¢, 1) = Texp(é /ﬂt dﬂ?,(T)) (A17)

This derivation holds for any time dependent Hamiltonian. Hence, the Dyson
series (A16) can be viewed as a generalization of the evolution operator for a
time independent Hamiltonian (A4).

Comparing the modified Schrodinger (A11) and Heisenberg (A12) equations
to their original counterparts, a natural transition from the Dirac picture to
the Schrodinger and Heisenberg pictures follows. Recall that the Hamiltonian
of interest when applying the Dirac picture is comprised of a free Hamiltonian
and a perturbation term, denoted H; = 1= HO + VI In order to obtam the original
Schrodinger equation (AQ) and time independent operators, let Hy = 0. The
remaining operator V; = H then serves as the Hamiltonian for the Schrédinger
picture. Likewise for the Heisenberg picture, let V; = 0. The states then become
time independent, while the time evolution of operators becomes governed by
the Hamiltonian operator H=H, through the Heisenberg equation (AT).
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Appendix B

Crystal Structures and
Bloch Wavefunctions

In a vacuum, electrons are quantum mechanically described by plane waves
extended over the entirety of space. For an aggregate of matter however, being
a collection of neutrally charged atoms, the underlying atomic nuclei generate
a positive potential field effectively modulating the plane wave behaviour of the
electron. The form of the underlying potential is determined by the arrangement
of the positively charged atomic nuclei inside the material, and so electronic
properties of a material thus become highly dependent on atomic structure.

For many materials the atomic structure can be approximated by a perfectly
periodic lattice, and the crystalline system becomes translationally invariant for
a set of discrete translations. Considering then a single electron residing on the
underlying crystal lattice, it is possible on the assumption of discrete translation
invariance to gain insight into the general shape of the wavefunction of the
electron and the properties of the corresponding energy eigenvalue equation.

The purpose of this appendix is to introduce the mathematical description
of lattices and translations, and to use these mathematical tools for extracting
information about the single-electron states in periodic crystalline structures.
The appendix initiates with the description of the position representation of
quantum mechanics, which connects the following material to the discussion on
Hilbert spaces and quantum states of chapter 1. The chapter then introduces
the Bloch functions of the Brillouin zone resulting from discrete translation
invariance, giving the foundation for defining the berryological quantities of
crystalline systems in chapter 5. Eventually, it will be shown that individual
electrons residing on a crystal structure can be described by a linear combination
of atomic orbitals, being the theoretical basis for the tightbinding model of
chapter 4. The appendix at hand thus derives many important results from
solid state physics, providing the main background for several chapters.

The derivations, relations and nomenclature of the appendix is inspired by
the introductory book by Vanderbilt [24].

147



B.1 The Position and Momentum Operators

In chapter 1, the mathematical formalism underpinning quantum mechanics
was investigated, with general quantum states being described by Hilbert space
vectors |1)). These vectors can be expanded in any complete basis of the cor-
responding Hilbert space. In particular, for particles moving in configuration
space dependent on the spatial coordinate r, the Hilbert subspace corresponding
to the spatial degrees of freedom is spanned by the position states |r). These
vectors comprise an uncountably infinite and continuous basis set, orthonormal-
ized to satisfy (ri|rs) = §(r1 — r2) and satisfying the completeness relation

/ddr ) o] = T, (B1)

analogous to the discrete completeness relation (1.1) derived in section 1.1. The
position basis states |r) are the eigenstates of the position operator vector ,
defined through the eigenvalue equation # |r) = r |r).

The continuously related components of the state |¢)) expanded in the po-
sition basis are collectively known as the wavefunction corresponding to |¢),
denoted by ¥(r) = (r|¢). For systems where the only degrees of freedom are
spatial in nature, the wavefunction incorporates the same complete information
as the state vector. Describing quantum systems in terms of the wavefunc-
tion ¥ (r) rather than the state vector [i)) defines the position representation
of quantum mechanics, which is particularly convenient for describing spatial
distributions and symmetries in regards to particular quantum states.

From the Born rule, the state vector |¢) should be normalized to unity. Using
the completeness relation of the position basis (B1), this condition translates to

Wl = / |y (r)? = 1. (B2)

Hence, wavefunctions are in general square integrable, and thus an element of
the Lebesgue space of square integrable functions, being the only Hilbert space
among the Lebesgue spaces [15]. Using again the completeness relation, this
allows for the definition of the inner product between wavefunctions, defined by

(W liho) = / A 7 (F) (), (B3)

where the asterisk denotes complex conjugation. This property of the space of
wavefunctions is inherited from the original Hilbert space of quantum states.
Introduce the translation operator Ty acting on space by translating each
vector T by x, corresponding to a shift in the origin. Application of the transla-
tion operator on an element of the position basis gives Ty |r) = |r + ). From
this definition, translation operators evidently satisfies TmITmQ = Aw1+m2, and
so all translation operators commute; the group of all translation operators is
an abelian group. With & = 0 corresponding to the unity operator, the inverse
of translation operators is then naturally given by Tm_ 1 — 7',. Furthermore,
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from the definition of the adjoint operator (C4) and seeing that the inner prod-
uct (r1|re +x) = (r1 — x|ra), the adjoint of the translation operator satisfies
T :l = Tw =T - I In consequence, translation operators are unitary operators
and can be written on the form Tm = e~ ®P/h where h is Plancks constant and
—ip/h is the generator of translations with p being hermitian by construction.

Consider the application of the translation operator and the position opera-
tor on an element of the position eigenbasis, which satisfies T # |7) = 7 |r + @)
and 7T |r) = (r4x) |r + x). Subtracting these two relations, the commutation
relation between the position and translation operators becomes [#, 7] = . In
particular, assume « is an infinitesimal distance, such that the translation op-
erator can be written in terms of the generator p as T = 1 — iz - p/h+ O(x?).
The commutation relation between the elements 7; of the position operator and
p; of the generator of translations thus becomes

[Fi,D;] = ihdy;. (B4)

This is the canonical commutation relation of elementary quantum mechan-
ics. The quantum mechanical commutator corresponds to the classical Poisson
bracket of the observables represented by the quantum operators, from which
the generator of translations p can be interpreted as the momentum operator.

Similarly to the eigenstates of the position operator, the continuously con-
nected eigenstates of the momentum operator can be defined through the eigen-
value equation p |p) = p|p), orthonormalized with (p;|ps) = §(py — p;). The
inner product between any two quantum states can then be expanded

wwaaﬂ%w@mw> (B5)

where (p) = (ply) is the momentum wavefunction. Using the momentum
wavefunction ¢ (p) to describe the quantum state |¢)) constitute the momentum
representation of quantum mechanics, analogous to the position representation.

In the position representation, the translation operator acts on wavefunc-
tions as Tptp(r) = (r| Ty [¢) = (r — x). Hence, expanding the wavefunction
and momentum operators to linear order in the displacement x, the momentum
operator takes the form p = —iAV in the position representation of quantum
mechanics. The position representation wavefunction corresponding to the mo-
mentum operator eigenstate |p) can thus be chosen

Xp(r) = (rip) = Gz (13)

Hence, using the continuous completeness relation (B1) of the momentum eigen-
states |p), any wavefunction can be expressed on the form

d
v = [ G @er e (87)

The position and momentum representations of quantum mechanics are thus
mathematically related by a symmetric Fouriér transform.
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B.2 The Bloch Theorem and Energy Bands

In this section, the Bloch theorem is derived on the basis of discrete translation
invariance, being one of the main results of solid state physics. The Bloch
theorem puts restrictions on the possible quantum wavefunctions describing
particles in a periodic spatial potential, from which the section initiates.

B.2.1 Real and Reciprocal Lattice Structures

In solid state physics, a crystal is a structure of atoms in space built up in a
periodic lattice, hereafter termed the crystal lattice. The crystal lattice can be
separated into equal unit cells, the smallest of which are primitive unit cells
spanned by primitive lattice vectors a;. The crystal lattice is then spanned
by translating the primitive unit cell throughout a Bravais lattice, which for a
d-dimensional crystal is mathematically described by a set of lattice vectors

d
R, = R{Zl} = Zzlal, z1 € 7, (B8)
=1

where i = {z;} is the unique set of integer weights for each lattice vector. Finite
lattices are then described by limiting the range of the weights z;. For simplicity,
it is in the following assumed that the crystal lattice is of infinite extent.

The primitive unit cell may contain one
or more lattice points, and its total volume is
denoted by V. Apart from the volume and
number of lattice points, the choice of a prim-
itive unit cell is otherwise arbitrary. However,
there is only one choice that retains all sym-
metries of the entire lattice: the Wigner-Seitz
cell. The Wigner-Seitz cell is defined as the lo-
cus of points in space closer to a lattice point
than to all neighbouring lattice points. Its
construction is explained by figure B.1.

Denote by 7 the position vector in d-
dimensional space. Seeing that the crystal

@

Figure B.1: Construction of the
Wigner-Seitz cell of a Bravais lattice
with primitive lattice vectors a1 and
structure is infinite in extent and periodic, the a;. The red lines connecting lattice

lattice is homogeneous at the level of primi- points are bisected, and the enclosed

tive unit cells. In consequence, any local prop- 8tey area constitute the cell.

erty of the crystal described by a field f(r)
should be invariant under the symmetries of the crystal lattice. In particular,
any physically observable field defined on the lattice should be invariant under
discrete lattice translations, and so must satisfy f(r — R;) = f(r).

The Fouriér transform of such a field, chosen asymmetric, can be written

f(k) = /ddrf(r)e_““"' = Ze“"Ri /VC A% f(r)e= kT (B9)
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where k is a reciprocal vector in Fouriér space, usually named reciprocal space.
Here, the sum over lattice vectors R; is known as the lattice sum, and the final
integral is over the primitive unit cell within the volume V. Being a sum of
terms distributed along the complex unit circle, the lattice sum and hence the
Fouriér coefficient f (k) is zero except for reciprocal vectors k = G; satisfying

oGy Ri _ 1 or G; R, =2nz, z€Z. (B10)

This condition on the reciprocal vectors defines the reciprocal lattice of the
crystal, spanned by the reciprocal lattice vectors G; defined similarly to the
real space lattice vectors (B8). The reciprocal lattice is therefore itself a Bravais
lattice, whose primitive reciprocal lattice vectors b,, can be defined through

a;- b, =270, (B11)

in order to satisfy their defining condition (B10). Notice that the reciprocal
lattice is defined with respect to the underlying Bravais lattice of the crystal
lattice, and so will only have one reciprocal lattice point per unit cell.

The Wigner-Seitz cell of the reciprocal lattice is known as the First Brillouin
Zone, and has a volume given by (2m)?/V. Just as fields over real space r are
completely determined by their properties in the Wigner-Seitz cell, fields over
reciprocal space k are determined by their properties in the Brillouin zone. As
such, most properties of crystals need only be considered in the Wigner-Seitz
cell or the Brillouin zone in order to be determined completely.

All reciprocal vectors k are connected to a reciprocal vector k" in the Bril-
louin zone through some reciprocal lattice vector G; through k = k' + G;. In
consequence, the inverse Fouriér transform of a reciprocal field g(k) periodic
over the reciprocal lattice can be expressed in terms of a reciprocal lattice sum,

d d
g(,,,)/(;lﬂ’l; zlcr Z G TLZ d% zk-r' (Bl?)

This is nonzero only for » = R;, analogous to the Fouriér transform itself (B9).
From the Fouriér transform (B9) and its inverse (B12), mathematical re-
lations between the real and reciprocal lattices can be derived. In particular,
considering the inverse Fouriér transform of j(k) = e~ *®i and the Fouriér
transform of f(r) = etk r gives the two important orthogonality relations

ik-(Ri—Rj) _ 5 E( kk)Rt—i k—Fk). (Bl
VC/BZ (27r)”le i ¢ Ve o ) (B13)

Here, §;; is the Kronecker delta and §(k) the Dirac delta function.
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B.2.2 Bloch Functions and the Bloch Theorem

The atoms comprising the crystal lattice are composed of atomic nuclei and their
surrounding electrons. Because the electron mass m is very light compared to
the mass of the nuclei, the crystal lattice can be considered fixed with respect
to the electrons of the material. In consequence, most dynamical properties of
aggregates of matter are determined by their electronic structure.

Consider then a single electron moving in a potential U(r) generated by
the underlying atomic nuclei of the aggregate. Assuming the atomic nuclei are
arranged in a crystal lattice, the potential becomes lattice periodic, satisfying
U(r — R;) = U(r). Assuming the electron carries a non-relativistic momentum
p, the Hamiltonian operator describing the single electron can be written in
terms of the position operator # and the momentum operator p as

~2

h= ot U(#), (B14)

Here, the former term represents the kinetic energy of the electron, while the
latter describes the interaction between the electron and the crystal lattice.
In particular, in the position representation (B1l) the matrix elements of the
Hamiltonian becomes diagonal and takes the form

b= (rlblr) = 5 V? + U(r), (315)

with the momentum operator being represented by p = —ihV. The eigenfunc-
tions 9 (r) of the Hamiltonian in the position representation are the wavefunc-
tions corresponding to the eigenstates |1) of the Hamiltonian operator (B14),
and satisfies the eigenvalue equation h(r) = () where ¢ is the energy of the
electronic state described by the quantum state [¢).

Because of the potential term, the single-electron Hamiltonian (B14) does
not commute with the momentum operator p, and so electronic states with a de-
fined momentum cannot be constructed. However, due to the crystal structure
the Hamiltonian is invariant under discrete lattice translations, and hence satis-
fies the commutation [h, Tr,] = 0. Simultaneous eigenfunctions between the dis-
crete translation and Hamiltonian operators can then be constructed. Because
translation operators are unitary, their eigenvalues lie along the complex unit
circle. Hence, the eigenfunctions of the Hamiltonian operator can be chosen to
satisfy the discrete translation operator eigenvalue equation Tr, (1) = e ) (7).
The eigenvalue parameter x must respect the abelian group structure of the
translation operators. Denoting by x; the parameter corresponding to transla-
tion by the primitive lattice vector a;, then for any lattice vector (BS),

Tr(r) = ' 225y (r) = ek Riy(p),

Here, k is a linear combination of the primitive reciprocal lattice vectors (B11)

b, with weights ,,/2m, and is as such a vector residing in reciprocal space.
The eigenfunctions of the single-electron Hamiltonian operator (B14) can

thus be labelled by their eigenvalues from the lattice translation operator given
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implicitly through the reciprocal vectors k. This labelling is however not unique:
any two vectors connected by a reciprocal lattice vector as k' = k + G will
give the same eigenvalue, evident from the defining relation of the reciprocal
lattice (B10). In conclusion, all distinct eigenfunctions of the single-electron
Hamiltonian (B14) can be labelled by reciprocal vectors k lying in the Brillouin
zone of the reciprocal lattice of the crystal structure, and will satisfy

Vp(r — Ry) = e® B (r)  hr_g, (r) = Yr(r). (B16)

Define then the lattice periodic function ug(r) = e~ * T4y (), which from the
derived relations will be periodic with the underlying crystal lattice and satisfy

ug(r — R;) = ug(r) Up—g, (r) = €' M ug(r). (B17)

The eigenfunctions of the Hamiltonian thus takes the form of Bloch functions,

Vr(r) = e* T (r). (B18)

This is the Bloch theorem: In a periodic crystal structure, the electronic wave
function will be a plane wave modulated by a lattice periodic function. Here,
the vector k is not equivalent to the momentum of the electrons, but gives
rise to the crystal momentum hk. Unlike the physical momentum, the crystal
momentum is only conserved up to a reciprocal lattice vector G, which is an
effect of the discrete translation symmetry of the lattice.

Recall that the Bloch function (B18) are eigenfunctions of the single-electron
Hamiltonian (B15), now satisfying b = extg. Upon inserting the Bloch func-
tion (B18) into this eigenvalue equation, it is seen that the lattice periodic func-
tion ug(r) are eigenfunctions of the crystal momentum dependent Hamiltonian
h(k) = e™*The~"*T with the same energy eigenvalue ey, satisfying

2

b (k) s () = [;Lm( —iV+k) 4+ U(r)} Unte () = Entetinie (1) (B19)

For a particular value of k there is a countably infinite family of solutions g (7)
to this equation, each with a different eigenvalue €,,. This is the mathematical
origin of energy bands, with each solution in the family being labelled by the
discrete band index m. Each energy band e,k is continuous with respect to
the reciprocal vector k, and as the Bloch functions (B18) are periodic with the
reciprocal lattice the bands must be bounded both from above and from below.
From here on, the Bloch states (B18) are thus labelled by the band index

n and the crystal momentum k, as 1, (r). These are the quantum numbers
labelling the possible wavefunctions of a single electron residing in a crystal lat-
tice, corresponding to the eigenvalues of the single-electron Hamiltonian (B14)
and the discrete translation operator respectively. Additionally, if the crystal
lattice has a spin structure, the electronic spin will be added as a third quan-
tum number describing the possible states. The quantum spin is investigated in
appendix C, along with the prospect of Kramers degeneracy for energy bands.
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B.2.3 Bloch Function Inner Products

The Bloch wavefunctions are the position representation of the abstract Bloch
state vectors |¢,k), related by the projection ¥ (r) = (r|t,k). Likewise, the
lattice periodic function u,g(7) correspond to state vectors |u,k). Notice then
that the Bloch functions v,k () and the lattice periodic functions u,k(7) are
the eigenfunctions of different Hamiltonians b and h(k), and hence the state
vectors |1,k) and |ung) are elements of different Hilbert spaces. Furthermore,
because the Hamiltonian of the lattice periodic functions h(k) is dependent on
the crystal momentum k, the state vectors |u,g) are unlike Bloch state vectors
elements of different Hilbert spaces for each value of k. For a particular value
of k, the Hilbert spaces of Bloch and lattice periodic functions are related by
the exponential transform [¢,,) = €**" |u,1), where 7 is the position operator.
Due to the lattice periodic function wu,k(7), the Bloch functions (B18) evi-
dently describe electronic states extended over the entire crystal structure. In
consequence, the inner product between Bloch functions must be defined as an
integral over the entire lattice (B3). The lattice periodic functions however need
only to be described in a single primitive unit cell, with the inner product of
the Hilbert space corresponding to the crystal momentum k being defined by

(Unke|timi) = Vic /V A% u? (1)t (7). (B20)

Here, the subscript V¢ signifies integration over the primitive unit cell. Using
the second orthogonality relation of the crystal lattice (B13), the inner product
between Bloch states of different crystal momenta k and g, which unlike the lat-
tice periodic functions are part of the same Hilbert space, can then be expressed
in terms of an integral over their corresponding lattice periodic functions as

(Ynk|tmq) = /ddr Ui (1) (1) = (2m) %6 (k — @) (wnrelumie) . (B21)

where the subscripts k and q are set equal by virtue of the delta function.
Unlike the full Bloch functions, the lattice periodic functions need only be square
integrable over the primitive unit cell, and so can be made to comprise an
orthonormal set satisfying (ung|umr) = Onm for every choice of the crystal
momentum k. Hence, the Bloch functions of different quantum numbers n and
k can be chosen to be orthogonal over the entire crystal lattice.

Seeing that the Bloch functions (B18) and the lattice periodic functions are
related by a phase factor, a normalization condition is naturally defined

/ ddr|wnk(7')|2:/ A% une(r)? = 1. (B22)
Ve

Ve
Hence, the normalization condition of the Bloch functions is independent on
the definition of their inner product (B21). The normalization condition also
gives a physical explanation of the absolute square of the Bloch functions as
the electron density over the crystal lattice, which is lattice periodic and indeed
extends over all of space for an electron described by a single Bloch function.
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B.3 Localized Wannier Orbitals

Instead of describing the electrons as Bloch states extended over the entire
crystal structure, it is often more convenient to describe the electrons as bound
in localized molecular orbitals corresponding to individual primitive unit cells in
the crystal lattice. These electronic states are known as Wannier orbitals, and
can be mathematically described using the Bloch functions derived from the
discrete translation invariance of the lattice. The Wannier orbitals are more or
less localized around each unit cell, and constitute the theoretical background
for a rigorous derivation of the tightbinding model in chapter 4.

Upon imposing the normalization condition (B22) on the Bloch functions
Unk(r), the Wannier function of band n and lattice site R; is defined as an
integral over the Brillouin zone given by

d
wnilr) = Ve /BZ (;iw];d e~ B i (r). (B23)

The Wannier wavefunction denoted w,,;(r) describes a Wannier orbital localized
around lattice site R;. For Wannier states the quantum number n thus takes
on the role of labelling different electronic orbitals, as opposed to its role for
Bloch functions (B18) where n denotes the energy band index.

Using here the defining property of the Bloch functions (B16), it is clear
that the Wannier functions satisfies wy;(r — R;) = wy,i+;(r). In consequence,
it suffices to define only one Wannier function w,o = w, for each orbital type n.
The Wannier function at lattice site 7 is then a translated version of this orbital

Wi (1) = wp(r — Ry). (B24)

This description is possible because the lattice vectors R; are spanning a ho-
mogeneous Bravais lattice, meaning the surrounding lattice is identical at every
lattice site, leading to identical but translated electronic orbitals.

From the definition of the Wannier functions (B23) and the orthonormality
of the Bloch functions (B21), the Wannier functions are square integrable and
constitute an orthonormal set over the entire crystal lattice, satisfying

/ddr wni(r)wmj(r) = 6nm6ij7 (B25)

where the first orthogonality relation of the crystal lattice (B13) was used.
From the second orthogonality relation, the Bloch functions (B18) can then
be retrieved from the Wannier functions (B23) through the inverse transform

Vi (1) = Z e*Biyi(r) (B26)

Hence, the Bloch function of band index n can be interpreted as the collective
wavefunction of the Wannier functions of orbital index n translated to every
primitive unit cell of the crystal lattice. Notice that the sum is over the entire
lattice and satisfies the defining relation of the Bloch functions (B16).
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In this formulation of the Wannier orbitals it is assumed that the Bloch
functions are smooth and periodic over the entire Brillouin zone. This is however
only viable for isolated, non-degenerate energy bands that are separated from
all other energy bands. A degeneracy in the energy band structure will usually
translate to a singularity in the Bloch functions at the degeneracy point, which in
turn results in delocalization of the corresponding single-band Wannier function.
However, it is possible to construct multiband Wannier functions by a linear,
unitary combination of the Bloch functions from degenerate bands [24], thus
avoiding the inconvenience. This topic will not be covered further in the thesis.
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Appendix C

Time Reversal Symmetry

In theoretical physics, time reversal of a system is the operation of reversing
the direction of time, denoted by the operator

T:t— —t. (C1)

Classically, variables are either invariant or negated under the act of reversing
the direction of time: the position of a particle  is invariant upon time reversal,
whereas the linear momentum p is negated due to the reversal of velocity.

Many physical laws are invariant under time reversal, meaning the formulae
governing the dynamics of physical systems remain valid upon reversing the
direction of time. This property of physical laws is known as time reversal
symmetry, being the symmetry behind the conservation of energy. Arguments
based on time reversal symmetry are important to the description of many
physical systems, and is used in chapters 5 and 6 as a tool for discovering the
properties of topological materials.

In the following appendix, the consequences of time reversal symmetry is
investigated for quantum mechanical systems. Of special importance is the
proof of Kramers degeneracy, which states that fermionic systems invariant
under time reversal will be doubly degenerate. The appendix also introduces
the Pauli matrices, which appear in the two-level Hamiltonian matrix of chapter
5, the orbital basis of chapter 4 and in the Weyl representation of the Dirac
matrices in appendix D.

The appendix on time reversal symmetry is based on the textbook by Bernevig
[23] and the article on hidden antiunitary symmetry by Hou and Chen [43].
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C.1 Properties of Antiunitary Operators

Let a quantum mechanical system be described by the state vector |¢), whose
time reversed analogue is described by the reversed state vector T |¢) = |T ). If
the system is invariant under time reversal, the amplitude square should be con-
served, meaning |(T¢|T¥)| = [{(¢|1)]. According to the Wigner theorem, time
reversal T will then correspond to either a unitary or an antiunitary operator.

Consider then some physical process in which an initial state [¢) turns into
a final state |¢), where the amplitude of the process is calculated as the inner
product (¢[1). When the arrow of time is reversed, the final and initial states
will interchange, such that |74) becomes the final state and vice versa. In
consequence, the time reversal operator will satisfy

(ToITY) = (blo) = (dl¥)" . (C2)

The time reversal operator is therefore an antiunitary operator.

Being an antiunitary operator, the time reversal operator can always be
expressed T = UK, where K is the operator for complex conjugation. In this
way, the time reversal operator will be an antilinear operator, satisfying

T(ald) +0]9)) = a” [T) + 0" [T¢) . (C3)

Due to the complex conjugation, the definitions of the adjoint operators UT and
T are different for unitary and antiunitary operators, given respectively by

(Ugly) = (p|Uty) (Tolw) = (6| TTy)" (C4)

From the antiunitarity constraint of the time reversal operator (C2), the inverse
7! =TT, with the proper definition of the adjoint for antiunitary operators.
Consider then the square of the time reversal operator, which by its antiu-
nitarity (C2) satisfies <7’2¢’T2¢> = (¢|v). For this to hold for any two state
vectors, the square of the time reversal operator must satisfy 72 = £1.

C.2 Time Reversal in Spinful Systems

The components of the quantum mechanical spin-operator S = (S, Sy, S:) of
a general spinful system are generated by the commutation relation

[Si, Sj] = z’aiijk (05)
For the dynamics of spinful systems to be invariant under time reversal, the
time reversed spin-operator 7S7 T must also satisfy the commutation relation.
Due to the antilinearity (C3) of the time reversal operator however, using also
that 771 = I, applying the time reversal operator on the commutation rela-
tion above yields [’TSZ-TT,TSJ-TT] = —isijkTSk’TT. The original commutation
relation is regained if the spin operator is negated under time reversal, satisfying

TSTH =-8. (C6)
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As such, the direction of the spin is flipped under time reversal, consistent with
the spin being regarded as analogous to angular momentum. This can be taken
as a conventional constraint on the time reversal operator.

It is customary to choose the eigenstates of the S, operator as the basis state
vectors of the Hilbert space of spin states. In that case, the spin flip under time
reversal can be implemented by a rotation of 7 radians around an arbitrary axis
perpendicular to the z-axis. The prevalent convention is to choose a rotation
around the y-axis, fixing the time reversal operator for spinful systems as

T = e/ (C7)

where S, being the y-component of the spin is the generator of rotations around
the y-axis. For a standard spin representation, the S, component is purely
imaginary, such that the square 72 = ¢2™*9/"_In consequence, the time reversal
parity 72 = 1 corresponds to particles of integer spin, or bosons, while 72 = —1
corresponds to particles of half-integer spin, or fermions.

For a Spin—% system in particular, the Hilbert space of quantum states is
two dimensional. In the matrix representation of quantum mechanics, the spin
operator can be represented using the Pauli matrices as S = ho /2, with

0 1 0 —i 1 0
et ] IRt Y B (O B
The Pauli matrices are all unitary and hermitian, satisfying ~! = o' = o. In

addition to obeying the spin commutation relation (C5), the Pauli matrices also
satisfies a Clifford algebra in the form of an anticommutation relation:

[O'i,O'j] :iﬁijkdk {0'2‘,0']'} 2251']' (Cg)
005 = 51‘j + iEijkO'k.
In the lower equation, the two relations have been added to form a general
expression for the product of any two Pauli matrices.
Inserting the matrix o, /2 into the general formula for the time reversal
operator of spinful systems (C7), the time reversal operator for spin—% systems

T =io,K. (C10)

This expression explicitly confirms the general form 7 = UK of an antiunitary
operator, where now U = io, is a unitary and anti-hermitian operator, readily
satisfying U~! = UT = —U from the unitarity and hermiticity of Oy.

Finally, it should be noted that the spin component S, in the general expres-
sion for the time reversal operator (C7) denotes the y-component of the total
spin in the system. Hence, for a system of several fermions, the spin component
Sy = >, Siy, being the sum of the y-component of all individual fermions in the
system. Thus, squaring the time reversal operator will leave 72 = 1 if there is
an even and 72 = —1 if there is an odd number of fermions in the system. For
bosonic systems however, the total spin will always be of integer value, and so
the property 72 = 1 holds independent on the number of bosonic particles.
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C.3 Kramers Degeneracy

Consider a system of half integer spin, such that the time reversal operator
satisfies 72 = —1, and denote by [¢)) an eigenstate of the Hamiltonian H of
the system with a corresponding eigenvalue E. Assume then the system is
invariant under time reversal, such that the Hamiltonian commutes with the
time reversal operator: [I;V , 7] =0. In that case, the time reversed state vector
satisfies H (T |1)) = TH [¢) = ET [¢), and so T |) is also an eigenstate with
the same eigenvalue E as the eigenstate [¢)).

Assume then the spectrum of the Hamiltonian H is non-degenerate. In that
case, the state vector T |¢)) must be equal to |1)) up to a phase. In consequence,
the state i) will also be an eigenstate of T, satisfying the eigenvalue equation
T |¢) = € |¢). Consider then the state given by |¢) = €/2[¢)). Using the
antilinearity (C3) of the time reversal operator, the state satisfies T |¢) = |9).
Applying the time reversal operator twice thus leaves T2 |¢) = |¢), in contra-
diction with the assumption that 72 = —1. Alternately, using directly the
assumption 72 = —1 with the antiunitarity (C2) of the time reversal opera-
tor, then (|Tw) = (T|T20)" = — (Twlp)" = — (I Tw), and so ([T4) = 0.
Thus, the original and time reversed state vectors are orthogonal, and so cannot
be linearly dependent. This however holds only if 72 = —1.

In consequence, for systems which are invariant under time reversal where
the time reversal operator satisfies 72 = —1, each eigenvalue E of the Hamilto-
nian operator H will be doubly degenerate, with |) and T |1) being orthogonal
eigenstates of the same eigenvalue. This statement is known as Kramers theo-
rem, and the degeneracy exhibited is known as Kramers degeneracy.

The reverse theorem is also true [43]: any two-fold degeneracy of a quantum
system must be protected by a symmetry corresponding to an antiunitary oper-
ator Y with its square being Y2 = —1. In order to prove the theorem, consider a
Hamiltonian with two distinct eigenstates |¢)) and |¢) with the same eigenvalue
E, such that the system exhibits a two-fold degeneracy. Define the operator

T = (|o) (K| = [v) (Kg| ) K, (C11)

where the operator I corresponds to complex conjugation. Under the prevailing
assumptions, the two states have been shown to be orthogonal, and assuming
the states are normed to unity the condition Y2 = —1 is readily verified using
the completeness relation (1.1) of the two states. Likewise, the operator satisfies
YT = I, and so is an antiunitary operator due to the complex conjugation.

Finally, from its definition the operator directly satisfies T |[¢)) = |¢) and
T|p) = —|¥). Recalling that both states corresponds to the same eigen-
value of the Hamiltonian, the operator then satisfies the commutation relation
[T, H] = 0. In consequence, if a quantum system exhibits a two-fold degener-
acy, there exists an antiunitary operator with its square being Y2 = —1 under
which the system is invariant. As such, any two-fold degeneracy is protected
by a symmetry corresponding to an antiunitary operator, of which the Kramers
degeneracy protected by time reversal symmetry is one example.
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C.4 The Combined P7-Symmetry

An important symmetry in most branches of physics is the space inversion
symmetry, with the corresponding parity operator defined through

P:ir— —r, (C12)

where 7 is the position vector in any number of dimensions. Any quantity
transforming as the position vector will be odd under the parity transform.

In quantum mechanics in particular, the parity operator is unitary and acts
on quantum states 1(r) of the position representation. Because applying the op-
erator twice leaves the spatial degrees of freedom invariant, the parity operator
must satisfy P2y(r) = e?4(r), where 6 is an undetectable phase corresponding
to the state (). Usually the phase can in general be chosen 6 = 0, such that
the parity operator acts on quantum states as Py (r) = £¢(—r). Here, the two
signs corresponds to the intrinsic parity of the particular state.

In solid state physics, the energy band structure of crystalline systems may
be dependent on the electron spin degree of freedom o, with individual energy
bands labelled as ¢, (k) with k being the crystal momentum. From the previous
sections both the electron momentum k and spin o will change direction under
time reversal 7, whereas space inversion P reverses only the momentum. Hence,
the energy bands are affected by the two operations as Te, (k) = e_,(—k) and
Peos(k) = e (—k) respectively, which applied in succession leaves

PTeo(k) = c_o(k). (C13)

The latter expression gives the transformation of the energy bands under the
combined time reversal and space inversion symmetry, conventionally termed
the PT-symmetry. If the system is invariant under the P7T-symmetry, the
energy bands thus satisfy E, (k) = E_,(k); the energy bands of crystalline sys-
tems invariant under the combined space inversion and time reversal symmetry
are independent on the spin index, and hence doubly degenerate over the entire
Brillouin zone. The double degeneracy is a continuous Kramers degeneracy, as
derived for general antiunitary operators in the previous subappendix.

It should be noted that the Kramers degeneracy induced by the PT-symmetry
will also hold for systems where both the space inversion symmetry P and the
time reversal symmetry 7 are broken individually, as long as their combined
symmetry is preserved. Even more generally, for crystalline systems with en-
ergy bands labelled as E,(k), the Kramers degeneracy of energy bands will be
present for any system invariant under any antiunitary operation which reverses
the spin while preserving the crystal momentum.
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Appendix D

Fermions in Relativistic
Quantum Theory

In chapter 6, a class of crystalline solid state systems known as topological
semimetals are investigated, where the electronic dispersion relation is linear
around particular points of the Brillouin zone. The resulting effective low-energy
description of the electrons is analogous to the Einstein energy-momentum re-
lation for massless fermions in high energy physics known as Weyl fermions.

In quantum field theory, spin—% fermions are described by the relativistic
Dirac equation and can be classified as either Dirac, Majorana or Weyl fermions.
Disregarding neutrinos being of Majorana type, all elementary fermions of the
standard model of particle physics have been found to be Dirac fermions. The
following appendix investigates the mathematical description of relativistic spin-
% particles from the perspective of relativistic quantum mechanics, where the
description of the behaviour of quantum states are constrained to preserve the
underlying symmetries of spacetime as described by the theory of relativity. The
resulting quantum theory of Dirac, Weyl and Majorana fermions follows mainly
the derivation of Kachelriefl [44]. Conventional to quantum field theory, natural
units will be used with a Planck constant and speed of light A = ¢ = 1.

In order to properly classify Majorana, Dirac and Weyl fermions, the rela-
tivistic theory of the coupling between the fermionic and the electromagnetic
fields must also be introduced. The coupling constant being the electromagnetic
charge then makes it viable to define the operation of charge conjugation, which
in turn will be highly connected to the time reversal symmetry. The related
minimal coupling principle is furthermore used to derived the electric current
density in chapter 3. The final sections on charge conjugation, time reversal
and space inversion is based on the arguments from Lahiri and Pall [45].
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D.1 Lorentz Invariance and the Dirac Equation

In the special theory of relativity, the dimensions of space and time combines
to form the four-dimensional Minkowski space, describing the geometrical prop-
erties of flat spacetime. A symmetry of Minkowski space is defined as any
operation under which the speed of light remains invariant. Disregarding trans-
lational invariance in both space and time, the remaining point symmetries
constitute the Lorentz group, whose elements are known as Lorentz transforms.
In general, Lorentz transforms may involve time reversal or space inversion.
Any proper Lorentz transform can be subdivided into a circular rotation
of space and a hyperbolic rotation incorporating time, the latter known as a
Lorentz boost. The Lie algebra of the proper Lorentz group contains three
generators for rotations J and three generators for Lorentz boosts K, satisfying

(i, J5] = igijnJk, [Ji, K] = igiji Kk, (K, K] = —igijiJy.

This allows for a decomposition of the proper Lorentz group into two separate
groups with mutually commuting generators defined J* = (J £iK)/2. These
representations of the Lorentz group are labelled by a pair of labels (7, 57),
with the dimensionality of the representation being (25~ + 1)(257 + 1).

The two smallest non-trivial representations are (1/2,0) and (0,1/2), where
the generators can be given by the Pauli matrices (C8) as J = —iK = o/2 and
J = iK = o /2 respectively, both being two-dimensional. The states transform-
ing under these two representations are the left- and right chiral Weyl spinors,
which transform under a general Lorentz transformation A as

(1/2,0) : 61— Sp(A)gy = e bioa—tomg,

Li ot ] (D1)
(0’ 1/2) : ¢R — SR(A)¢R = e—fla-a+§o-.n¢3

Here « are the circular rotation angles, while 7 = n7fi are the components of the
rapidity of the Lorentz boost being connected to the energy E and rest mass m
of the particle through tanhn = E/m. Considering only a Lorentz boost, which
is a shift from the rest frame of the particle to a frame where the particle has a
four-momentum p, the Lorentz transformations can then be written as

_ Mm@) r(p) = E+m+to-p

¢L(p) 2m(E + m) 2m(E + m)

¢r(0).

The Weyl spinors thus transform similarly under a Lorentz boost, but for a sign
which disappears in the rest frame, where p = 0. Set therefore ¢, (0) = ¢r(0).
The two spinors are then connected through the relation

(E¥0-p)or/L(p) =mdr r(p) (D2)

Hence, for a rest mass m # 0 the equation for the Weyl spinors are coupled.
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Defining o = (1,0) and 7" = (1, —0), where the index runs over the four
spacetime coordinates, the (4 x 4) gamma matrices in the Weyl representation

= [Uou UO“] : (D3)

Defining also the Dirac spinor ¥ = (¢r, ¢r), the relation connecting the Weyl
spinors (D2) can then be written more compactly as the Dirac equation

(Y'pu—m)(p) =0  or  (iV0y —m)(z) =0 (D4)

The latter expression gives the Dirac equation in coordinate space, by letting
the canonical four-momentum p" = (E, py, Dy, pz) — 10" = i(0y, Oy, 0y, 02).

The Dirac equation (D4) is the equation of state for relativistic fermions
with rest mass m, where the Dirac spinor is a four-component spinor. No-
tice that even though Dirac spinors have four components, Dirac spinors are
not four-vectors; Dirac spinors are defined through their unique transformation
properties under Lorentz transforms.

By the definition in terms of Weyl spinors, Dirac spinors transform under
the representation (1/2,0) @ (0,1/2) of the proper Lorentz group as

S(A)p = SL(A) @ Sp(A)y = e~ 1wy, (D5)

where the elements w,, parameterizes the transform, and the six generators

of the proper Lorentz transform are given by the independent elements of the

antisymmetric tensor o#” /2, written in terms of the gamma matrices (D3) as
i

o = ) (D6)

The parameters are related to the circular rotation angles and the rapidity
components as oy = €x;jw;; and 1, = wio. Notice that the scalar wTw will not be
Lorentz invariant, as Lorentz boosts are not unitary transformations. Conserved
quantities are instead often expressed in terms of the Dirac adjoint ¢ = 140,
for which the corresponding scalar 11 indeed becomes Lorentz invariant.
Upon a Lorentz transform (D5), the derivative 0, = A,”0,. For the Dirac
equation (D4) to be Lorentz invariant, the gamma matrices must then satisfy

STHA AL S(A) = 7. (D7)

It should be noted that the gamma matrices (D3) contrary to their spacetime
index does not comprise a four-vector, while the contraction between the gamma
matrices and a four-vector is Lorentz invariant when combined with a spinor.

The physical interpretation of the four components of the Dirac spinor ¢ (p)
will depend on the representation of the gamma matrices (D3). In general
however, the four components corresponds to four degrees of freedom describing
a fermion and its corresponding anti-fermion, both with two spin degrees of
freedom. In the following, the Weyl representation for the gamma matrices will
be used, being the favourable representation for investigating chirality.
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D.2 Dirac Hamiltonian and Clifford Algebra

From the Dirac equation of motion (D4), a Hamiltonian matrix can be inferred
from comparison with the Schrodinger equation (A2) from quantum theory.
Expanding the contraction iy*d,, = i7°0; — iv* 0, left multiplying by 7° and
isolating the time component of the derivative, the Dirac Hamniltonian

100 = (i7°v*0 +1"m)p = Hp.
In particular, recalling the original introduction of the gamma matrices (D3),
the Weyl representation of the Dirac Hamiltonian becomes

Hp = 20 py 1~ — [ o ?ﬂ 7 (D)
The energy eigenvalues of this Hamiltonian are given by E? = p? 4+ m?, which
is the Einstein energy-momentum relation of special relativity.

The derivation of the Dirac equation (D4) and the Dirac Hamiltonian (D8)
considers in particular the Weyl representation of the gamma matrices (D3).
However, any unitary transformation of the gamma matrices will provide an
equal physical description, and so the Weyl representation is not unique to
the physics described. From the constraints enforced by the transformation
properties under Lorentz transforms, it is yet possible to find general properties
of the gamma matrices independent on the representation.

In particular, the gamma matrices are constrained such that the Dirac
Hamiltonian (D8) will reproduce the momentum-relation p*p, = E? —p* = m?.
Squaring the Dirac Hamiltonian, the gamma matrices must readily satisfy

{’Vuv ’YV} = 277,“/[41 (Dg)
being their general defining relation. Due to the appearance of the Minkowski
metric n*¥, the spacetime index of the gamma matrices can be raised or lowered
as for four-vectors. From this it follows that the gamma matrices must satisfy
(7°)? = I and (7*)? = —1I,. Furthermore, the Dirac Hamiltonian (D8) must be
hermitian, meaning the zeroth gamma matrix is hermitian satisfying (%) = 4
whereas the remaining three must satisfy (7%)" = 7%y¥4% or combined

(7)T =440 (D10)
Hence, by the anticommutation relation (D9), the space component gamma
matrices are anti-hermitian, satisfying (7%)7 = —*.

The anticommutation relation of the gamma matrices (D9) defines a Clifford
algebra, with a basis generated by the gamma matrices constructed by consid-
ering all possible products of gamma matrices. Because the gamma matrices
satisfies (%)% = I; and (7*)? = —1I,, the only product of four gamma matrices
to consider can be defined as a fifth gamma matrix, in the Weyl representation

. I, 0
7% = iy 0y 23 = 2 , (D11)
0 I
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where the imaginary unit makes it hermitian. From the anticommutation rela-
tion of gamma matrices (D9), the fifth gamma matrix has the properties

(v°)? =1Ly {r*,7°}=0. (D12)

Having introduced the fifth gamma matrix ~°, all products of three gamma
matrices can be expressed in terms of the four matrices v#4°. Finally, any
product of two gamma matrices can be written in terms of the antisymmetric
tensor o as defined (D6). Combining all elements, the sixteen basis elements
of the matrix representation of the Clifford algebra thus becomes

L= {l4,7° 7", "7, 0"} (D13)

These sixteen matrices are linearly independent, and so span the set of all
complex (4 x 4) matrices, to which the Clifford algebra is isomorphic.

D.3 Helicity and Chirality

Recall that the Pauli matrices (C8) are proportional to the matrix representation
of the components of the non-relativistic spin operator, given by S = /2. In
terms of elements of the Clifford algebra (D13), the components of the relativistic
quantum mechanical spin operator can similarly be defined

k

. i o 0
1€k;jO J = 7570f}/k = |:0 O'k:| . (D14)

vk =

N |

The Dirac Hamiltonian does not in general commute with the components of
the spin operator (D14); the spin is only conserved in the rest frame of the
particle, where p = 0. Define then the helicity operator, given by
3-p
Pl
The helicity operator measures the projection of the spin onto the axis along the
direction of momentum p. From the expression of the Dirac Hamiltonian (D8),
it is readily confirmed that the matrices commute, reflecting that there is no
angular momentum along the axis of motion. The simultaneous eigenfunctions
of the Dirac Hamiltonian and helicity operator are termed helicity eigenstates.
For massive particles helicity is however a frame dependent quantity, as the sign
of the momentum p may invert when applying a Lorentz boost.
The fifth gamma matrix (D11) is an involutory matrix, satisfying (7°)? = Iy,
making it viable to define projection operators Py, and Pr onto its eigenspace.
For any Dirac spinor v, eigenspinors of ¥° can be constructed as

(D15)

bi=Pub= (1-W  ér=Pev=(1+7).  (DI6)

If ¢ is a solution to the Dirac equation (D4), the projected states 5, and g are
known as left- and right-chiral states, being eigenspinors of ¥° with eigenvalues
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F1, respectively. In the Weyl representation in particular, the Dirac spinor
was given in terms of the Weyl spinors as ¢ = (¢, ¢r). From the Weyl
representation of the fifth gamma matrix (D11), it is then seen that the left
and right chiral states (D16) in the Weyl representation can be identified with
the Weyl spinors as ¥y, = (¢1,,0) and g = (0, ¢r). In consequence, the chiral
fields follow the same transformation rules under Lorentz transforms (D1) as
Weyl spinors, and hence transform separately under a Lorentz boost. Thus,
chirality is a Lorentz invariant property independent on the representation of
the gamma matrices. However, the matrix v° does not commute with the Dirac
Hamiltonian (D8), and so chirality is not in general a conserved quantity; the
mass term couple the time evolution of left- and right-chiral fields, meaning the
chirality of a state will in general vary over time.

Helicity and chirality can in a sense be seen as complementary quantum
numbers, with the former being conserved and frame-dependent whereas the
latter is unconserved and Lorentz invariant. For fermions with a zero rest mass
m = 0 however, helicity is also Lorentz invariant, and from the Weyl represen-
tation of the Dirac Hamiltonian (D8) and the fifth gamma matrix (D11), it is
readily seen that chirality becomes a conserved quantity.

Reconsider then the Dirac Hamiltonian (D8) in the Weyl representation,
which for a vanishing rest mass m = 0 decouples into two Weyl Hamiltonians

HE = Fo - p (D17)

These Hamiltonians correspond to the left- and right-chiral Weyl spinors ¢pr
and ¢, and hence describe relativistic massless Weyl fermions with chirality
F1 respectively. Reconsider then the Dirac equation (D4), which for massless
fermions with energy E = |p| can be written on the form v*pry = 7°|p|e.
Multiplying this equation with the matrix v°~4°, and recalling the definition
of the helicity operator (D15) and relativistic spin matrix (D14), the Dirac
equation for massless fermions can be written ¥, = 71 In consequence, for
massless Weyl fermions the helicity and chirality quantum numbers coincide.

D.4 Charge Conjugation and Majorana Fermions

The electromagnetic field is a massless spin-1 field described by the electromag-
netic four-potential A,,. The observable electric and magnetic fields are governed
by the Maxwell equation 9, F*" = j¥, where the electromagnetic currents are
denoted 7 and the electromagnetic field-strength tensor is defined

Fuy = 0,4, — 0,4, (D18)

The four-potential and field-strength are thus seen to be analogous to the Berry
connection (5.2) and the Berry curvature (5.8), discussed in chapter 5. Similar
to these berryological quantities, the electromagnetic field-strength tensor is
invariant under a gauge transform of the four-potential 4, — A, + 9, A.
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The Dirac spinors couple to the electromagnetic field through the minimal
coupling prescription. The coupling modifies the Dirac equation (D4) as

[iv* (O + iqAy) — m]yp = 0. (D19)

Here, q is the electromagnetic charge or coupling strength of the fermion. For
a Dirac fermion both the charge ¢ and rest mass m are nonzero.

Define then the charge conjugated spinor ¥¢ = C, being a solution to the
Dirac equation with the electromagnetic coupling (D19), but with a negated
charge ¢° = —q compared to the spinor ¥. Charge conjugating the spinor twice
should bring back the original spinor, and so C? = I. The operator C is therefore
known as the charge conjugation involution, as the inverse operator C~! = C.

For the coupled Dirac equation (D19) to be invariant under a gauge trans-
formation of the four-potential, the spinor and its charge conjugation must
transform as 1) — ‘@) and ¢ — e %)¢, respectively. The change in the
sign of the exponent can be assumed a consequence of a complex conjugation.
However, the complex conjugated spinor ¢* does not satisfy the same Lorentz
transformation properties as the spinor 1, as complex conjugating the Lorentz
transformation of Dirac spinors (D5) leaves in the exponent i(c#¥)* # —ich”.

Conjecture therefore the charge conjugated spinor ¢¢ = C(y°)Ty* = C@T,
where the charge conjugation matriz C is a unitary matrix changing the repre-
sentation of the gamma matrices. For the charge conjugated Dirac spinor ¥¢ to
inherit the Lorentz transformation properties of the spinor 1, the matrix C is
constrained to satisfy C(7°)T(c")* = —o**C(y")T, or C~1o"C = — ()T
This property will be guaranteed if the charge conjugation matrix satisfies

CTIAMC = —(y")". (D20)

By transposing the anticommutation relation (D9) of the gamma matrices, the
matrices —(y#)7 also satisfies the Clifford algebra. Thus, for any representation
of the gamma matrices the charge conjugation matrix C' will be well defined.

Charge conjugation thus affects Dirac spinors as ¢ = Cyp = C(7")Ty*.
Using then that C? = I, it is readily shown that the charge conjugation matrix
satisfies C ! = (4°)TC*4°. The charge conjugation matrix is also unitary with
CT = C~!, and by definition (D20) will satisfy C~17°C = —(7°)T. Combining
these formulae, the charge conjugation matrix will be antisymmetric in any
representation of the gamma matrices, satisfying C7 = —C.

Because the operator C satisfies C? = I, its eigenvalues are 1. In particular,
the eigenspinors corresponding to unity will be Majorana spinors, being their
own charge conjugates. Spinors satisfying the Majorana condition ¥¢ = o
describe Majorana fermions, having a nonzero rest mass m but a zero charge
q = 0. In that case, fermions and antifermions cannot be distinguished, and
half of the degrees of freedom compared to the charged Dirac field disappears.

In particular, the Weyl representation (D3) of the charge conjugation matrix
conventionally takes the form C = i7?4°, such that charge conjugated spinors
¢ = iy29*. Recalling that 1) = (¢, ¢r) in the Weyl representation, the Weyl
spinors will transform under charge conjugation as
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65, = o0 05 = ~i0°07, (D21)
where ¢~ is the second Pauli matrix. Majorana spinors ¥j; can then in the
Weyl representation be expressed using the Weyl spinors as

oL i0*g
=1 .75, o = D22
o= ] o =10 (D22)
where the two degrees of freedom can be placed in either of the Weyl spinors
ér, or ¢g. On this form, it is readily confirmed that 5, = iv?y%, = .

2

D.5 Transformation Rules of the Clifford Basis

The derivation of the the Dirac equation (D4) and the Dirac Hamiltonian (D8)
is based on the transformation properties of the spinors under proper Lorentz
transforms. However, the equations governing the behaviour of fermions should
also be invariant both under space inversion and time reversal, being symmetries
of the underlying Minkowski space. Space inversion and time reversal are both
Lorentz transformations, and so will linearly interchange the components of the
Dirac spinor according to the Lorentz transformation property of spinors (D5).
The general properties of time reversal is investigated in appendix C.

Space inversion corresponds to a Lorentz transformation with Ag® = 1 and
Ar* = —1, acting on Dirac spinors as P : ¢(z) — Pi(t,—x). According to
the transformation property of the gamma matrices (D7), the space inversion
matrix P must commute with 7° and anticommute with *. In consequence,
the space inversion matrix can be chosen P = npy", where np is termed the
intrinsic parity of the fermion described by . Then, as applying space inversion
twice must bring back the original spinor, the intrinsic parity np = £1; it can
be shown that the positive sign corresponds to fermions and the negative sign
to antifermions [45]. In consequence, the space inversion matrix P = 4.

Time reversal corresponds to a Lorentz transformation with Ag® = —1 and
A% = 1. However, time reversal is also an antiunitary transformation (C2),
and so will act on Dirac spinors as T : ¥(z) — T¢*(—t,x). From the Lorentz
transformation property of the gamma matrices (D7), the time reversal matrix
T must then satisfy v = =T~ (y*)*A,”T, where the negative sign comes from
the imaginary unit in the Dirac equation (D4). Recalling that 7° is hermitian
while ¥ are antihermitian (D10), this relation can be written

T7'(y")TT = —(CT) "W CT =",

where the definition of the charge conjugation matrix (D20) was used. In
consequence, the matrix CT anticommutes with all the gamma matrices y*,
and so must be a multiple of +°, being the only element of the Clifford al-
gebra (D13) having this property. The time reversal matrix thus takes the
form T = npC~'4°, whose exact form will depend on the representation of the
gamma matrices due to the charge conjugation matrix C'. Hence, time reversal
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acts on spinors as T¢(z) = nrC~1y°¢*(—t, ). Applying the transform twice
gives T2¢) = —1) being a general property of fermions, with |nr| = 1.

In particular, in the Weyl representation where the charge conjugation ma-
trix takes the form C = i724° with an inverse C~! = —C* = —C, the time
reversal matrix can be expressed 7' = —nrC~®. Choosing the phase nr = 1, the
time reversal operator of the Weyl representation takes on the particular form

T ="K =i%?K. (D23)

With this convention, the Weyl spinors transform under the rule for fermions
(C10) devised in appendix C; in the Weyl representation of the gamma matrices
(D3), the time reversal operator acts on Weyl spinors as T ¢,/ p = i02¢*L/R.
From the general transformation properties of the gamma matrices under
charge conjugation, space inversion and time reversal, the corresponding trans-
formation properties of all the elements of the Clifford algebra (D13) are readily
derived. Notice that even though the transformation properties under the time
reversal matrix 17" are dependent on the representation of the gamma matrices,
combining the matrix with the complex conjugation operator I to give the full
operator 7 will render representation independent transformation properties
of all the Clifford basis elements. The transformation properties under charge
conjugation, space inversion and time reversal are summarized in table D.1.

Clifford Basis Elements Weyl Representation | P =~0 T =413K PT = iy24°K

~0 = T Q00 +1 +1 +1
iy = (iv!,iv?, iy3) = -7yQ®o -1 +1 -1
~5 = in0y1y243 = —T:®o00 -1 +1 -1
iv0y% = —y1q243 = —-1,®00 -1 -1 +1
¥° = ("% 9%9%%%) = mee +1 -1 -1
Py =027 = -meo -1 -1 +1
T = (v i’y ivty?) = neo +1 -1 -1

Table D.1: Transformation properties of all products of gamma matrices charge conjugation
C, space inversion P, time reversal 7 and their combined P7T-symmetry. The exact form of
the transformation operators are given in the Weyl representation, whereas the transformation
properties of all elements are representation independent. The second column gives the Weyl
representation of the matrices in terms of two sets of Pauli matrices o and 7 as introduced
in chapter 6, where op and 79 are the two-dimensional unit matrix. Imaginary units have
been added where needed in order to make all matrices hermitian. Notice that the charge
conjugation and time reversal operations are antiunitary.
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