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ABSTRACT

NANOELECTRONICS AND QUANTUM TRANSPORT OF DIRAC PARTICLES

SABER ROSTAMZADEH
Ph.D. Thesis, 2019

Thesis Supervisor: Assoc. Prof. Inan¢ Adagideli

Keywords: Mesoscopic and nanoscale systems, topological phase, spintronics,

diffusion, quantum Boltzmann equation, relativity, Kubo formula, Keldysh formalism

In this thesis, we concentrate on the charge and spin transport in Dirac materials and
discuss their implications in future electronic technologies. These materials are known
for their peculiar band structures, which, unlike the conventional semiconductors, is ef-
fectively described by the massless Dirac equation, and their spectrum possesses Dirac
nodes. We particularly consider two members of this class of materials: graphene and
Weyl semimetals. We first investigate the manipulation of the electronic properties of
graphene via adatom engineering. We demonstrate that adatom deposition induces a
strong spin-orbit interaction in graphene and, furthermore, couples the spin and valley
degrees of freedom, which, in turn, allows for the realization of the valley assisted spin
transport and vice versa using a spin-valley device. We also show that the coupled degrees
of freedom of graphene due to the presence of disorder causes the intrinsic accumulation
of pseudospin charge and pseudospin polarization, which, as we demonstrate, can be used
to construct a pseudospin switch device built from a graphene nanoribbon. We next study
the Weyl semimetals, as the three-dimensional version of graphene, which has attracted
strong interest from the fundamental viewpoint, where they constitute a low energy frame-
work to study the quantum anomalies of the field theory. The electronic structure of these
materials is also interesting owing to the fact that the tilting of the band crossing point
causes giant electronic conduction and hence a more favorable feature for the electron-
ics industry. We then study the quantum kinetic theory of anomalous transport in these
systems to analyze the origin of the chiral anomaly and chiral magnetic effect in Weyl
semimetals. Finally, we study the electronic response of tilted Weyl semimetals by asso-
ciating a relativistic feature to the tilted Weyl cones and then compare our results with the
standard linear response approach. Our calculations show that both the covariant transport
equation and Kubo formula methods offer correct and equivalent results which strongly

agree with the experimental findings.
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OZET

SABER ROSTAMZADEH
Doktora Tezi, 2019

Tez Damigmani: Dog. Dr. Inan¢ Adagideli

Anahtar kelimeler: Meso ve nanodl¢ekli sistemler, topolojik yalitkan ve

istiiniletkenler, rastlantisal matrisler, spintronik, kuantum termodinamigi

Bu tez calismasinda, Dirac malzemelerindeki yiik ve spin taginimu iizerinde duruyoruz ve
bunlarin elektronik teknolojiler iizerindeki etkilerini tartistyoruz. Bu malzemeler, siradan
yar1 iletkenlerin ve geleneksel malzemelerin aksine, etkin olarak Dirac denklemine ben-
zer bir denklem ile tarif edilen, ve spektrumlar1 Dirac diigtimlerine sahip olan tuhaf bant
yapilari ile bilinir. Ozellikle bu malzeme smifinin iki iiyesini, grafeni ve Weyl yarimetal-
lerini gozoniine aliyoruz. Ilk once grafenin elektronik 6zelliklerinin adatom miihendis-
ligi ile degistirilmesini arastirtyoruz. Adatom birikiminin grafende kuvvetli bir spin-
yoriinge etkilesimi yarattigini, ayrica spin ve vadi serbestlik derecelerini iligkilendirdigini,
bunun da bir spin-vadi cihazi kullanimiyla vadi destekli spin tasinimimi (veya tersini)
sagladigin1 gosteriyoruz. Ayrica, diizensizlikten dolay1 grafen serbestlik derecelerinin
iligkilendirilmesinin ic¢sel psddospin yiikii birikimine ve psddospin polarizasyonununa
neden oldugunu, bunun da grafen nanokurdeleden olusan bir psodospin anahtar cihazi
yapiminda kullanilabildigini gosteriyoruz. Weyl yarimetalleri, ilk baslarda grafenin ii¢
boyutlu versiyonu olarak alan teorisinin 6nerdigi kuantum anomalilerini diisiik enerjili
bir cercevede incelemek i¢in temel bakis acisindan biiyiik ilgi gormiistiir. Ayrica, bu
malzemelerin elektronik yapisi, bant gecis noktasinin egilmesinin dev elektronik iletime
neden olmas1 ve dolayisiyla gelecekteki elektronik endiistrisi i¢in daha elverigli olmasi
nedeniyle de ilgingtir. Weyl yarimetallerinde kiral anomalinin kékenini ve kiral manyetik
etkisini analiz etmek i¢in bu sistemlerde aykiri taginimin kuantum kinetik teorisini in-
celiyoruz. Sonunda, egik Weyl yarimetallerinin elektronik tepkisini, Weyl konilerine
goreli bir ozellik iliskilendirerek arastiriyor ve ardindan sonug¢larimizi standart dogrusal
tepki yontemi ile karsilagtiriyoruz. Hesaplamalarimiz, hem kovaryant tasima denklem-
inin hem de Kubo formiil yontemlerinin, deneysel bulgularla kuvvetle uyusan dogru ve

esdeger sonuclar sundugunu gostermektedir.
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Chapter 1

INTRODUCTION

In this thesis, we consider various aspects of transport in Dirac materials. Specifically, we
consider (i) the effect of adatoms in spin-valley scattering in graphene, (ii) generalized
Boltzmann equation in Dirac materials with broken time-reversal symmetry, (iii) anoma-
lous transport in Weyl semimetals and (iv) covariant transport in Dirac materials and Weyl
semimetals with tilted cones.

Dirac materials are a wide range of newly discovered solid state systems that share
certain similarities: their low energy electronic dispersion obeys the Dirac equation and
fermionic excitations behave like massless Dirac fermions. Graphene, topological insu-
lators, Dirac semimetals and Weyl semimetals are among the most notable examples of
Dirac matter, and all possess Dirac cones in their spectrum. These materials offer in-
teresting transport qualities which have motivated extensive studies oriented towards the
technological exploitation of these materials in spintronics and valleytronics applications.

The advent of new technological tools in the fabrication of nanodevices allows the
study of transport in the length scales where the quantum effects are important. These
technological achievements, along with the electronic properties of the Dirac materials
suggest that the Dirac material nanostructures have the potential to be a preferred avenue
for certain device physics applications compared to traditional materials and systems used
in electronics. These novel materials can be engineered to boost their transport qualities.

The presence of adatoms forces both intravalley and intervalley scattering of electrons
as well as producing a spin-orbit coupling. To understand this effect, we first describe
a tight-binding model of graphene with impurities and show how the impurities affect
the spin transitions in graphene. We demonstrate that adatom deposition on graphene
causes coupling between the spin and valley degrees of freedom, rendering graphene with
adatoms a suitable playground for valleytronics and quantum computing applications. We
next construct the quantum kinetic equation using density matrix formalism and Keldysh
Green’s function approaches. We use the diffusion model to study the coupled dynamics

of charge and pseudospin inside a graphene conductor. We find that in graphene the



coherent transport of charge and pseudospin induces intrinsic pseudospin polarization
due to the charge current with applications in pseudo-spintronics.

We next consider the transport theory of Weyl semimetals from the kinetic equation
point of view in the presence of adatoms and electric and magnetic fields. Weyl semimet-
als are significant for the realization of the chiral fermions and the quantum anomalies
associated with them. We use the transport equation approach since it provides a lucid
microscopic description of anomalous transport and the quantum anomalies. We first
present a systematic derivation of the anomalous equations of motion by projecting the
two band model of Weyl semimetals into an effective one band model. We next focus on
the electronic transport in tilted Weyl semimetals (type I), which violate the Lorentz in-
variance, by adopting a relativistic approach and then compare our results with the Kubo
linear response formalism. We show that these two methods agree in describing the dc
conductivity of tilted Weyl semimetals and its monotonically increasing pattern as a func-
tion of the tilt parameter.

This thesis is organized as follows: In Chapter 2, we study the importance of adatoms
on the electronic properties of graphene. Within our tight-binding model with impurities,
we show spin transitions are affected in graphene. We demonstrate that adatom deposition
on graphene causes its degrees of freedom such as spin and valley to couple which makes
it a suitable playground for valleytronics and quantum computing applications.

In Chapter 3, we present the transport theory of graphene by first constructing the
quantum kinetic equation. We arrive at the kinetic equation from the density matrix and
the Keldysh approaches. We then use the diffusion model to study the coupled dynamics
of charge and pseudospin inside a graphene conductor.

In Chapter 4, we deal with the transport theory of Weyl semimetals from the kinetic
equation point of view. We first present a systematic derivation of the anomalous equa-
tions of motion by projecting the two band model of Weyl semimetals into an effective
one band model. We then apply this effective single band kinetic equation to study the
microscopic origin of the chiral anomaly and chiral magnetic effect.

In Chapter 5, we focus on the electronic transport of the Lorentz violating tilted Weyl
semimetals (type I) by adopting a relativistic approach and then compare our results with

the Kubo linear response formalism.



Chapter 2

SPIN, VALLEY AND PSEUDOSPIN DYNAMICS IN GRAPHENE

2.1. Introduction

In this chapter, we investigate the coherent transport of extra degrees of freedom of Dirac
particles in graphene. The spin and the valley, associated with the number of the band
crossing point int he Brillouin zone, are two of the additional binary quantum degrees
of freedom that make graphene attractive for nanoelectronic applications. Moreover, a
quantum state constructed from the entangling of the spin and valley degrees of freedom
is appealing as it can be used to write spin information into the valley and vice versa
via a simultaneous flip of spin and valley. Such a coupled basis state also finds various
applications in quantum computation [1]. Most importantly this coupling opens an in-
terface to join the emergent field of valleytronics which aims to use the valley degrees
of freedom in electronic transport with the well established field of spintronics. The val-
ley degrees of freedom in silicon, graphene, and TMDs due to their unique lattice band
structure can grant these materials essential roles to play in the realization of valleytronics
technology [2, 3]. Here, we propose an adatom impurity model to generate strong spin
orbit coupling (SOC) on graphene and then study the transport of charge carriers as well
as a spin-valley coupling in graphene. We then investigate these features and the coherent
coupling of charge and pseudospin giving rise to the pseudospin Edelstein effect from a
quantum transport equation point of view.

With the advent of graphene as a two dimensional material hosting massless Dirac
fermions, there is a growing interest in utilizing the graphene as a next generation ma-
terial that can find applications in valleytronics and spintronics. Other than graphene,
the transition metal dichalcogenides (TMDs) which are among the recently developed
two dimensional materials serve as the candidates for such device realization due to the
presence of valley degrees of freedom in the band structure of the carriers [4-6]. SOC
is already known to be essential in the realization of novel spintronic devices in which

the information exchange happens not only by charge but with the spin degrees of free-



dom as well [7, 8]. In graphene, due to its weak SOC, the engineering of its properties
via external methods appears to be promising for spintronics applications[9—-13].Here, we
demonstrate that the spin-valley coupling, which is induced by the adatoms deposition
of graphene’s surface, offers further functionalities using yet another degree of freedom
associated with the carriers, namely, the valley index [14, 15].

When engineering a valleytronic device, in addition to the intrinsic properties such
as the presence of degenerate multivalleys as well as induced coupling of these valleys
to applied external fields, impurities have the potential to offer additional functionality
by modulating the valley dependent properties [14, 16, 17]. Hence, disorder engineering
aims to control the electronics properties to obtain useful effects for device applications.
The presence of adatoms influences the electronic transport via inducing spin orbit inter-
action [18-20]. One of the important features of the spin-valley coupling is that it allows
for the conversion of the spin current into polarized valley current and vice versa. The
manipulation of spin via the valley degrees of freedom resolves a long sought challenge
of spintronics, which is the generation of polarized spin current without external fields, so
in this sense, the valley engineering in systems possessing multivalleys is crucial [21-23].

In the following, we first present a method of achieving the spin-valley coupling as
well as strong SOC by means of the adatom impurities. We employ a tight binding model
of graphene with randomly distributed impurities and find that, in addition to the standard
Rashba SOC, there is a local spin-valley coupling in graphene lattice which was not taken
into account in the previous studies. We investigate this additional local spin dependent
interaction and compute the spin flip transition rates.

Next, in order to study the coherent transport of spin and valley degrees of freedom for
valleytronic applications, we focus on the derivation of the generalized quantum Boltz-
mann equation[24-28]. The reason for this derivation is that quantum transport equation
in the low dimensional systems, [29, 30], to capture the quantum coherence, tunneling
effects and discreteness of the electronic energy bands[31, 32].

Our construction is based on a dynamical equation and we start from the quantum
Liouville’s equation. We, then, reduce this equation into a balance equation of Boltzmann
type by noting that the observables are quantum mechanical operators and commutators
are respected. This operator approach naturally takes into account the quantum coher-
ence effects. We also provide alternative approaches to transport by using nonequilibrium
Green’s function methods (see the Appendix.B) and semiclassical diffusion approxima-
tion. We then apply the results from the kinetic equation to study the coherent pseudospin-

charge and spin-charge transport in graphene.



2.2. Tight binding model

In the tight binding model, [33], we obtain the effective description of the electronic band
structure near the Fermi energy, by projecting our Hamiltonian to a space spanned by
a suitable minimal basis set [34-36]. The choice of this minimal basis set, however, is
non-unique, and, as the observables are basis independent, they can be represented via
different basis sets in a different space [37—40]. The electronic structure of graphene has
been studied extensively using the two atomic basis of a single Dirac cone in the tight
binding [41-45]. However, using a two Dirac cone tight binding model can result in
new interaction terms in the Hamiltonian especially when there is intervalley coupling
[38]. Motivated by this, we ask the question of whether there will be novel corrections
to spin dependent interaction if one uses a different representation for the localized wave
functions in the tight binding model.

We start our calculations by choosing a suitable Wannier function that is spread over

the two inequivalent valleys in graphene:

P(rs) =Y e (ry) e, 2.1)

T=%
where 7 stands for the valley index. To justify our ansatz, we first show that the dispersion
of graphene carriers by using these plane waves, which are written in the Hilbert space
H, ® H, ® H, that indeed gives the Dirac dispersion (see the Appendix.A). Note that
the indices v, o and s stand for the valley, sublattice (pseudospin) and real spin degrees of

freedom, respectively. The tight binding Hamiltonian in the second quantized form reads

Ho=tY <¢L(ri) Up(r; +8;) + h.c), 2.2)

ri,éj
where @/)I\/B (1ap) are the operators creating (annihilating) particles at the corresponding
position of the atomic sites A and B. The parameter ¢ is the nearest neighbor hopping
which for graphene is about t = 3 mel’ [45]. The carbon atoms are localized in graphene
lattice around r; = nia; + nsas where a; and a, are the primitive cell vectors. The unit

vectors connecting the triangular lattice points are given by, Fig.2.1,

1 a 1 a 1
%)a 52 - 5 (]-7 _%)7 53 - 5 (_L _ﬁ)a (23)

where the lattice spacing is about a = 1.42 A. The conduction and valence bands cross at

(51 :a(O,

two time reversal momenta K, = T(é—g, 0), so-called valleys in graphene, where 7 = =+ is
the valley index and K, = +K. It is straightforward to show that the tight binding model

in Eq. (2.2) reproduces the standard Dirac Hamiltonian for graphene using the Taylor



Figure 2.1: (Color online) Hexagonal lattice of Graphene where the two sublattices that give
rise to the pseudospin index are shown in red and blue colors. The infinitesimal displacement
vectors 0123 between the neighboring atoms that are given in (2.3) are presented as bold
arrows.

expansion for the field operator for the sublattice B as

Vi (ri + 6;) = ap(r;) + 6; - Voap(rs) + O(|6]?), (2.4)

and in light of the relations

3
+iK-6; +iK-6; a3
i = : J = +17.1). 2.
Z e , Z d;e 5 (£i,1) (2.5)
Jj=1 j=1
Having checked that the introduced field operator (2.1) indeed gives the correct Dirac

Hamiltonian [45] in the valley isotropic basis, [46],

ol = <¢1A wiB _Q/JiB QﬁiA)? (2.6)

we now focus on obtaining an effective spin-orbit interaction model to investigate the
effect of the valley dof on spin states. We anticipate that the effective description for
the SOC using the ansatz (2.1) can reveal new interaction terms indicating the interplay

between spin and valley degrees of freedom.



2.2.1. Spin-valley coupling from adatoms

The theoretical calculations show that in graphene the spin relaxation time is large and
is about 15 [47, 48] yielding a large spin diffusion length, very suitable for spintronics
applications. However, reported experimental results of spin relaxation time are about
100ps, much shorter than what is expected [49, 50]. The main source of this strong
spin relaxation in graphene has been suggested to be the extrinsic effects such as impurity
scattering, spin scattering by magnetic moments and the effect of substrate [9, 47, 48, 51].
Therefore the effect of the disorder in inducing SOC is vital in understanding the spin re-
laxation mechanisms in graphene [47, 52, 53]. The intrinsic SOC in pristine graphene is
due to the deep o0 — 7 bonds, whereas the Rashba interaction is due to the nearby m — 7
bonds [45]. The first principle calculations show that the intrinsic SOC is roughly about
10~3meV and the Rashba effect is of the order of 10~2meV [47, 54]. A comparison of
these two SOC suggests that the Rashba SOC is the dominant effect that possibly governs
the relaxation [55].

Apart from the investigations on the spin relaxation in graphene, it turns out that the
enhancement of SOC in graphene is interesting for observation of the quantum spin Hall
effect [56]. Moreover, SOC tuning in graphene is a promising step towards spintronics
applications, where effective manipulation of spins (by only using electric field) needs siz-
able SOC [7, 8]. To that end, it has been proposed that the impurity adsorption in graphene
can significantly improve the SOC where spin splitting of Rashba type and about 200meV
has been reported for Au adsorbed graphene [57]-mainly due to the lattice distortions
generated by the adatoms [9-11, 13, 18, 58, 59]. Furthermore, engineering of graphene
surface using metallic adatoms can magnetize graphene by inducing magnetic moments
[60], which can be an additional source of spin flip scattering and spin relaxation.

Here we show that the impurity adsorption can also play an essential role in improving
the valleytronics properties of graphene by generating spin-valley coupling which will be
important for valleytronics applications [19, 21, 22, 61]. To derive the effective SOC in
graphene, we start with the tight binding description where we consider dilute impurity
adsorption and neglect the correlation between these neighbor impurity centers.

We, first, note that using the hexagonal lattice of graphene, the position operator in

the two atomic site basis can be given as

X => " i) {ri[R(r;) (]

icA jeB



= ) (x| + ) (ri+65) s+ 8;) (ri + 65, 2.7)

r; ri,éj
where |r;) and |r; + §;) are the single electronic 7-orbitals in sites A and B. Likewise,
using the Heisenberg’s equation of motion, v = —i[x, H| the velocity operator has the

representation

V= ) (Vi) (),

i€A jEB
= ) Ira) (rilviri + 8;) (ri + 9,1,
r;,0;
=it Y & |ri)(ri+ 85]. (2.8)

I',L',(Sj

We note that the matrix elements now are
(9 |r; + &) = —i((ri|§c Hiri + 8,) — (x| H %|r: + 5i>) — i 8, (ri|H|r: + 8). 2.9)

We recall that the matrix elements of the bare Hamiltonian (r;|H|r; + 0;) = ¢ is the
hopping parameter defined in (2.2). It is also worth mentioning that the expansion of
velocity operator up to first order will give the pseudospin vector, which we expected to
be the case in the low energy description of graphene.

Using these preliminaries and the representation of the velocity operator, and consid-

ering the Rashba Hamiltonian in terms of the velocity operator [54]
Hye = (2 x8) -V, (2.10)

where z = (0,0, 1) is the unit vector and s = (s, 5, s,) is the vector of the Pauli spin
matrices, we construct the tight binding form of the Rashba interaction induced by the

random adatom impurities as follows

Hye =it Y > a(r,) (2 xs-8;) [r;)(r; + 6| + h.c. (2.11)

ri,0; Ta
Here o(r,) = « d(r, — r;), is the strength of the uncorrelated adatom impurities. We
assume that adatoms are deposited right on top of the sublattice points r; in random fash-
ion in the hexagonal lattice. Now defining ¢t = t«, then the effective second quantized

Hamiltonian by defining

N=12xs=(—S8,50), (2.12)



and substituting (2.1) reads
Hioe = it,, Z n-9; ( [wiA(ri)eiK'ri + W_A(ri)e_iK'ri] X
r; 5]

[y (r; + 8;)e B0 ap_p(r; + &)™ Fitos)] ) +he,
—it, > -85 (Vha)uin(r +85) e 4 ol (r)wn(r + 8;) K <
r;,0;
+ T (et + &) e 0 710D LT (v,)0_g(r; + 8;) eiK"sj) +h.c,
(2.13)
where ((r;) = AK - r;, and AK = K, — K_ = 2K is the momentum distance between

the two valleys. Next, keeping only the linear terms in the Taylor expansion for the field

operator in Eq. 2.4 and in lights of the relations relations (2.3) and (2.12) and noting that

3

. 3

0306 et “2 St (2.14)
j=1

where s, = s, & is,, we finally arrive at the effective Hamiltonian for the SOC as
3
Hoe =1, Z (Z n- Z dj e % [wiA(ri)¢+B(ri) + T (r) e (ry) e
r; 7=1
+ula(r)v-a(m) + vp vl ¢ —in- 37850 ularvialr)

Jj=1

T wﬂ(ri)w*A(ri) ) 4 wT—A(ri)w—B(ri) + QﬁiA(ri)wa(ri) eig(m)]> )

_ / el (H +y H) U, (2.15)
where the spin-valley isotropic basis are
‘I’Tr,a,s(r) = (wiA,s wjrB,s _wiB,s wT—A,s> : (2.16)
such that,
Hy . = Mg (T004Sy — T.0y54), (2.17)
oy = 2 (v s 78 )00~ x), @.19)

where A\ = at_v/3 and v, = e*%(*e)_ The first Hamiltonian has the standard form of
the Bychkov-Rashba type SOC [54] for graphene v = vpo + - - -, as one anticipates. The

second term, however, is the spin valley interaction term that is originated by the adatoms



and merits further discussion. During the quasiparticle scattering from the adatoms, this
term results in an intervalley scattering of the carrier along with the flip of their spin
degrees of freedom. The spin-valley locking that we derived by only considering the

effect of adatoms, is suggested to emerge in graphene/TMD hetrojunctions [62]. The

Figure 2.2: (Color online) The schematics of a finite width graphene nanoribbon with ran-
domly deposited adatoms on atomic sites. The spin-orbit interaction (2.11) in this system
induces the spin-valley locking (2.18) that can be utilized to generate spin current I from an
injected valley current I,,.

spin valley mixing term (2.18), which is present in TMDs (see Ref. [63] and references
therein), permits the realization of spin valley device, Fig.2.2, where the spin current can
be created via valley current and vice versa [64]. The spin-valley locking also induces
spin diffusion anisotropy, and coincidentally, materials possessing anisotropic spin life-
time are good candidates for spintronics applications[62]. This indicates that the intrinsic
graphene could be engineered by the external mechanism and adatom deposition in order
to modulate its features to function as a spin valley filter [16, 17, 65-67]. This addi-
tional term can result in the simultaneous valley and spin Hall effects, protection of the
spin or valley index (as there is no spin or valley alone flipping) and spin-valley filtering
[6, 67, 68].

We, thus, showed, in Eqs.2.17 and 2.18, that randomly adding adatoms on top of
carbon atoms in graphene produces a strong Rashba effect as well as a spin dependent
intervalley scattering which is not addressed in previous studies. Next, to compare the
intervalley and intravalley transition rates, we consider the spin independent valley mixing

which occurs in the presence of point-like short-range impurities.

2.2.2. Intervalley scattering

Some of the intriguing electronic properties of graphene are the so called minimal con-
ductivity [69—71] and absence of localization [72] at low temperature near the Dirac point
where the density of states tends to zero that is lacking in othermaterials[73, 74]. The
studies show that most of these electronic properties in graphene are controlled by the im-
purities [71, 74-77]. There are typically two important types of disorder, 1) long range:

Coulomb interaction due to the charged impurities and lattice corrugations, and 2) the
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short range uncorrelated disorder [78—80],

ZAB r—r;) ¥h (r)0a(r; +Z Ap(r—r;—8;) WL (ri+68,)¢p(ri+d;). (2.19)

ri,j
More importantly, the short-range impurities are the source of the intervalley scattering
which dominates the momentum relaxation in graphene [81].

In the presence of spin-valley coupling, intervalley scattering also mediates the trans-
port of spin. These features indicate that an accurate theory of transport in graphene needs
to consider the interplay of all such degrees of freedom. Furthermore, the valley degrees
of freedom have a defining role in describing weak localization or weak antilocalization
transport regimes [73, 82]. Therefore the study of intervalley scattering is essential for
the realization of the spin-valley coupled transport.

We next write down the hopping Hamiltonian for the short-range impurity model. In

second quantization language for the potential (2.19) we write

ri,j

<¢+B(rz +3;) BTt 4o (v, + 6;) e‘iK'(ri+5-i)>,

N Z A <wiA(ri)w+A(ri> - wiA(ri)wa@i) e %) 4 wiA<ri)¢+A(ri) el(ri)

oy ()Yoa(m)
+Z)‘B<¢13(ri+5j)¢+3(ri+5j)+¢LB(I‘¢+5J-)¢ p(r; +8;) e

ri,J

+ ol (i + 8;) Uyp(r +8;) €0 4ol o(x; + 8)) ¢_B(rz‘+6j)>,

=> {)\A <¢L+¢A+ + ] gh_ae™ ) 4yl et 4 ¢T_A¢—A> +

4 4 -
A (U atress + 20l ) = Ll ) 0l 0 ) }
= V(v (2.20)

where V is defined below and Ay = A4(r —r;) and A\g = Ap(r — r; — d,). Note that, to

obtain the last line we have used the Taylor expansion for the envelope function around

11



sublattice B such that
P+ 85) = il () + 85,V (1) + 0(18;), (2.21)
which consequently, in the limit § < 1, yields

V(s 4 85) rp(rs + 6;) ~ (146, - V) o) (r) v (), (2.22)
@ZJS?B (ri +9; ) Q/’TB(rz +9; ) i) oy (1 — 217K - 4 ) 77b7' B(I‘Z) wT,B@i)eiTqri)
65 V(000 Yrp(r)e™™), 2.23)

where 7, 7/ = = are valley indices and in the continuum limit terms involving total deriva-

tives will vanish. Also note that
. , } 271
+iK-§; +2iK-6; +2iK.6;
e i= e i =0, K-6¢e b= (2.24)
2 2.5 7

This allows us to ignore the terms of orders § such that in the limit Ag > Apd > A\pd?

we obtain the matrix

A (e i (rs
V= AMT0®0p+A\_13R 03+ IA (e’QZC(rZ)TJr ® oy + 2 OL)
A , ‘
— IB <621<(ri)7', Koy + e’zlg(”)u ® a,> ® So, (2.25)
where AL = % As we see from the Hamiltonian, the impurity potential gives rise

to various valley orbit coupling terms that each term has its own merit of discussion. The

impurity potential term as a matrix gives

Via V4B —Y-n Pa
Wi, A 0 0 A e~ 2)
f 0 A — N\ pe—2iC(r:) 0
yo Vs o B¢ S (2.26)
—yl 0 — \pe2id(r) A5 0
'QDT_A >\A62K(ri) 0 0 A
where \p = f/—’%k . Note that the terms along the diagonal are intravalley scattering

whereas the off diagonal terms induce the intervalley scatterings. In the next section we

will compute the transition rates due to these different transitions.
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2.3. Spin scattering rates: Fermi’s golden rule

Now we compute the transition rates using Fermi’s golden rule in the presence of short-
range defects and local spin orbit coupling. By solving the eigenvalue problem in graphene,

the electronic states (positive energy) in the valley isotropic basis (2.6) gives

1 0
i . 0 A

= e and == e (2.27)
0 —e '
0 1

where the indices = refers to two inequivalent valleys in graphene and = tan™'(k, /k,).
The intervalley transition rate form an initial state into a final state using Fermi’s Golden

Rule for uncorrelated point-like impurities is given by
1 2 dQD/ ) 9
) = e / K dk' /D 7 |(in|V|fin)| "6 (e — &) (2.28)
Therefore, the transition matrix elements give

Voo = (HVI4) = (A + Ape ) = (—|V]—) = V*_

Vi = (+|V|-) = 372%(”)()% + 5\Befi(spﬂp/)) = (—|V[+)" =V .
Therefore

Vi = |V__|? = X4 + A5 + 2 ahg cos(p — ¢), (2.29)
Vi 2=V =22 + 5 + 2 ahg cos(p + ¢). (2.30)

Then the rates of intervalley and intravalley scattring are

N+ AL 4+ 2 4 gcosy’  Intra-Valley,
X (2.31)
A+ AL — 2 4 g cos ¢ Inter-Valley.

Al

To compute the matrix element of the SOC we find that

(7, 8|Hsoc|T,s) =0 (2.32)
(7. s Hsoolr. )" = ly-I" + v+ > + 2vv- cos(p + ¢) (233)
(7, 8| Hsoc| 7', 8')* = 2|y, | cos®(£52) (2.34)
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Figure 2.3: (Color online) The spin scattering rates for the adatom engineered graphene that

induces SOC given in (2.17) and (2.18). During the intravalley scattering the suppression of

back scattering happens while for in the valley mixed spin flips the backscattering is allowed.
where s and s’ are the spin degrees of freedom and picking either 1 or |. The transition
rates show that there is difference between the valley conserved and valley contrasting
spin flip scatterings in terms of the backscattering. We have plotted these rates in Fig. 2.3
fo further discussions. It turns out that the well-known suppression of the backscattering,
which is a feature of the Dirac particles in graphene, is removed in the case of the SOC
induced by the adatoms which allows for a novel valley mixed spin scatterings. Therefore,
while the valley contrasting spin flip forbids the backscattering, the valley contrasting spin
flip permits the Dirac particles to be back scattered.

This new backscattering attributes of the adatom engineered graphene opens new
fronts for its applications as a spin-valley qubit where through the intervalley scatter-
ing the initial states can be restored [1]. In order to understand the coherent dynamics
of the degrees of freedom in graphene, such as the coupling of spin and valley, we next
try to establish a quantum kinetic model for the Dirac Hamiltonian in the presence of
adatoms. After constructing the kinetic model, for better interpretation, we will reduce it

to a diffusion model written the real space [26].

2.4. Quantum transport equation

The dynamics of a statistical system is governed by Liouville’s theorem which describes
the time evolution of the /NV-body distribution function. This large set of variables, 6N (/V
being the number of the atoms), makes the Liouville’s equation complex and impractical
for analytical and numerical use [26]. Contrary to Liouville’s equation which in essence

is a many-body formulation, on the other hand, the Boltzmann equation, describing the
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statistical dynamics of a system out of equilibrium, is formulated for a single-particle
distribution function and hence more functional [26, 27].

In the kinetics model the particles tend to go towards the equilibration by experienc-
ing collisions. The Boltzmann transport equation also takes into account the scatterings
through a collision term that balances the kinetics of the carriers. There are two direc-
tions in using the Boltzmann transport equation to describe the physical quantities. One
way is by solving the equation for the distribution function and use it to find the form of
the quantity under study. We alternatively apply approximations to the transport equation
which in turn gives the Drift-Diffusion models of transport.

In the quantum transport equation, the main object that is described is the quasiparticle
distribution function f(k,x,¢,t) and when deriving the drift-diffusion model, from the
quantum transport equation, its counterpart will be the density matrix p(x, t, £).

We attempt to generate a reliable quantum Boltzmann equation for carriers having
coherent spin and valley degrees of freedom driven by external fields. We assume these
fields have weak spatial and temporal dependence and we stay within the response limit
SO a quasi-stationary transport equation is justified.

We start the derivation of quantum transport equation by studying the time evolution

of the density matrix governed by quantum Liouville’s equation,
ip=[H,p]. (2.35)

For a system in equilibrium the density matrix is a function of the unperturbed Hamilto-
nian p(Hy) [83, 84]. In the presence of external fields however the density matrix will

deviate from its equilibrium form such that

p(t) = p(Hy) + op(t), (2.36)

where the non-equilibrium part, when the external fields vanish, will relax into the equi-
librium. Furthermore, we assume an initial condition on time ¢ such that the fields were

absent at very past, namely,
dp(t = —o0) =0, (2.37)

where we assume that the non-equilibrium part to have the time dependent form as dp(t) =
fe*, a > 0. We consider an impure Graphene sample subjected to external in plane elec-

tric field such that now the one particle Hamiltonian for the system is

H = Hy+ V(X) + Hex, (2.38)
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where H is the Dirac Hamiltonian for Graphene in the vicinity of a single cone
Hy=vro-p, (2.39)

and the disorder potential and the external field is given by

V(x) =) V(x—{x;}), Hex=—cE-x (2.40)
such that the electric field is such that E = Eyel®* and is turned off at the far past, namely,
E(t = —o00) — 0. Therefore the equation for the density matrix now will read

.00
za—tp — [Ho + V(x),6p] + [Hewi, po] - + -+ - (2.41)

we are interested in studying this equation in linear response regime where the solutions
are in first order in electric field but has a power series expansion in terms of impurity
strength. Therefore we project the Liouville’s equation in the momentum space (plane
wave basis) where the Hamiltonian is diagonal and noting that (k|dp|k’) = e fy, we

then write
iofry = Ho(K) frrr — frr Ho(k/) +Z (ka”fk"k' _fkk”vk”k’) —eE-[x, polr. (2.42)
kl/

By splitting the projected non-equilibrium density matrix into diagonal and off diagonal

elements, i.e,

Jir = fuw Onrr + frw (1 — Onr), (2.43)

we manage to separate the matrix equation into two coupled equations in term of diagonal

and off diagonal elements. The off diagonal part, where k # k', reads

iafie = Ho(k) firr — frorr Ho(K') + Viw fir — Vi + Vi frr — frw Vi

+ Z (ka”fk”k’ — frrr Vk”k’) —eE - [x, poliw, (2.44)
k' £k K

and diagonal part gives
iofy = Ho(k) fr — fr Ho(k) + > (ka’fk’k - fkk'Vk/k> —cE - [x, polkr.  (245)
k'#k
We now assume that dominant contribution to the non equilibrium part is coming from the
band diagonal part of the distribution function and the offdiagonal terms, that are induced

by the external fields, are relatively weak, namely, fr > fir, [83, 84]. Hence the final

evolution equation, which will reduce into a Boltzmann type transport equation, must be
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written for the diagonal distribution function. Up to the leading order in the impurity

potential the off diagonal equation then becomes

i — (Ho(k) I Ho(k/)> = (ka’fk’ — fkvkk’>- (2.46)

Subsequently, this equation can be solved by introducing two Green’s functions namely,i.e
-1

GrY () = (z +(—)ia/2 — Ho(k)> , (2.47)

which gives the solution for the diagonal distribution function as

1 [+ R A
fur=5= [ d=G(2) (vkk, fo — kakk,)Gk,(z). (2.48)
Next, plugging this solution back into the diagonal equation gives

where the collision integral due to impurity potential reads

I[f] = % /dz Z {ka'Gﬁ (VierSe = fiVier) G — G (View frr — kaick')Gi?/Vk/k}-

; (2.50)
To describe the semiclassical dynamics of quantum carrier, and to obtain a distribution
function which is written both in position and momentum coordinates, we transform this
equation into Wigner coordinates. In the new representation normal product is transferred

into the x-products [85] such that up to first order it yields
AB —s A*BzAB+%[A,B]p,B+---, 2.51)

where x = exp % (3,(31(7(51(3,(). Working out the Poisson brackets we obtain the semi-

classical Boltzmann equation for Graphene as
. v
O f(k,x)+1i[Ho, f(k,x)]_ +7F[a', Vif(k,x)], —eE-Vif(k,x) =1[f(k,x)]. (2.52)

The semiclassical equation we derived and its solutions are the main tools to describe
transport in a system. As it appears the equation is written for a matrix distribution func-
tion. Next, using the parametrization of the matrix distribution function as f =n +s - o,
and assuming that the Hamiltonian is only spin dependent and applying the relaxation
time approximation, then the matrix equation can be written in two coupled scalar equa-

tions for charge and pseudo-spin such as

On —eE-Vin +vp Vy -5 = — 10 (2.53)

Tp
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S — 9o

os—e(E-Vy)s+vrp Vin+2vps xk=— (2.54)

Ts
These calculations demonstrate that the kinetic equation for a two band system, essen-
tially, describes the coupled dynamics of charge and spin. The above equations can be
understood as two balance equations that include the relaxation, diffusion, precession
and the flip mechanisms of the carriers during the scattering. In the following we derive
the diffusion equations for graphene and its intuitive semiclassical interpretations by first
approximating the transport equation and solving it.

2.4.1. Collision kernel: Disorder scattering

To model the disorder in the system, suppose that the spin-less impurities are distributed
randomly throughout the system. The strength of these impurities are described by the

potential
V(x) =Y Vix—{x}) (2.55)

where x;’s are the position of the random impurities. Now, substituting this scalar poten-

tial into the collision integral we get

1f) = nimp D [V (k= K)[* / ;l—j {GE(f = )G = GE(f = F)GL . 256)
k,

where we have used the notation
Vi Vi, = (k[V (x, {xi DIK) KV (x, {xi})[F), (2.57)
and averaged over many impurity instances to obtain
Vi Vire = nimp|V (k — k'), (2.58)

On the other hand, the matrix Green’s function for graphene is given by

Gi(z) =) (1—1—50'-1;)/27 (2.59)

= - —i0

where £ is the chirality index which for a single cone (positive) it coincides with the band

index. Thus within the first Born approximation the collision operator becomes

1) =y 3 V=1 [ 52 A
" 21 \ (2 — €5, 4 i0)(z — €5 — i0)

k/ 7&‘76’
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Aﬁ&'/
- |, (2.60)
(z — ey —i0)(z — g +140)

where the transition matrix is given by

1+§O' k 1+¢ 0 K

Aﬁﬁ'/ _
kk 9

(fer — fr) 2.61)

The energy integrand has two set of poles on both upper and lower planes. Closing the

contour in the lower plane the energy integral is simply

dz 1
a 7 = -z 7 ) (262)
; Awer 27 (Z — 5% + ZO)( 5 — ’LO Z é‘i/ - €k, 10

kl

and noting that there is yet a momentum integral under which we use the identity from

complex analysis
1 1 !
SV SN R o S (2.63)
g5 — &5 — 0 (5§,—ai> €k~ k)

The principal value parts from the collision terms cancel identically and surviving term is
the delta function giving the Fermi’s golden rule and setting the condition for the elastic

scattering i1.e

e nim / / /
If] = =57 Y Julk = ) (A — ARR) O(ek — i), (2.64)
klyg’g/
which is essentially the Fermi’s golden rule, extended to quantum transport.
By doing the momentum integral explicitly we can obtain a bound for the relaxation

time in the presence of short-range disorder. Then the relaxation time is expressed as

k) — f(k
im K'dk' [ d¢' / / /
_mn "Z/ [ o2 W= K)P(ME = ALE) 8t - ).
(2.65)
The relaxation time is then given by
1 T Nim V2
—=—"—g(er), (2.66)

T 2

where g(ep) = 2‘;2 L is the density of states at Fermi energy [86].
F
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2.4.2. Magnetotransport

To compute the deviation from the equilibrium distribution in linear response regime we
expand the non-equilibrium distribution function in terms of equilibrium distribution. As-
suming that the distribution function has a power series expansion in term of the weak

electric field (linear response) we write

where the function O(E, B) is first order in the weak field E. The expansion can be
used to self consistently generate higher order corrections to the distribution function.
Substituting this ansatz and keeping terms to first order the transport equation gives

0
—eT(E+v xB) - Vi (fo +0-v 8J;O> =-0- éi‘o (2.68)

then applying the momentum derivative and noting that Vi fy = v 0. fj, and the band

velocity as v = vp k gives

2
—er(E+v xB)- (v% + Vi (O-v) %fo +O(E,B)- %;;0) — —O(E,B)-v Ofo
(2.69)
Next, we consider only the first derivatives of the energy which yields
9fo v Ofo) _ 9fo
eT(E+v x B) (V e +O(E,B) = o) O(E,B) v 9 (2.70)

and then taking into account terms of up to the first order in the electric field and noting
that Jv;/Op; = v /e, we simply obtain a vector equation, namely,
2

E- L O®EB) - LB xO0(EB) 2.71)

eT €k

which is solved to yield the generator of the small deviation from the equilibrium as

2

v
E LB X E 2.72
1+ 72(eviB/ey)? s (B+er Ek < E). (2.72)

eT

O(E,B) =

that consequently produces the non-equilibrium part of the distribution [86]

er dfo
fE,B) = fo+ W(E ter —B xE)-v o (2.73)
where we introduced the cyclotron frequency in Graphene as
evs,
w=—B. (2.74)

€k
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Using this solution the charge current from the transport equation gives

d fo eT ofy erw
=—e) = ——— v, E Z e 1o 2 o v (2.75)

changing the summation into integrals via

e deg, do
— 2.
Z - /27rv% /27r’ (2.76)

k

and noting that the density of state (DOS) for Graphene can be written as

Ek d€k afo
DOS( § 6(ex — (- —> 277
(er) (ex —cr) / 27, Oe 2.77)
and noting that for graphene (v;v;), = d;; v%/2, we obtain the current as
vt v(er) T wT?
h= = (g b — T 2 ), 278)

hence the conductivity tensor consist of diagonal and transverse (Hall) parts is given by

2,,2 2

_ e*vpv(er) T wT
7=y (T b s o) &7

2.5. Diffusion model

For a real physical setting, the transport equation can be further simplified. We consider

an inhomogeneous system in the presence of an external electric field then we write

0uf (k) + i[Ho(k), £k, 2)]_+ “L]os Vo f(k,)] | =€ B~ Vpf(h,) = 1k 2)],
(2.80)

where the collision integral is
1
1k0)) = 5= [ de 3 Wil (Gl — MG - GG - RIGE. ). @81
k/

Note that the matrix Green’s function for the free Graphene Hamiltonian can be written

in terms of projection operators as

Gk,z) =Y P Gulk,2) (2.82)

o
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where 1 = 4 being the band index

1 1
L+ pox Gk, 2) = -

Pl = , —

(2.83)

one has similar relation for the retarded, advanced function and & ,’j = pvpk, is the kinetic

energy counted from the Fermi level. Furthermore, the spectral function becomes

Gk, z) - GA(k, z) = —2im > Pfo(z—e}), (2.84)
“w
One can use this result by adding retarded and advanced function to the collision integral

and rewritten it as
1
I/ (k%)) = 5 / a2 " Vi P [GE (e — SGE - GF) — (GF - GA) (i — fi) Gt
k/

=i ) Ve (G fi — e GL) =i ) Vi P (G fu — fu G
k' Kk’

_ Pk (2.85)

T T

where in second line it is straightforward to compute the sums by changing them into
integrals. The second term is proportional with the scattering rate of carriers from impu-
rity with distribution function f(k) while the first term is approximated as the scattering
rate for carriers given with general momentum resolved, energy dependent distribution

function as
1
Ik’e = %(Gf”sfk” - fk”Gf”e>7 Pe = ;gk”m (286)

these assumptions help to conveniently simplify the collision integral. Then the resultant

transport equation becomes

f(k x) (2.87)
.

O f(k,x) +i[Ho(k), f(k,x)] + %F[g; V. fkx)] =i % _

We, furthermore, multiply the transport equation with the retarded and advanced functions
from the left and right respectively and then subtract two relations to obtain the quantum

Boltzmann equation [87],
_ . v -
O+ 7 g, +ilHo(k), 0] + 5 [0: Ve 0], =i (Gidp: = p:Gl). (288)

We solve this equation using Laplace transform, which is equivalent to setting the time

dependence of the distribution function g, _(t) = g, el*l* which is consistent with out

22



boundary condition that g, _(—o0) = 0, and finally it yields
(Q+ily) g = &, L, = [Ho(k), |- (2.89)

and ) = o + % The left side can be understood as the fast relaxation into equilibrium

which is mediated with the terms in right hand side as scattering and anisotropic deviation

from local density distribution given by £x . = £;” + £, where

gL =it (Gfp. — pGl), (2.90)
1 Uy
&l =Sl Ven.], 2.91)

The solution to the transport equation reads

1
0. = — [ d2' G, L. G, (2.92)

’:27T

with the matrix retarded and advanced Green’s function given by [88, 89]

1 1/ 140 |- o
G :_( tOok T ) (2.93)

Z—Ho(k)£iL 2\ =&+ if 2 +& =+ il

where o = o - k. Therefore the solutions have two set of simple singularities two of
them 2/ = +&, — z% for the retarded function residing on the upper plane and the other
two 2/ = £& + z% for the advanced function and lying on the lower plane. Computing

the 2’ integral over either the upper or lower half plane consequently gives,

O, = G Lie + G o, Le] . + G oy Lo o = D[Lk ] (2.94)
where
282 + Q2 —i&}, 262
_ _ _ - Sk 2.95
“Toagray  “Tageoy “Taugeoy O

We can establish the different corrections by iteration and get

g = DL (p)], (2.96)
g =D& (e )], i>1, (2.97)

hence up to the second order the perturbative solutions give (see the Appendix. C)

0. =g, +g.) +g”. (2.98)

Note that here we are interested in quasi stationary system where a7 < 1 hence Q ~ 77 1.

This limit reflects that the relaxation due to the impurity scattering is such short that

takes long time for the system to reach equilibrium which can happen in highly diffusive
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systems. As it is clear this limit is favorable in studying the coupled dynamics of charge
and spin. In the following we try to obtain a quantitative interpretation of charge and
pseudo-spin transport in graphene.

Next we attempt to obtain explicit form of the solutions by parameterizing the density
matrix as p = n/2 + o - s + 03s3. Substituting these results back into the kinetic equation
in clean system limit where v = ep7 < 1 one obtains the set of diffusion equations

describing the coupling charge and pseudo-spin dynamics (Appendix A), [87, 89-91],

DV’n+uvp V- s=0, (2.99)
DV + Dy V(V -s) + %F@n - Ti (2.100)
= Y Vp . = Sz
D V3s, — — V). s=2=, 2.101
s Tr a2 2 (zxV)-s T, ( )
where noting that T and T are charge and pseudo-spin relaxation times, respectively, and
we defined
1 4 2\2 2 2 ;
TSZMT’ D:w7 Dszﬂ' (2.102)
~?2 2 2

The first equation gives the coupled diffusion of the charge and its compensation by the
pseudospin polarization vector, whereas the second and third equations describe the dif-

fusion, pressesion and relaxation of the in-plane and out of plane pseudospin components.

2.6. Pseudospin Edelstein effect

First, one notes that the charge and pseudo-spin relax differently to the equilibrium. Ac-

cording to the continuity equation, we have

on+Vx-J=0, (2.103)
therefore we immediately read off from the third equation that

J=vps—DVin (2.104)

For diffusion under field, the electric field can be coupled to equations via the condition
[91]

Vi — Vx—eEO, (2.105)

and noting that the mean free path is = vg 7, one obtains the Einstein relation that indi-

cating that the charge in graphene is separated into a dynamical part due to the diffusion
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and bias plus pseudospin charge, i.e,
14
Jeharee = (—D Vx + e E 2 0.) n+ vgs. (2.106)

Note that the first term is dynamical since it is driven due to the external perturbation and
charge imbalance. To understand this better, we use the unitary map that diagonalize the

graphene Hamiltonian and write down the carrier distribution accordingly as
7k, x) = n(k,x) 1 +9(¢) - s(k, x), (2.107)

where n is the scalar charge density, s is the pseudospin part of the charge, ¥(¢) = & =

UoUT, and note that

5 — cos ¢ | isin pe~® | 5, = sin ¢ | —i cos gpe ™ .108)
—isin ge’®  —cos¢ i cos gpe'? — sin ¢

Now defining the general momentum resolved carrier distribution as

p(x) = / dk (GRf — fGY), (2.109)

and averaging over the random angle by noting that < ¢, >4= 0, and < 7, >4= 0, Oone

obtains
p(x) =n(x)1+0-s(x). (2.110)

This indicates that a part of the charge distribution that corresponds to the pseudospin is
in fact the residue charge density which is driven by the band coherence near the Dirac
points. One notes that if the band coherence is neglected or the Fermi energy is far from
the Dirac point then this residue (pseudospin) charge will vanish.

We next solve the diffusion equations in a 1D graphene nanoribbon and find that
depending on the degree of the polarization there will be pseudospin accumulation on the
boundaries of the sample. The diffusion equations decouple for the y and z components

of the pseudospin and give

D 0*n + vp 05" =0, (2.111)
(D+ D) 3s" — = = ~ L gn, 2.112)
T, 2
)
(D + D) 9%s¥ — i— =0, (2.113)
DR - =T Ty (2.114)

T, 14492 2 ¢
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The first equation is simply the continuity equation giving a formula fo the current as
Do,n + vps® = I = constant. (2.115)

The first term in this equation is the usual local charge accumulation whereas the second
term is directly proportional to the distribution of the helicity states pseudospin in the x-
direction and indicates the pseudospin magnetization. One notes that the relation is also
time reversal invariant. Entering of the pseudospin magnetization into the current formula
is rather an unusual contribution since one would assume that the pseudospin current (if
considered to be nonmagnetic) to be present here as of the form 0,s” [89]. This suggests
that injecting an electric current, as a result, can induce pseudospin density which alike
the charge density will decay away from the contacts, but, besides, it also will generate
pseudospin polarization: the pseudospin magnetoelectric effect. To see this, we first solve

for 0,n and plugging in the second equation to obtain

1 1 I
(D + D,) &s® — (— + —) 7= (2.116)
T o 14
and solving this gives
I s / . _ z
s¥(x) = — ( * ) +ce o +epe T o (2.117)
Vp \T+ T,

Next we assume a sample extended in z-direction with length L where the boundaries are
atx = ié. We further suppose that there is a constanct charge inection to the system

from the left boundary such that

J =1, (2.118)
z:i%

J T nl, (2.119)

JF| =0 (2.120)
r=3

where Jg, is the pseudospin current and naturally we assume that on the first interface the
is a polarization degree given by 77 whereas at the right interface the pseudospin finally

decays and relaxes to zero [89, 92]. The solution finally gives

]< T 97r, cosh i(m—L/Q))

s'(z) = T+T T

Ufp

(2.121)

Assuming that the relaxation time for charge and pseudospin happen at the same rate

26



0.5000F ] e —————— -
_ 0.4999} /// \-\_ \
S // — =03 \\
L\ ' A\
% lols / : .n’"!l L \II\' \
§ 04998 / / sy \\ ]
o / f — n=1 \ \
£ follf ol il
@ 04997} / LIRE
kS I." / \ \
o ' |
0.4996| \ |
. .'II Ill
| \
0.49951 ! '
0 2 4 5 8 10

Figure 2.4: (Color online) Diffusion of the pseudospin accumulation (2.122) inside a
graphene conductor along the x-direction plotted with the different degrees of polarization
1. The decay rate follows a Gaussian pattern with spread peak as one expects from diffusion
equation.

such that T = T, then we obtain

V2(z—L/2)
I (1 cosh Y¥=—==
Ty = — [ o —— ¢ | 2.122
s*(x) vF(z nv2 LT ) (2.122)
Consequently we realize that the pseudospin accumulates at the boundaries and are given
by
I (1 2L
s(x=—-L/2) = — (— — V2 tanh L), (2.123)
VF 2 14
I (1 2
s"(z=1/2) = — ——nL . (2.124)
vp \ 2 sinh %

One furthermore observes that the equal interface accumulation of pseudospin happens at

the ballistic regime where the size of the sample is comparable with the mean free path
(Fig.2.5)

1
L =— cos
V2

To realize the symmetries of pure graphene hinders its technological and engineering

) ~ 0.74 (. (2.125)

applications. To overcome this obstacle, few approaches are presented to break the sym-
metries of graphene such as breaking the sublattice symmetry. The pseudospin symmetry
breaking is thus favorable to realize the pseudospin magnetism in graphene.

Noting the current formula then the charge density gives

1 27 r 2 =
n(x) = - <r+7f) - Z/d:cs (2). (2.126)
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Figure 2.5: (Color online) Pseudospin accumulation in the right (2.124) and left (2.123)
interface of a graphene nanoribbon with polarization degree 1 = 0.3. There is a critical length
where the accumulation in both the interfaces are identical. Eventually the accumulation at
the interfaces leak to the bulk and reach a constant value.

2.7. Conclusion

In summary, we illustrated that using a suitable local envelope function to describe the
electronic structure in graphene gives rise to the novel effective interplay between the rel-
evant degrees of freedom. These interactions are vital for the realization of spintronics and
valleytronics devices that puts the many useful degrees of freedom of graphene into use
as an alternative way of transporting information. These effective interactions are induced
by external impurities. Hence impurities can be useful in improving the graphene device
functionality. We demonstrated that the adsorption mechanism, by randomly depositing
adatoms on top of the sublattice vertices, along with a short-range impurity model, that
initiates the intervalley coupling, effectively bring about the interplay of the spin and val-
ley degrees of freedom. Furthermore, we calculated the valley and spin relaxation rates
and gave an analytical expression for them.

We provided a ground-up construction of the quantum transport equation using quan-
tum Liouville’s equation. We then applied the gradient approximation and then by inte-
grating out the extra degrees of freedom obtained a real space quantum diffusion equation
describing the coupled dynamics of charge and other degrees of freedom in graphene. In
graphene, we illustrated that to explore the charge transport one has to consider the charge
pseudospin degrees of freedom as well. The pseudospin polarization effectively dictates

that upon applying electric current graphene can be pseudospin magnetized.
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Chapter 3

ANOMALOUS TRANSPORT IN WEYL SEMIMETALS

3.1. Introduction

Dirac and Weyl semimetals (WSM) are members of materials with topological properties.
They are intermediate phases between a trivial insulator and a topological insulator. Both
of these materials can be taught as the three dimensional version of graphene in the sense
that they obey the three dimensional Dirac/Weyl equation. Dirac semimetals (DSM) have
been predicted to occur in band inversion crystals with strong spin orbit coupling in the
presence of space inversion and time reversal symmetries. As a result, the valance and
conduction bands cross at discrete points in the Brillouin zone forming the gapless modes
at the bulk Fermi surface, giving rise to a semimetallic feature [93-96].

The presence of both the time reversal and inversion symmetries in DSMs naturally
result in degenerate Dirac nodes [94]. Another topological phase may appear if one or
two of these symmetries are broken, giving rise to non degenerate Weyl semimetallic
phase [97-100], where the cones which were degenerate in the Dirac phase get separated
in the Weyl phase. Each cone has definite handedness, which protects against gapping
out as the only way to get chiral fermions out is to pair them with the opposite chirality.
Crystals featuring WSM phases, contrary to other types of Dirac matter, [98, 101, 102]
have unique topological features in addition to the Weyl nodes [98, 103, 104]. These
nodes are connected only at the boundary of the crystal via a peculiar half loop surface
states known as the Fermi arcs [102, 105-108]. The notion of chirality is a feature of the
Weyl equation (the massless version of Dirac equation) which, according to the fermion
doubling theorem, predicts that the massless solutions (Weyl fermions) always come in
pairs each with definite helicity [103, 109]. For isotropic Weyl cones, the helicity is
specified by the operator

X=0"DP,

where o and p are the spin and momentum direction vectors of the particle, respectively.
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In this study, we consider WSM with broken time reversal and inversion symmetry, where
the bands touch at two points in the Brillouin zone. Here each Weyl node carries opposite
chirality as the source and sink of the Berry flux [110].

WSM phase has been the object of recent attention because of the unique band struc-
ture featuring chiral fermions. The most important characteristic associated with the chiral
fermions is the existence of quantum anomalies [111]. Therefore the discovery of WSM
allows the realization of quantum anomalies associated with the Weyl fermions such as
chiral anomaly and chiral magnetic effect in the crystal lattice[112-116].

When both the time reversal (by applying a magnetic field B) and inversion symme-
tries are broken, as we will show in this chapter, the separate Weyl nodes cross at different
energies. Application of an electric field E causes the constant pump of charge between
the nodes indicating the nonequilibrium feature of chiral transport [117-119]. This axial
current is larger when the electric field is locked parallel to the magnetic field and vanishes
when the fields are perpendicular [120].

To better understand the chiral kinetics, we first develop a quantum transport equation
for Weyl Hamiltonian in the presence of electromagnetic fields. In the next section, we
present our main finding which is the systematic derivation of the effective equations of
motion through the band projection. Then using the transport equation model and obtain-
ing the distributions function we compute the chiral current and clarify its microscopic
origin. We finally illustrate that the chiral magnetic effect is directly linked to the flux of

the Berry monopoles indicating a topological origin.

3.2. Nonabelian Boltzmann equation and U (1) gauge fields

In this section we construct a general nonabelian (matrix) quantum transport model in
the presence of electromagnetic fields to examine the chiral transport in Weyl systems we

focus on a single Weyl cone, given by the Hamiltonian
H=vprp- o, 3.1

where p is the momentum vector in 3D and the Pauli matrices o = (o0, 0, 0,) operating
in spin/orbital space. Including the electromagnetic field through minimal coupling into

the Hamilt now the Liouville’s equation in position basis gives
i) = [ dx ({alHix)p(e ) — ploxa, ) ()

o / ax' (xalor (b~ eA) X )p(x', x2) — p(x1, %) (x| (p — eA) - o))
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= UF{O‘ (= ﬁxl — eA(x1))p(x1,%2) — p(Xl,XQ)(’l.%x2 — eA(x2)) - o’}.

(3.2)
Next we transform to the center of mass and relative coordinates system (z, 7):
x:X1;X2, r = X; — Xg. 3.3)
Therefore, in terms of the new coordinate, we have
r 1
X12) = X+ <—)§7 Vx1(2> = §Vx + (—)V:. (3.4)

Now, assuming slowly varying fields and Taylor expansion in terms of the relative distance

r, we obtain the following formula for the vector potential:

A(x) ~ A(x) + %(r -Vx)A, A(xg) =~ A(x) — %(r -Vx)A. (3.5)

For the kinetic momentum we obtain
—iVy, — eA(x)) = —%vx — iV, —cA — g(r VoA, (3.6)
iV, — eA(xs) = %vx iV — A+ g(r VA, 3.7)

and the Liouville’s equation becomes

ip(r,x) = UF{O' = %Vx —iVy —eA — g(r - Vx)A |p(r,x)

. [%VX iV, —eA + g(r Vo)A ]p(r,x) - 0'}. (3.8)

Next, we perform the Wigner transform of the kinetic equation. The Wigner transforma-

tion in the presence of gauge field is given by

f(x,p) = /dr e iPTeA)T 5 (p ). (3.9)
Applying this transformation to the left hand side and performing the integrals gives
LHS = /dr eTiPreA) T, /dr (@(e‘i(p“A)‘rp) —der-A e_i(p“A)'rp)

= (0 —eE-Vy) f(x.p), (3.10)

where E = —A.. The right hand side likewise can be cast into the form

(&

RHS = /dr e”'(p“A)'r( + %Vx —iVr—eAF 5

(r- VX)A> p(r,x),

= F5Vuf(x,P) + Pf(x.P) £i5 B X V,f(x,p). @3.11)
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where we have used

emiPreA)T g g, <€—i(p—eA)'rp) Fi(p + eA)eiPreA)T (3.12)
I NE R VAP v <€*i(PfeA)-rp) +ie Vi(r - A)eiPreA)T (3.13)

and
/ dre iPTeR)T 7 5 — i(p 4 eA)f(x,p), (3.14)

/dre‘i(p“A)'r Vxp = Vi f(x,p) + ie /dr Vy(r - A)e ipteA)T), (3.15)
and finally we reach to the collisionless gauge invariant transport equation
e v .
of = 5[(B+vea xB), Vpf] + o, Vufl, +ilH, fl=0.  (3.16)

One observes that excluding the last term, which indicates the quantum corrections, and
ignoring the nonabelian feature of this equation, by considering the distributions as func-
tions not matrices, one arrives at the standard semiclassical Boltzmann equation for the
one band model. The quantum coherence term i[H, f]_, which can be interpreted as the
precession of the spin (or other degrees of freedom associated with the two band) due
to the momentum space pseudo-magnetic field, is the imprint of the quantum Liouville’s
equation which is our starting point [121, 122]. To describe the electronic structure of a
multi-band system, the system is usually reduced into an effective model with less bands
by band projection [123—-125]. Adopting this point of view in the Matrix kinetic equa-
tion leads to an equivalent transport description written effectively in terms of the band
diagonal Hamiltonian. In the following we explicitly carry out the reduction of the matrix
kinetic equation (3.16) and demonstrate the connection between the effective equation of

motion and the Berry curvature.

3.3. Non-abelian SU(2) gauge, band projection and Berry curvature

The main object of interest in the quantum Boltzmann equation is the single particle
distribution (matrix) function. The matrix distribution has diagonal and off-diagonal parts
denoting the contributions of the quantum intraband and interband interference effects
respectively. To elucidate the physical picture of transport in a multiband system it is
customary to derive an effective equation by projecting the original equation into the
energy eigenbasis and applying the gradient approximation [123, 124].

The transport equation can be simplified using a unitary transformation that diagonal-
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ize the Hamiltonian (3.1) such that
UHU' = Hy = vp |plo., (3.17)

where by solving the eigenvalue problem, one directly finds that the transformation reads

iZopL 1 Loew Z
U = etz = ) | PL=DP X Z. (3.18)
—e

with ¢ = tan'(k,/k.). Moreover this unitary transformation is momentum dependent

(local gauge), therefore it will naturally induce a covariant derivative
Ve — Dp=V,—iA ], A=iUVU" = VoI —0,).  (3.19)

Note that vector A = (A,, A,, A,) is a pure nonabelian SU(2) gauge potential in momen-

tum space with null field strength,

Fup = Oub, — O, — Ay, A]
=i0,(U8,U") —i0,(Ud,U") +iUa,U' U9, Ut —iUd,U" U9,UT
=i(0,U)(0,U") +iU0,,U" —i(0,U)(0,U") —iUd,,U' +iU9,Ut US,U"
—iUo,U' U9, UT,
_o, (3.20)

indicating that this pure gauge potential has no physical force effect on our system and

we have
iA,, A = 0uh, — OA,. (3.21)
The transformation also affects the velocity v = V,H, and results

v=UV,HU,
= VpH,+i[A, Hy)- = DpH,. (3.22)

The covariant matrix velocity on the other hand can be rewritten as
vV=vp P+ 20pVpp 0oy, (3.23)

where the first part is the orbital velocity of the particle in the band, while second term is
the contribution due to the gauge (Berry) connection.

After applying the local gauge transformation (3.18) into the transport equation (3.16),
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and considering a stationary and homogeneous system, the transport equation becomes

1 1
atf+ 5[[}37 Dpr_ + 5[\’, vxf]+ +Z [Hd ) f]_ = 07 (324)

where the velocity and force matrices are given by

V= vp UO'UT:UF(JZp—l—ip A, o.]), (3.25)
p=—-ceE—-evxB. (3.26)

In order to obtain an effective single band transport equation, we first express the quantum

coherence term (the commutator) as
[Hd7 f], :H::Zatf+§[[p7 Dpf]++§[va vxf]+7 (327)

where, we assume the gradient terms only add corrections to the solution of the ki-
netic equation. Next we apply the band projection scheme by first separating the coher-
ence term into band diagonal and off-diagonal equations. The diagonal equation clearly
will depend on the band diagonal (intraband) and off-diagonal (interband) distribution
functions, f® and f®, respectively. Using the gradient expansion, and by note that
o> f*, we then express the diagonal equation in terms of functional of the intraband

distributions and write

[HS, £ =Fa(fo, f%, £°%
=FO(F) +FQ (o [f2) + FL S [f2]) + - (3.28)

The first and dominant correction to the coherence term, we indicate it by [F&l)

, 1s a func-
tional of the intraband distributions. In the second and the third iterations we select the
terms [Fg?) and [FS” that depend on the interband and the opposite-band distributions. We

find that

1 o _ _
Falfo] =10 f + 0070y f* + 0900 f* + 5 (RN — 7 "AF) [, (3.29)
o o Z (N eYeY ao (N7} ad Z
[Foz[faavfaa] - é(pz apzf +[p7, 8p1f )+§
(e ad foo ao foc ]' a4 o s QL LOO s o Lo
+ oy (AT — AT f >7+§(Ai — AP R f), (330

Q 1 N7} s QL p Qo (o7
Folf%] = 5 (ATPF — Py ) £ (3.3

(V;xdaxi fda _|_ Vi&aaxi fa&)

We also express the second and the third iterations as a functional of the intraband dis-

tribution by using the band off-diagonal matrix equation (3.27) which contains both the
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interband and intraband distributions as well and gives

[Hd7 f]?a = Hja&(faafaafa&>' (3.32)

The right hand side reads

o Q Z iNe7e% « ax « 1 (NS [Ne% ax ro - ax
Foaa(f f*, f) = 5([91 Op J + V{0, f ) - §(|pz + Py ) AT f + 10 f
i s (N acx - o a ax Z o a ax
+ 5([pz + 105 ) [0, [ — (A — A7) fY] + i(vi + )0, f
1 (e (N ax fo Z (Nee% a ax a
+ 507 + BOA S+ S (B0 [ + v 0. ), (3.33)

there we used the fact that the diagonal and off-diagonal elements of the covariant deriva-

tive are
(lef)a — vpfoe _ i(Aaéfdoz _ fa&Aézoa)7 (334)
(lef)ao_z — vpfa& . Z'(Aa&f& - faAad) . Z'(Aafa& - fa&Ad)' (335)

In order to express the second and third iterations as functional of the only intraband dis-
tribution, we first need to solve the (3.32). Considering the contributions form intraband

distribution functions yields
Hg f% — foC H = Foa(f, f* =0, f** = 0), (3.36)
which gives
F% = TFaalf*) (Hg — Hy)™", fee = () = (Hf = H§) ™ Faalf*). 3.37)
Now defining the energy distance between opposite bands as A, = HG — HS we find that
FoL] = g A (50 ¥, + (5 + AR £
:—gzz\wxB-vpfa—%Aaa.vxfa—AiE-/Aaafa. (3.38)

P

Furthermore, noting (3.25), we use the following relations,

p*® = —ieA, A" x B, (3.39)
VoY = —iA, AY, (3.40)
P = —eE —evpp x B, (3.41)
p* = —eE +evpp x B, (3.42)
vY = vp p, (3.43)
v* = —up p, (3.44)
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and express the second iteration as
[e] i iNe17e] aq o aq s QN QO LO
[l-_((f) [Fe] = §(Pz Op, 4" + V{00, f) + PIAT [ — hec,

= S = S (B0, A5 — ) B0y, I

2 2 igl ~ mnr
2
e at ao «@ [e7e%y NeTe't «@
~5 €.,50 (A5 Op, A — h.c) By, [ — X €0 (AOAY — h.c) Be B0y, f
e o
— < (AP — hc) B, fa} — (eE; + ec,,,v;By)
_ 1 _
% {5 2o (BT RE — hc) By, = 5 (BB = hc)O, .
.A 2
= %{ - % gijfgmnqgjmrBZBnapibrapqfa - ggiﬂ‘sjmrBfapibraImfa
e? o € o .
1
X (_g gmnqgim'anbrapqqfa - §€imraxmfa>7
iNg el . € N
- 7(- S BXV,(B-b)-V,f" = = [(V,-b)VB = V,(VB-b)] - V. f
e? . € S\ ie? N
S Bx(bxE) 9,/ ~Exb-V,f )——Bx(be).apf
A A 2
ie . | i€ o i€ N
—EE-b-fo +7(v><B)(b-B)-fo +5b>< (vxB)-V.fe,
where we have defined the nonabelian Berry curvature as
8piA?a — Op, AT = Af‘%\?a — A?a/&?a = 1€ij¢ by, (3.45)
and its derivative
Op, (A?@A?O‘ — A;‘&/A?O‘) = 1€ij¢ Op, by (3.46)

Now substituting this term back into the equation (3.28) finally we obtain an effective

single band transport equation
Of+p-Vpf+1:-V,.f=0, (3.47)
with the terms

2
p:<—eE—eva—%VP(B-b)xB>+e[(—eE—gva)xb} x B,

r=

(v—%[(vp'b)B—Vp(B~b)D +(—eE—§v><B) « b,
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which can be arranged and cast into a familiar form as [115, 118],

i=Vpetpxb=(l+eb-B)! (Vpe+Exbre(b-Vpa)B),  (348)

p=¢E+eixB=(1+eb-B)! (eE+eVpéxB+e2(B~E)b). (3.49)

As it is clear form these equations of motion, there is a correction to the spectrum of Weyl
fermions (Fig.3.1) due to the Berry curvature, namely, & = ¢ 4+ 0 = ¢ + m(b - B). Here,
m = % is the modified energy of the quasiparticles due to the internal Berry monopole
associated with a Weyl nodes and b is the field of a monopole [125-127]. Also note that
the Berry curvature is the reflection of our local gauge analysis of the transport equation,
as a result chiral imbalance (chiral anomaly) that is related to is a natural consequence

of a chiral system [128, 129]. In the remaining of this chapter, we investigate the chiral

Energy

Figure 3.1: (Color online) The energy separation between the left and right Weyl nodes is due
to the monopole fields b (Berry curvature) where s = %(b - B) as given in the anomalous
equations of motion. This generates the chemical imbalance between the two chiral fermions
giving rise to the chiral anomaly.

anomaly and the chiral magnetic effect using the established kinetic model and anomalous

equation of motion for the Weyl system.

3.4. Anomalous equations of motion

In a chiral fermionic system, the magnetic field induces the flow of charge current in
the direction of the external electric field generating the chiral magnetic effect, when
there is axial chemical potential due to the presence of Berry curvature [120, 130]. In a
system with the time reversal and inversion symmetries the effect of the Berry curvature
is zero, whereas in Weyl semimetal both the symmetries are broken and Berry curvature
is nonzero in the vicinity of the Weyl points. In the previous section we demonstrated,

from the kinetic equation point of view, that the Berry monopoles greatly affect the band
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velocity of the fermions, and, not surprisingly, this picture also holds true in the wave
packet dynamics as well [125]. In general for Weyl Hamiltonian the transport equation
reduces to, [115, 118, 124],

8tf°‘+f“-vxfo‘+p°‘-vpf°‘:—d, (3.50)

T

where the anomalous equation of motion now are prescribed by the contributions from

the Berry curvature field and giving

P = Ve 4+ p* x b?, (3.51)
p*=eE +ei® x B. (3.52)

In general the Wigner distribution function f(x,p) is written in the phase space coor-
dinate, however, our motivation on using the kinetic equation perspective is the coarse
grained modeling of chiral kinetics, and therefore we assume that the system under study
(Weyl semimetal) is stationary and homogeneous [115, 118]. With these assumptions
then the kinetic equation reads

A 2R . _
eE+ecvppxB+e’(B E)b-vpf:—f fO' (3.53)

1+eb-B T

In order to compute quantities one first need to obtain the distribution function by solving
the above transport equation using Chapmann-Ensgok linearization scheme which ulti-

mately yields

0
(E+e(B-E)b)-v aaig, (3.54)

er
= iws
where the electron’s band velocity is v = vp p.

As we discussed at length in Sec.2.4.2, on studying the magnetotransport in the frame-
work of the Kinetic equation, the transport coefficients such as magnetoresistivity and
magnetoconductivity are computed via applying the equation (2.73) for the distribution

function. Including this result here we obtain the distribution function as

2 0
Sf = — r E (E—FTU—FB><E—|—6(B-E)b)-vai (3.55)
1+eb-B+72(£)2B? € Oe

2
where for Dirac dispersion we have % = U?F and v = vpp. The first term inside the paren-
thesis contributes to the dc current whereas the second term generates the Hall current.
The third term is the chiral magnetic effect that induces the chiral anomaly.

Next, as an trivial exercise, neglecting the Hall effect one can compute the rate of the
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chiral anomaly as

ny=> 4f(p),

k2dk of° 9 dk of°
—67'/ o2 <EV>Q g—f—e T(BE)/@(bV>S E, (356)
and as a result we obtain
e’r of°
= B-E de — 57
o 47r21)p( )/685—:’ (3.57)

where ns = n, -1 — ny—_1 is the chiral imbalance between the two (left and right) Weyl
nodes. The first integral in second line vanishes. Hence the non vanishing nonequilib-
rium charge accumulation (chiral anomaly) is proportional to B - E stems from the Berry
curvature [115]. Note that

kE2d$) . 1 v
(b-v}s:/ - (b-vpp)ZEj{b-dS: X (3.58)

where Yy is the quantized Berry flux (Chern number), d2 = d(cos #)d¢ is the infinitesimal
solid angle and dS = k2d{) p is a spherical shell encompassing the monopole charge.
Noticing the energy separation of the Weyl nodes such that e, = ¢y + 7m(b - B),

where m = %, then the group velocity of the Weyl fermions are
Veer =v+mVp(B-B). (3.59)

Now to compute the current around a single node we write

—er
1+eb-B

(E+e(B-E)b) v A 3e60)

J :eZ(eremVp(B'B)) Oe

p

The chiral magnetic effect is the current due to the magnetic field which will give

2 0
Jome = 647m(E-B)B/ Rdk df2 (b-v) %ig,
2

:e2mX (e_T (E,B)/dga_fo>B

&3

22 \4r2 Oe
emnsy
= B 3.61
52 ) (3.61)

and the conductivity gives,[115, 116, 130],

e‘rm
8d

B2 (3.62)

OcCME =

These results that we are obtained form the microscopic standpoint, completely agree

with other findings that are based on the different approaches [115, 116, 118].
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3.5. Conclusion

We analyzed the kinetic theory of chiral systems, i.e, Weyl semimetal, in the presence
of electromagnetic fields by constructing the Quantum Boltzmann equation. Applying
a gauge transformation and the using band projection, we then arrived at an effective
anomalous kinetic equation where the nonabelian gauge field (curvature) induces correc-
tions in the equations of motion. We then computed the quantum anomalies such as chiral
anomaly and chiral magnetic effect in the Weyl system. The transport equation approach
to study anomalies in the Weyl system is a standard technique that yields as accurate re-
sults as with the conventional field theoretical methods. However, in this approach, as ev-
idenced in the literature, the solution of the kinetic equation was not addressed [115, 118].
However, in our approach, we first solved the effective kinetic equation and obtained the
distribution function for the chiral fermions. Using this solution we next computed the
charge and the current and obtained the chiral anomaly and the charge current due to the
magnetic field. The results for the anomaly related quantities that we obtained from this
kinetic outlook, however, are in agreement with other approaches that are based on the

field theoretical method.
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Chapter 4

COVARIANT TRANSPORT IN TILTED CONES: PSEUDO-RELATIVITY
AND LINEAR RESPONSE

4.1. Introduction

Condensed matter systems having Dirac-like linear energy dispersions proved to be a fer-
tile ground to rediscover fundamental particles of nature. The Weyl semimetal (WSM) is
a newly discovered phase of matter which hosts yet another emergent excitation of quan-
tum field theory: a long-sought fundamental particle of nature first proposed in 1929 by
Herman Weyl as a massless solution to the Dirac equation.[109] Crystals featuring WSM
phases, contrary to other types of Dirac matter,[98, 101, 102] have unique topological fea-
tures such as: the zero-energy excitations in the semimetallic bulk are associated with the
chiral Weyl Fermions, having definite handedness near two distinct nodes,[98, 103, 104]
whereas these nodes are connected only at the boundary of the crystal via a peculiar half
loop surface states known as the Fermi arcs.[102, 105-108] These materials exhibit in-
triguing and distinct phenomena when exposed to electromagnetic fields, such as chiral
anomaly, negative magnetoresistance, and the chiral magnetic effect.[131-133]

Dirac materials, possessing anisotropic and tilted energy cones, where the Fermi sur-
face gains eccentricity and deviates from a standard circular shape, have been reported to
exist in the two dimensional organic conductors a-(BEDT-TTF),I; subjected to pressure
and uniaxial strain.[134—136] In these materials, the Dirac crossing occurs away from
the high symmetry points of the Brillouin zone and their associated spectrum is mod-
eled with a modified Dirac Hamiltonian. The presence of the tilt largely impacts the
magneto-electronic and optical properties in these two-dimensional systems with tilted
cones.[134, 136—-138] Recently, another type of Weyl cone with no relativistic analog,
due to the violation of Lorentz invariance, in transition-metal dichalcogenides hosting
Weyl fermions has been reported.[106—108, 139-143] As compared to the abovemen-
tioned (moderately) tilted cones in so-called type-I WSMs, the cones are now “overtilted”

such that the isoenergy lines are no longer closed ellipses but open hyperbolas. The search
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for this new type of WSM, coined type II, is ongoing and some candidate materials have
been predicted theoretically.[144—147]

Similar to two-dimensional systems, the tilt of the conical spectrum improves the
transport qualities of three-dimensional WSMs by increasing the mobility and conduc-
tivity of the carriers. This strongly points out the better electronic and spintronic func-
tionality of the tilted materials compared to other types of Dirac matter. For instance, the
reported extremely large and non-saturating magnetoresistance, up to 450, 000% in low
field and 13 x 10°% in high fields,[148—-150] suggests a suitable magnetic memory and
spintronics applications. Other peculiar properties of WSMs with tilted cone are the large

conductivity of about 10® Q 'cm™!

as well as an enlarged chiral anomaly [149, 151]
whose origins remain yet unclear and need further theoretical investigation. As evidence
to the significance of the Dirac cone tilting, the transport calculations[152—-155] show that
the anomalous Hall and thermal Hall conductivity, Berry curvature and density of states
increase with tilt and peak around the critical tilt value, while optical absorption [156]
shows no upper bound. Furthermore, the critical angle between the tilt and the mag-
netic field sets a threshold for the collapse of the Landau level formation and magnetic
breakdown.[157-159]

A very distinct interpretation of tilted Dirac and Weyl systems come from a relativistic
perspective where the tilt is identified as the rapidity of a specific Lorentz transformation.[136,
137] In the presence of external fields exploiting the Lorentz covariance, the tilt parameter
becomes an essential variable in identifying a boosted frame where the fields transform
trivially and this, in turn, facilitates the study of the problem at hand. [136, 160, 161] Be-
sides this rich attribute, there is another motivation that appeals to the use of relativistic
argumentation in describing the physics of the titled Weyl cone. The direct diagonal-
ization of the Dirac equation in the presence of external fields is a cumbersome task,
[162, 163] while by utilizing a relativistic picture and redefining the fields, this problem
can be tackled easily.[136—138, 158, 164] This suggests the use of the covariant formalism
that allows for a better understanding of the physics of the tilted Weyl cone phase.

In the present chapter, we address the electric transport properties of two- and three-
dimensional Dirac systems and WSMs as a function of the tilt parameter. We show that a
relativistic viewpoint in the form of a covariant Boltzmann equation allows for a quanti-
tatively accurate description of the magnetoconductivity in the diffusive transport regime.
The tilt in the electronic energy dispersion in the general Weyl Hamiltonian, character-
ized by the tilt velocity vy, is equivalent to drift velocity vy = E/B under a suitable
Lorentz transformation.[136—138] After obtaining expressions in the relativistically sim-

plified picture where only the magnetic field is present, an inverse Lorentz boost recovers
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the results in the original frame. Additionally, we demonstrate and elucidate how the DC
conductivity increases in moderately tilted type-I WSM in terms of the tilting degree. This
large enhancement, which is about 7 to 10 times larger than in standard WSMs without
tilt, is the focal point of recent experimental debates concerning electronic transport in
WSMs.[148, 149, 165] In order to demonstrate the validity of our approach in terms of
the covariant Boltzmann equation, we perform conductivity calculations using the Kubo
formula. As a result, we find that, apart from quantum corrections at energies close to the
band-contact points, both approaches show a high quantitative agreement. The quantum
corrections happen to be due to the interband coupling which is neglected in the Boltz-
mann equation;

The chapter is organized as follows. In Sec. 4.2 we discuss the basic construction
of the manifestly covariant Boltzmann equation to study transport in the electron’s co-
moving frame of reference which is an inertial frame moving with a velocity equal to
the electron’s drift velocity relative to the laboratory frame of reference. In Sec. 4.3 we
compute the conductivity of a two-dimensional anisotropic and tilted Dirac cone using
the covariant Boltzmann equation as well as Kubo formula and compare the two results.
In Sec. 4.4 we repeat the same calculation for a three-dimensional system of type | WSM
having tilt in k,-direction and compute the longitudinal and perpendicular (to the direction
of the tilt) bulk conductivities using covariant Boltzmann formula as well as Kubo formula
and then compare them. Furthermore, we provide a qualitative understanding of our
findings for the conductivities by computing the tilt-induced renormalization of Fermi

velocity, the density of states and Einstein’s diffusion relation.

4.2. Covariant Boltzmann equation

Tilted Dirac cones in a magnetic field, in both 2D and 3D materials, can be elegantly
described within a covariant formulation,[138, 160, 164] in which the tilt parameter is
associated with an effective electric field.

In order to see this, consider first the minimal Dirac Hamiltonian, in which we omit
the valley degree of freedom. Let us first consider the manifestly covariant situation with
a non-tilted isotropic Dirac cone in three spatial dimensions. In this case, the covari-
ant Dirac equation can be cast into the Schrodinger-type equation, in terms of the Pauli

matrices 0 = (0., 0y, 0,) and the 2 x 2 identity matrix 1,

(H —ig) 19} =0 @)
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in terms of the Hamiltonian
H=vpk —€eA): 0+ eDpy(r)l, 4.2)

where ®y;,s(r) = —Fy is a static potential that we choose (arbitrarily) to give rise to an
electric field in the y-direction, while A is the vector potential that generates a homo-
geneous (and static) magnetic field in the z-direction, and |¢)) = ¢ (vpt, x,y,z). The
Fermi velocity vp plays the role of the speed of light and here, and in the remainder
of this chapter, we use a system of units with 4 = 1. For convenience, we consider
the Landau gauge A = —yB x with a vector potential to be oriented in the z-direction
although the general arguments do not depend on this choice. While the Dirac equa-
tion is invariant under Lorentz transformations, it happens that it is convenient, for a
quantum-mechanical solution, to use a Lorentz boost (in the x-direction) to a frame of
reference, where the electric field vanishes, in which case we simply need to solve the
Hamiltonian for a (charged) Weyl particle in a magnetic field and then transform the so-
lution ¢/ (vgt’, 2,1/, 2’) in the co-moving frame of reference back to the lab frame, with
W (vpt' 2y, 2") = S(A)Y(vet, x,y, ). Notice that this transformation is only possible
in the so-called magnetic regime, where the drift velocity vp = F/B is smaller than the
Fermi velocity. It has been shown, both in the case of 2D [162] and 3D [160], that the
convenient Lorentz transformations allow for a simple solution of the Hamiltonian (4.2),
which agrees with the more cumbersome algebraic solution [163] in an arbitrary frame of
reference, where the electric field does not vanish.

Interestingly, the same covariant trick can be used for a tilted Dirac or Weyl cone in

the presence of a magnetic field. In this case, we need to add the term
vo(ky — €A1, 4.3)

to our Hamiltonian (4.2), where we have considered the tilt to be in the z-direction, char-
acterized by the velocity vy, which we choose to be smaller than vz in order to remain in
the regime of a type-I WSM. One immediately notices that the additional term conspires

with the electric field in the y-direction, and one can indeed define a Hamiltonian
H — Uokxl = UF(k — € A) -0+ e(@bias — Cbeff)]_, (44)

) . . . def
which has the same form as (4.2) in terms of the effective electric field Ey = vyB and
thus @ = vgA, = —FEoy . The new Hamiltonian is therefore also of covariant form
and amenable to a Lorentz transformation, while the extra term vyk, 1 remains diagonal

in any frame of reference since k, is a good quantum number in the Landau gauge. We,
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therefore, use, for a convenient diagonalization of the Hamiltonian of tilted Dirac and
Weyl cones, a Lorentz transformation to the co-moving frame of reference, with velocity
vp in the z-direction, where S(A) = exp(o,/2) and rapidity as n = tanh ) = Ey/vpB,
to make the effective electric field Ey vanish.[136—-138, 162, 164] In the new frame the

Dirac equation reads
(H' —¢) e7"72y) =0, “.5)
such that

H = S(\) (H — vy k1) S(A)
=vp (K —eA') 0+ edy,, (r)1, (4.6)

bias

where A’ and k' are the corresponding vector potential and momentum vector in the co-
moving frame and ¢’ = e (for more details, see the appendix).[138, 160] One notices that
the spectrum in both the frames are related, i.e. £(Ey, B) —vo k, = \/1 — n2[¢'(B, B}y =
0)].[138, 160] This, finally, indicates that the spectrum of a tilted system equivalently can
be obtained by first solving the system in a simplified boosted frame and then restoring
into the original frame by applying an appropriate representation of the inverse Lorentz
transformation.

The tilt term v, k, 1 in the Hamiltonian (4.4) renormalizes the scattering time of the
carriers, 7' = >, |Vimp|?0(H —er). The anisotropy of the spectrum redefines the Fermi
velocity[136] (see Sec. 4.4.3 for more details) such that the Fermi’s golden rule gives
7 = 10(1 + O(n?)), where 7 is the momentum relaxation time when tilt is zero. This
recommends that as long as the tilt is moderate, the relaxation time is mainly dominated
by impurity scattering.

Furthermore, in the framework of the Liouville equation, the quantum mechanical
phase-space distribution function of the carriers of the system (4.4) satisfies the equation
Op/0t + i[H, p] = 0 where p is the single-particle density matrix. We next project this
equation into the momentum basis {|k)} where the Hamiltonian is diagonal and the ma-
trix elements of the density matrix can be written as diagonal and offdiagonal parts, i.e,
preer = (k|p|k"Y = frokr + grrr. Consequently, the Liouville equation will be decomposed
into two coupled equations in terms of f; and g, which must be solved simultaneously
to obtain the quantum kinetic equation written in terms of the diagonal distribution ma-
trix f.[122? ] Next, we convert this equation into an effective semiclassical transport

equation by taking the Wigner transform of the density matrix fj and obtain
o f +i{H(k), ftrp +i[H(k), f] =0. 4.7)
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Here f = f(r, k) indicates Wigner’s (matrix) distribution function, {X,Y } pp = 04, X0,,Y —
0y, X O, Y stands for the Poisson’s bracket with  and v run through the space and mo-
mentum dimensions and we adopt Einstein’s summation convention. [26, 27, 166, 167]
The commutator [H (k), f] is the quantum coherence correction to the semiclassical trans-
port equation of two band model. In this study, we assume that the perturbations are weak
such that the transition between the bands are negligible, therefore all the band coherence
effects, such as the Berry curvature correction to the carriers band velocity, are ignored
and we consider the transport regime where the conduction limits only within a single
band.[122-124] Note that the additional term to the energy, vy k, 1, in general changes
the kinetic equation, however for the spatially homogeneous distribution function which
we consider here its effect vanishes as the Poisson bracket { H(k), f}p 5 becomes it-
self zero in the absence of external fields. However, by introducing the electromagnetic
field through minimal coupling in Landau gauge, the Poisson bracket will produce two
drift terms illustrating the Lorentz force driving the motion of electrons and written as,
{Hk —eA,®(r)), f}ps = —€e¢(E+Ey) - Vif —eVie(k) x BV f,[122? ] where
Vke(k) is the group velocity of the carriers in (4.4). Therefore, applying the relaxation
time approximation, the resulting kinetic equation of the tilted system reads

of+ (Fe+Fg) Vif= B fO’ (4.8)

T

where fY is the equilibrium distribution of the carriers and k is the crystal wave vector of
the carrier inside the lattice. For simplicity we separate the Lorentz force into two terms,
i,e, k = Fg + Fg, where k represents the time derivative of the crystal momentum, such

that

Fg = —c (E + Ey),
4.9)
Fpg = —e Vyke(k) x B.

While the second expression is the force caused by the magnetic field, the first drift term
is due to the electric fields (bias and effective), and notice that the tilt term (tilt velocity)
in the presence of external fields, only enters, through the drift term, into the kinetic
part and has no effect on the collision part of the transport equation for the tilted Dirac
system. The covariance of the Boltzmann equation indicates that (4.8) is valid in any
frame of reference as long as one prescribes it the transformed fields. The equation takes
a relatively simple form in a frame of reference where E, = 0.

This, in turn, proves that Hamiltonian (4.4) and its boosted equivalent (4.6) yield

the same kinetic equation up to the Lorentz symmetry. We then utilize this similarity and
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compute the physical quantity of interest in an appropriate inertial frame by implementing
the coordinate-independent Boltzmann transport equation and then restore to the original
frame of reference via the Lorentz transformation law. [166—168]

The rest of this section is therefore devoted to the covariant formulation of Boltz-
mann’s transport equation. The distribution function is a Lorentz scalar since it re-
lates to the number of particles, dN = f(a#, k") dx* dk,, through the phase space
volume.[26, 166, 169] Lorentz covariance, as a basic structural property of the Dirac
equation, can be implemented in investigating the statistical kinetics of the carriers in
Dirac (2D) and Weyl (3D) systems. Additionally, we throughout our calculations ignore
the spin degree of freedom, as the spin component affected by the Lorentz boost under-
goes a precession due to the Wigner rotation[170] whereas our main concern is the study
of electronic transport of a tilted system. If the electromagnetic fields are present, the
ratio between the two fields yields a new velocity that determines the drift of the charged
particle, and its modulus vgf needs to be compared to the effective speed of light vp.
If » = wvaire/vr < 1, there exists a Lorentz transformation to a frame of reference that
allows us to get rid of the electric field (magnetic regime), while the electric regime is
associated with a drift velocity that is larger than the speed of light ( > 1), in which case
one can get rid of the magnetic field by an appropriate Lorentz boost. In the remainder of
this chapter, we concentrate on the magnetic regime, which happens to be relevant for the
covariant description of type-I Weyl semimetals with moderately tilted cones.

The covariant Boltzmann equation with electromagnetic fields in manifest covariant
form is [26, 166, 168]
of  ktu, of

okr 2 1

K Ouf + e F™ k, (4.10)

where 6f = f — f, is the deviation from the equilibrium distribution. The collision
kernel is approximated by a suitable relaxation time ansatz where v, is the 4-velocity
for carrier flow,[166, 168] which in the electron’s local rest frame takes the form u, =
(vr,0,0,0). Using relativistic notations, the 4-momentum is k* = (¢/vp, k) where € and
vp are the energy and the Fermi velocity of the carriers, respectively. Note that for the
massless carriers with Dirac dispersion we have k = v /v%, in terms of the 4-velocity
v, = &, = (vp, V), and 7 is the carriers scattering time as the time interval between two

successive collisions. Writing the electromagnetic tensor F* explicitly in terms of the

fields F% = —F® = E; /vp, and F" = — £,;, By, the equations of motion read
kﬂau:v%(aﬁv-vk), @.11)
F
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L. 0 3 0
e FH kyﬁzge(EV£+EVk+VXBVk> (412)

The drift velocity determines the appropriate Lorentz boost defined as (for instance in the

x-direction of space)

vy —m 00
- 0 0

A — g” . (4.13)
0 0 01

to the frame of reference where E vanishes as long as we remain in the magnetic regime,
while the small bias field E = JE is transformed to E' = 0E’ = v0E | + dE| as well as
the magnetic field B, = v~ B., (B, , = 0), in terms of the Lorentz factor

7’1 =+/1-n2 10 = Vgsie/ VF - (4.14)

We thus obtain the solution of the covariant Boltzmann equation for a stationary and

homogeneous system, the nonequilibrium distribution, as[86]

—er B’ f
O0f = —— [ E ! x OE' | - Ve’ ) 4.15
f L+ w22 ( + Tw E ) K€ <0€’ ( )
where, in the co-moving frame, the cyclotron frequency of Dirac fermions is given by
02
w=e¢—L B (4.16)
€

The first term inside the parenthesis in Eq. (4.15) contributes to the longitudinal conduc-
tivity whereas the second term gives rise to the Hall current. Throughout this chapter we
are only interested in the longitudinal conductivity and hence will neglect the effect of the
second term in the conductivity calculations.

The nonequilibrium current due to an infinitesimal bias is defined through the formula
J=—eTr(vdf), (4.17)

where the trace (Tr) represents the summation over the momentum and other degrees of
freedom. While computing the current in the lab frame, we use the Lorentz-invariant
distribution function as calculated in Eq. (4.15) prescribed with the transformed fields,

namely,
5E1| = 5EH, 5E'L =~vE, (4.18)

and then perform the trace by taking into account that the components of the velocity of
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the particle in the lab frame should transform according to the relativistic velocity addition

formula, in directions parallel and perpendicular to the boost, as

2
VL.
U|/| + VUdrift 1 S%ﬁ ; 419
T Trmpnr TR T Ty 19
vi vi 7

Ultimately, one uses the formula o, = ¢.J,/0E, for the infinitesimal bias fields[171]
to restore the longitudinal conductivity parallel and perpendicular to the boost direction
and compare them with the result obtained from the Kubo formula and semiclassical

Boltzmann calculations.

4.3. Hamiltonian for 2D anisotropic tilted Dirac cones

The emergence of Dirac physics in condensed matter makes it possible to probe rela-
tivistic effects in materials. In addition, Dirac physics in materials comprises electronic
properties that are generically described by more general Hamiltonians taking into ac-
count the anisotropy and the tilt of the energy dispersion. Restricted to two dimensions,
the general form of a Dirac Hamiltonian with two bands intersecting linearly in a conical
shape reads[134, 136]

Hpirae = b k1 + 07k 0, (4.20)

where the indices ;. and v run over the spatial dimensions z, y. In addition to the anisotropic
Fermi velocity described by the parameter v*, this Hamiltonian is specified by two pa-
rameters, v§ and v, that characterize the tilt of the Dirac cones. This type of Hamilto-
nian describes the dispersion of a strained graphene sheet and organic conductors of the
a—(BEDT-TTF),I; family.[134] The additional term v %, 1 can be understood on the ba-
sis of tight-binding models for graphene-like systems. Indeed, second-nearest-neighbor
hopping induces the tilt of the Dirac cones if the latter are dragged away from the K and
K’ points of the first Brillouin zone (e.g. by strain) and breaks the particle-hole symmetry
of the system.[172, 173]

This sufficiently general form of the Hamiltonian (4.20) can be simplified by rescaling

and rotating in momentum and pseudospin spaces,[137, 174] to get
- &y - &ile
2

e'2 % HDirac(R_lk) e 2% —s HDirac(k)v (4.21)

These transformations remove the anisotropy and bring the tilt into the z-direction such
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that one obtains the minimal Hamiltonian
HDirac = VUF k-o -+ g k:,;]_ (422)

where, for simplicity, we set the new Fermi and tilt velocities as vp = v, = v, and

vy = vj = 1 vp, respectively. The transformation R is given by

cos&ae 2 sinéy
Rica) = | 55 v i) (4.23)
— sin & ﬁ cos &l
where &g = cos™! (n_lvg / vm> ,and 0 < n < 1 is the tilt parameter defined as
n= /(05 /va)? + (00,2 (4.24)

Note that the transformation R in real space is the combination of a coordinate rescal-
ing followed by a pure SO(2) rotation that maps the original coordinates into modified
coordinates in order to remove the anisotropy in x — y plane and bring the tilt into a spe-
cific direction, namely, (x,y)' — (cos & + 10y, sin &) (, Z—;y)‘, and t stands for matrix
transposition.[137, 138]

Now that we obtained the minimal Hamiltonian model for a general 2D Dirac system,
next, we address the transport theory of the system under the influence of electromagnetic
fields. Under external fields and in the Landau gauge, as we stated in Sec. 4.2, we restore
the Hamiltonian (4.4) for 2D. Additionally, in our gauge choice the term vyk, on the left
hand side is diagonal in pseudospin and momentum space — it only shifts the spectrum in
energy and can thus be absorbed into the Hamiltonian. This indicates that upon minimal
coupling the Hamiltonian, /7, . — vok,1, has the same covariant form as that of massless
particles in a magnetic field B z and an effective electric field Ej in the y-direction. In
the following, we proceed to compute the transport quantities, i.e, longitudinal electric
conductivity, by first transforming the system into another inertial frame to remove this

effective field.

4.3.1. Conductivity from the Boltzmann equation

The above reasoning allows us to find the Lorentz boost to the appropriate frame of refer-
ence, where we can easily calculate the transport coefficients. Notice also that the separa-
tion between a strong electric field Ej and a bias field 6 £/, which was somewhat artificial
in the Sec. 4.2, is now much more natural — while § E' describes a true electric field used to
drive a current through the system, £, simply represents the tilt of the Dirac cones and not

a physical electric field. Now assuming that the electric field is oriented in the y-direction
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as in Eq. (4.4), the bias and magnetic fields under the Lorentz boost in the x-direction

transform as
E; =0L,, E; =0k, B ~ 7,1 B, 4.25)

where we have neglected a small correction ndFE, /vrp < B to the magnetic field in the
last expression. Additionally, the components of the velocity of the electron in the lab

frame, using Eq. (4.19), relate to those in the co-moving frame via

cos ¢’ +n sin ¢/
= = ), = . 4.26
Ve = UF 1+ ncos ¢’ Uy = OF Y(1 4+ ncos¢’) (4.26)

In lights of these relations, due to the relativistic aberration of angles under a boost, the

polar angle transforms as
d¢’
(1 +ncos¢)’

which resembles the relativistic Doppler factor in relativistic beaming. This alternatively

dp = 4.27)

indicates the Jacobian of the transformation from the lab into the co-moving frame of
reference. Using the transformed form of the velocities v, in Eq. (4.26), the Lorentz-
invariant distribution function (4.15) in the co-moving frame and that V&’ = vp(cos ¢/, sin ¢'),

one can easily compute the magnetoconductivity tensor in the lab frame,

;o —627/5’d5’ (8f(0)>
T on v oe’
2T d¢' (cos ¢’ +n)cos ¢’
/0 o (14 ncos¢)?

I —627/5’d5’ of©
Yo or 72 e’

T dg! (sin ¢')? ,
L 5 o -

SE., (4.28)

Here and in the following parts, we limit our discussion to the diagonal conductivities.
Formally, this amounts to considering the limit w7 — 0 in Eq. (4.15), i.e. the limit where
the scattering time is much smaller than the inverse cyclotron frequency w’ and where
Landau quantization does not need to be considered. In computing the nonequilibrium
current in the lab frame we, furthermore, need to consider the transformation of the bias
fields as given in (4.25). Now noting the Lorentz transformation of the energy and that at
zero temperature the Dirac distribution gives (0% /0g’) = —y7! §(e — ep), the current

and consequently the conductivity perpendicular to the boost direction (which is identified
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with the tilt direction) in the lab frame reads

-1
Operp (= Oyy) = 00 <7772 ) ET, (4.30)

where 0y = €?/h is a fundamental constant such that i/e? = 25.8 k(). Similarly, we find

for the conductivity in the direction of the boost (tilt direction)

-1
(= 0r) = 00 (1= ) e (4:31)

and one thus realizes that the ratio
Ty = (1= )2 4.32
o V= (L= (4.32)
is a direct measure of the relativistic factor and thus of the tilt strength 7.

Notice that the above expressions for the conductivity calculated in the framework of
the covariant Boltzmann equation coincide, in the limit v = 1, with those obtained pre-
viously within semiclassical non-relativistic Boltzmann calculations.[175] We emphasize
that both the relativistic and the non-relativistic Boltzmann approaches do not account for
quantum corrections in the close vicinity of the band contact points that are responsible,
e.g., for the minimal conductivity of graphene.[176] These are better taken into account

within the Kubo formalism, which is discussed in the following subsection.

4.3.2. Kubo formula

To verify the validity of the covariant approach, we compute the conductivity using the
Kubo formula and check the agreement of both methods. Noting that vg = 7 v, the uni-
tary transformation U = exp(—ino-n/4), where i = zxk/\/k2 + k2 = (sin ¢, — cos ¢),
diagonalize the Hamiltonian (4.22), and the spectrum of a general 2D Dirac system thus

reads
Ea = Vp k (ncosd + ), (4.33)

where ¢ is the momentum vector polar angle and o« = +1 is the band index. The corre-
sponding Fermi surface is an ellipse. As in the sections above, we consider a system with
a moderate tilt < 1, such that we remain in the magnetic regime, where we can get rid
of the tilt by the appropriate Lorentz boost. In the limit of zero temperature (7" = 0) for

noninteracting systems, the Kubo-Streda formula for the diagonal conductivity gives[177]

e2 o0
Opp = ?Z/de <— (J;g ) I, (4.34)
k
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where the polarization tensor reads
11, =Tr (Uu ImGF# vy, ImGR) , (4.35)

ImGE = (GE — G*)/2i and the Heisenberg equation gives the velocity operator as v, =
i[f'u, Hpirac) where r, is the position operator. In the self-consistent Born approximation,
the first contribution to the advanced (A) and retarded (R) Green’s function of graphene
in the energy eigenbasis reads

R/A B (1+ao,)/2
¢ <6)_;€—vk(ncos¢+a):&il“’ (4.36)

where the decay term is proportional to the scattering (relaxation) time 7 via I'™! = 27.
Using the above definition, the spectral function is a diagonal matrix in energy basis and

may be written as

A, 0
mGR — L [ : (4.37)
C\o 2
where
1
Ay = (4.38)

[z —y(ncosg £ 1)+ 1

in which we defined the dimensionless variables z = ¢/T" and y = vpk/I. Now to

compute conductivity, we first express the velocity matrix in the helicity basis as

v ero/
UM:(BUF( ”,* “/>, (4.39)
[vp ] op

where the band velocities are given by
vy = (n+ acos ¢, sing), (4.40)
while the off-diagonal velocities read

vﬁal = (ising e ™, —icospe ). (4.41)

We then obtain the polarization as

M = Y (26t + ) A 03 A 0

« a#a’

=2 (o) + 22 (v, + 22,2 o P (4.42)
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where the second term in the first lines shows the quantum coherent mixing of the bands,
whereas the first term gives the intraband contribution and we remind that o and o’ are
the band indices. Now writing the momentum summation in terms of the momentum and

angular integrals as Y, — (2m)72 [ ydy fozw d¢ and performing the integrals we finally

obtain
o, = 20 7_1(1—i-ztam’1,z)
vy T 7]2
2z(tan"t 2 — 2)(1 — 2/+/22 +n?) + n?
v k , (4.43)
21
—1
mzﬁ{’YQ (14 ztan™ ' 2)
T Lny
24+ 2(z — tan™? — 2242
L + 2(z an222)(z 2240 , (4.44)
n

for the diagonal conductivities in the z- and y-directions.
Equations (4.43) and (4.44) are the main result of this section and merit a detailed

discussion. First, let us investigate the zero-tilt case, n — 0, in which we obtain

1
(1+ztan™'2) +

O-CECC = O'yy = 0'0 —’/T (4.45)

tan~! z
21z |
In the high-energy (diffusive) limit z > 1, we then retrieve the standard result, in agree-

ment with the semiclassical Boltzmann approach, namely[176]
Oy = Oyy = 00 £T/2, (4.46)

which coincides with Egs. (4.30) and (4.31) in the static limit (w = 0). We emphasize that
in the opposite limit of 2 < 1, i.e. at energies close to the Dirac point, band mixing yields
quantum corrections that are beyond the reach of the semiclassical Boltzmann approach,
within the first Born and relaxation time approximation, and therefore a full quantum
treatment is needed. Indeed, the Kubo and Boltzmann approaches yield different results
then, as we will show below.

Before comparing both approaches, let us discuss in detail some aspects of the con-
ductivities calculated from the Kubo formula. For the case of non-zero tilt in the diffusive

limit, z = ¢/I" = 2e7 > 1, the conductivities (4.43) and (4.44) can be rewritten as

vy—1=z 1 )
it\= Ozz) = 5T ) 4.47
O (= Ouz) Go(7727 st o (4.47)
vy—1=% 1
Operp (= Oyy) = 00 (7 5 + E>’ (4.48)

where the last term takes into account the first (quantum) correction in 1/z. The conduc-
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Figure 4.1: (Color online) Comparison between the conductivity of the tilted Graphene in
directions perpendicular and parallel to the tilt as a function of the tilt parameter 7 for values of
the normalized energy as z = 1, 5 and 10. Around zero tilt both the parallel and perpendicular
conductivities, calculated from the Kubo formula, correspond to the isotropic value; while
increasing the tilt develops an anisotropy such that the perpendicular conductivity diverges,
while the parallel one continues to grow up to a finite value.
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tivities (4.47) and (4.48) are plotted in Fig. 4.1 as a function of the tilt parameter 7, for
different values of z. First, notice that the result coincides with that in Eq. (4.46) for zero
tilt, i.e. in the limit » — 0, where we retrieve also 0,, = 0,,. Figure 4.2 shows a com-
parison between the conductivities (4.47) and (4.48) obtained from the Kubo approach
(dashed lines) and those from the covariant Boltzmann formula, Eqs. (4.31) and (4.30).
The only difference resides in the offset of 60 = 0(/4z = 0(/8e7, which is due to the
quantum corrections that are neglected in the latter approach. This offset becomes less
relevant at larger values of the tilt where the conductivities are enhanced. This enhance-
ment can globally be understood from the density of states that increases with the tilt
parameter. However, this argument in terms of the density of states does not explain the
strong anisotropy in the conductivities. While the conductivity oy, along the tilt direction
remains finite and saturates at a value of

1
ou(n — 1) = 09 (57 + —) , (4.49)
et

i.e. the Boltzmann contribution is doubled with respect to the n — 0 limit (4.46), and the

conductivity in the perpendicular direction diverges[178] as

Operp( — 1) ~ 00T /+/1 — 0. (4.50)

One thus obtains the same behavior (4.32) for the ratio between the conductivities as in
the Boltzmann analysis.

This difference in the conductivities stems from the anisotropy of the velocities and
mobilities in two directions. Experimentally observed results show that when applying
strain to the graphene crystal, the group velocity of the carriers along the strain drops
by increasing the strain whereas the group velocity along the perpendicular direction to
the strain increases.[179] The tilt affects the carrier density by increasing the number of
available states,[136] but ultimately in the surge of scattering events in a tilted (elliptic)
1soenergy surface, carrier scattering into a state along the perpendicular direction (ellipse
shorter axis) is much more probable than along the tilt (the larger axes) due to the smaller
momentum difference. Hence, the mobility of the carriers is largely influenced by the
direction of the tilt.[180] This result is inline with another empirical finding showing that
the magnetoresistance takes its maximum measure along the tilt direction in a-(BEDT-

TTF),I; organic conductors.[174]

56



10— — — — —
L |
’l

Gperp / Jo

Otilt | 00

Boltzmann ]
/ / [

o))
\\\\

i T '
7 T i i
2 | Zzs /II' |

ittt =l T .

0 | o | ‘
0.0 0.2 0.4 0.6 0.8 1.0
n

10 ‘
T Kubo
8 | -
i Boltzmann
6 | -
| |
/,'
g
4: 2
u—u--_Lalﬁ_“______________‘_____,_____—— .
2+ ) - |
--------------- .
(0 — ‘ | |
0.0 0.2 0.4 0.6 0.8 10
n

Figure 4.2: (Color online) Comparison between the conductivities oy /0o and Operp/ 00 Of
the tilted Graphene in terms of the tilt parameter for energies at z = 1, 5 and 10. Conductivity
Calculated from the Kubo formula (dashed) agree with the covariant Boltzmann approach
(solid) in (4.31), (4.30). While the perpendicular conductivity diverges in critical limit; the

conductivity parallel to tilt direction saturates at finite value.
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4.4. Type-1 Weyl Semimetal

4.4.1. Boltzmann equation

In this section, we present the core result of this chapter and investigate the magneto-
conductivity of type-I Weyl semimetals based on the covariant formalism introduced in
Sec. 4.2. Consider a Weyl material in the presence of perpendicular electric and magnetic
fields — again, we choose the magnetic field to be oriented in the z-direction and a tilt in
the z-direction, i.e. the associated electric field is oriented in the y-direction. The essen-
tial part of the 3D Hamiltonian of this system, according to (4.4), can be cast into the form
]:Iweyl — Yok, 1, and, similar to the discussion in 4.2, has a Lorentz symmetric equivalent.

We apply a Lorentz boost in the x-direction with drift velocity vg = Fy/B to work in a
frame where the electric field vanishes. Noting the representation of the Lorentz boost, the
bias fields transform along the boost direction as 5E;(z) = Y0Ey., 0E, = dE, and the
magnetic field as B, = v~ B.. Taking the axis of the polar coordinate, # = 0, along the
boost direction, simplifies the expressions and using this parametrization in the co-moving
frame we obtain Ve’ = vp(cos@’, sinb’ cos¢’, sinf’ sin ¢'). Next, implementing the

relativistic addition formula, the velocities transform accordingly as

n + cos @’
e = Vp ———————, 4.51
Ve = 0P 9 + ncosl’ (4.51)
sin 0’ cos ¢/
—p 20 4.52
Yy = UF (1 +ncosd)’ (4.52)
: 9/ : /
v, = vp sin 0’ sin ¢ (4.53)

v(1+ncos)
Considering the relativistic aberration of the polar angle 6 under the Lorentz boost, (4.27),
then the solid angle and consequently, the conic cross section transforms as dQ) = v~2dQ’/(1+
ncos 0')? where dQ)' = d(cos 0')d¢' /(47) and the azimuthal angle as d¢ = d¢'. Thus, the
nonequilibrium current in the lab frame for each spatial direction will give
I = —e?r / e?de’ (ofO)
T ox2 VF Oe’
/ dQ (cos® +n)cost
72 (14+ncost)?

I = —627'/8/2d6/ of©
Yo og2 VR e’

/ dQV sin?@ cos? ¢’ .,

SE., (4.54)

— ————0F 4.55
v (1+mncosd) ¥ (4.59)

; —e?r [e?de’ [(OfO
o 27r2/ UF (85’)
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/ dSY sin® @' sin® ¢/ SE!. 4.56)
¥ (1+ncost)?
As a result, we obtain in the lab frame for the conductivity parallel to the boost
e2r  (tanh™'n —
Ciie = O ( J 77) . (4.57)
T Up n
Similarly for the conductivity in the direction perpendicular to the boost we get
2 2 -1
B e’ [(v*n—tanh " n
Operp = 00 T or ( o ) . (4.58)
In the zero-tilt limit, v — 1, we obtain the isotropic conductivity as Oy = Operp =

0o €27/(3mvr), recovering the same result as obtained using semiclassical Boltzmann

equation in zero temperature reported elsewhere in the literature. [181-183]

4.4.2. Kubo formalism

Again, we compare the result obtained from the covariant Boltzmann equation to the
conductivity calculated within linear response theory. We write a minimal type-1 Weyl
semimetal Hamiltonian with a tilt in the z-direction (Fig.4.3), parametrized by n =

vo/v < 1as

H=vpk-oc+nuvrk,. (4.59)

Similar to the case of graphene, the unitary transformation U = e~390 where h =

z x k/\/kZ + kZ, brings the Weyl Hamiltonian into the diagonal form. In this basis, the
Green’s function through the polar parametrization reads

- 4.
“ o;ig_vk(UCOSQ—i—a)j:iF’ (4.60)

and the spectral function, in terms of the dimensionless variables give similar diagonal

form as defined in Eq. (4.37) with

1
= ) 4.61
A [z —y(ncosh £ 1)]2+1 (4.61)

Writing the velocity operators in energy basis, as given in Eq. (4.39), we obtain the band

diagonal velocities (using spherical coordinates)

vy = (asinfcos ¢, asinfsing, n+ acosf), (4.62)
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Figure 4.3: The conical spectrum of a tilted Weyl crossing.

and the off-diagonal velocities are

v = 7 (cos 0 cos ¢ + i sin @), (4.63)
v;‘“/ = e "(cosfsin ¢ — icos P), (4.64)
v = —e7%sin . (4.65)

To compute the conductivity using Eq. (4.34), we write accordingly the conductivity as

2T
T UF

o

(), (4.66)

[T

where the polarization tensor is defined as before in Eq. (4.42) with the velocities given
in Egs. (4.62)-(4.65). Moreover, we define the three-dimensional momentum and angular
integrals now as (---) = (2m)~® [ y2dy [ sin 6do fo% d¢. One thus finds the conduc-
tivity

r

0
2T Up

(a3 22+ a4), (4.68)

O-perp(: Ozz = O-yy) = 0 (al 22 + az), 4.67)

s r
0 2T Up

O-tilt(: O-zz) -

where the second term yields the (intrinsic) quantum correction to the conductivity due

to the band mixing effects,[184] and the first term is the Drude conductivity which coin-
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cides with the result of the Boltzmann equation in the diffusive limit z > 1. The other

parameters are defined as

n—(1—n?) tanh ™! n

. 4.69
1 —n?)tanh™!
gy = 1T L) tamh (4.70)
2n(1 —n?)
tanh™' 5 —
gy = = 170 @.71)
n
tanh ™!
ay = y (4.72)

and we have restored o) by noting that h = 27. In the limit of zero tilt (n — 0), we obtain

the isotropic conductivity

Ope(= 0,y = 0..) = 0y (22/3+1), (4.73)

4 vp

recovering the results obtained in previous works using linear response calculations.[132,
133, 185] In figure 4.4, we compare the conductivity of a type-I WSM for zero tilt with
Fermi velocity v ~ ¢/300, where c is the speed of light, and constant relaxation time

7 = 10~ 7s using the Boltzmann approach and Kubo formalism. As in the 2D case, we

10
_____ KUbO ///,
Boltzmann
3 e ]
E 5 [ /////
8] 7
P -
0 1 2 3 4 5
z
Figure 4.4: (Color online) Isotropic conductivity o,, = 09 47roF of Weyl semimetals with

zero tilt (n = 0) as a function of the normalized energy z. The results calculated from
the Boltzmann and Kubo approaches agree except for a small offset. This nonzero residual
conductivity is due to the band coherence contributions.
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notice a significant increase in the conductivities with the tilt in the case of moderate tilt.
The discrepancy between the Kubo and Boltzmann conductivities is inherited from the
zero-tilt case, where we have already noticed that the Kubo formula systematically yields
a larger conductivity. In the same manner as in the 2D case discussed above, the main
sources of this discrepancy are quantum interference effects between the two bands that
are correctly taken into account via the Kubo formula whereas they are not treated yet in
the first order linear approximation of the Boltzmann equation and thus are not present in
its results. In the zero-tilt limit, the (isotropic) conductivity shows a parabolic behavior in
energy that can be understood qualitatively from the behavior of the density of states for
Weyl semimetal, which is quadratic in energy.

In the nonzero tilt limit, we find again, from our calculations based on the Kubo
formula, that the conductivity Oy in the direction perpendicular to the tilt increases and
diverges for n — 1 and that the conductivity oy, in the tilt direction is smaller than O perp.
However, contrary to the 2D case, oy, now also diverges upon increasing tilt (Fig.4.5).
The parallel conductivity can be linked to the longitudinal magnetoresistivity if we set the
magnetic field in z-direction. Therefore the finite value of conductivity in the direction
parallel to the tilt is a theoretical evidence of the enhanced longitudinal magnetoresistance
observed in WSM having tilted Weyl points.[165]

This anisotropy in the conductivity can be understood from the covariant point of view
where the tilt velocity is identified with an effective electric field normal to its direction,
vo = Eq x B/B?. Thus in effect, the auxiliary field enhances the conductivity along the
field (perpendicular the tilt direction).

To further corroborate our approach in terms of the covariant Boltzmann equation,
we further inspect the anisotropy and the directional features in the conductivity in the
framework of a semiclassical non-covariant Boltzmann equation. In this case, we take
into account the tilt-induced anisotropy directly in the expression for the averaged veloc-
ities, without appealing to Lorentz boosts to a frame of reference, where the dispersion
becomes effectively isotropic. We can then write the conductivity as

e’r VU,
O, = , 4.74
M om2ed, <(1 —|r77cos€)3>Q (4.74)

in terms of the band velocities given in Eq. (4.62) where (- - - )q denotes the averaging
over the random solid angles. In performing the angular integrals, the velocity v, com-
pensates partially for the diverging behavior of the density of states and, as a result, yields
a less divergent expression for 0. In contrast, the v, and v, velocities produce a more

singular result and thus yield a strongly divergent behavior of 0,, and o,,. The calculated
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Figure 4.5: (Color online) Comparison between the parallel-perpendicular conductivity of
type-I WSM computed from the Kubo formula in terms of the tilt parameter, for different
values of the normalized energies. The conductivity in both directions diverge for  — 1, but
the divergence is more pronounced in the direction perpendicular to the tilt. In the zero-tilt

limit, both conductivities match restoring the isotropic value.
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conductivity using the non-covariant Boltzmann equation then gives the expressions

e2r n—(1—n?)tanh~ 'y

Oue = O = 00 2 (1 —n?) @7
2 -1,
6. = oy er tanh™ " n 7), (4.76)
TR U

which agree with (4.58) and (4.57) obtained from the covariant Boltzmann approach. This
further confirms the accuracy of the results obtained from the Kubo formula and covariant
Boltzmann approach.

As in the 2D case and the above-mentioned zero-tilt limit for Weyl semimetals, we,
therefore, find a high degree of accuracy between the Kubo-formula approach and the
results from the covariant Boltzmann equation over the whole range of tilt parameters 7.
This is summarized in Fig. 4.6. Again, the main difference stems from the conductiv-
ity offset due to interband contributions that are neglected in the Boltzmann approach.
Overall, we find that the increase in the conductivities with the tilt parameter is more pro-
nounced at larger energies, i.e. upon increasing z. This is also represented in the form of
a color plot in Fig. 4.7, where we plot the conductivity oy, in the plane spanned by the

tilt parameter and the energy.

4.4.3. Density of states as a function of the tilt parameter

The increase of the conductivity with the tilt of the Weyl cones can be understood qual-
itatively from an analysis of the density of states (DOS), g(), which enters into the ex-
pression of the conductivity in the Einstein relation for a system of d-dimension

23T

O = d

g(e) o< g(e), 4.77)

that we use here for qualitative analysis. The parameter v represents an average velocity
since the Einstein relation does not make a difference between the directions contrary to
the more appropriate Boltzmann or Kubo formulas. The tilt of the Weyl cones enlarges
the Fermi surface and thus increases the DOS. This yields eventually an enhanced con-
ductivity in the type-I WSM. The hike of the DOS can be justified using both Lorentz
covariance and Sommerfeld expansion. From the covariance point of view and due to the
length contraction in lab frame in the direction of boost, it is easy to see that the particle
density scales as dn = -y dn’. Furthermore, since n = [ de g(g) f(T ~ 0), and noting the
transformation of energy, the DOS in lab frame, by applying the inverse Lorentz boost,

then gives g(g) = 72 ¢'(¢'). Therefore the expression for the DOS of Weyl semimetals in

64



80

60~

Jperp / Ow

Boltzmann

1.0
n
80 ‘ B
.
1 [}
/ [
----- Kubo .
/ '1 =
/ ]
60~ Boltzmann ) j ! |
/ I’s‘“ il |
P J B
// ll I
3 % g
; 2 ’ /7 'l":
= 40 - A}
6 —————— ///// i ::
——————— P /.
____________ s == /{ :1
| -== 7/ ]
=T s
] —— 'Z':'7‘-—--:—:-::f::::::'f,i"" """""""" ,//,// i
7 ) e // > ,l
T p
——— gL ELE s P
------------ 3T
O L
0.0 0.2 0.4 0.6 0.8 1.0
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lel to the tilt direction computed from the covariant Boltzmann equation (solid) and Kubo
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65



10

-10
0.0 0.2 0.4

0.6 0.8 1.0
n

Figure 4.7: (Color online) Density plot of the normalized perpendicular conductivity in terms

of the tilt degree and chemical energy.
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the lab frame reads

| )
(Y]

,}/4
=L 4,
g = 55 5 (4.78)

W

which is plotted in Fig. 4.8. One notices that the behavior of the DOS reflects indeed, as
expected, that of the conductivities. However, we insist that our argument in terms of the
DOS is qualitative and not sufficient to explain the anisotropy in the conductivities oy
and Operp. Notice that the increase of the DOS as a function of the tilt parameter can be

absorbed into a renormalized Fermi velocity (see Fig. 4.9), with
v
£ — (1 -5 (4.79)

In general, the DOS can be calculated by counting the number of occupied states

below an energy level. For the WSM having the dispersion (4.59) we obtain

|k|<kp

g(e) = Z d(vpk(ncosf + o) — ep)

g2 T sinfdf
= ) 4.80
472 v, /0 (ncosf + a)? (4.80)

In the limit of 0 < 7 < 1 this integral yields the same result (4.78) as that obtained from

the covariance point of view.

4.5. Conclusion

In conclusion, we have studied the influence of the tilt in the dispersion of graphene (or
two-dimensional graphene-like systems) and type-I WSM on the magneto-conductivity.
The tilt can be described elegantly within a covariant framework of the Dirac equation
since it can be viewed as an effective electric field that conspires with the magnetic field.
In the case of type-I WSM with moderate tilts, < 1, a Lorentz boost into the co-
moving frame of reference characterized precisely by the tilt velocity v, allows one to
get rid of the electric field — this is the co-called magnetic regime in electrodynamics.
This relativistic effect, accompanied by a Lorentz transformation back to the lab frame,
yields an increased conductivity that we have studied here within the covariant form of
the Boltzmann transport equation both in two and three spatial dimensions. We have
systematically compared the results of the conductivity from the covariant Boltzmann
equation to calculations within the Kubo formula of linear response theory. Furthermore,
the conductivities perpendicular to the tilt direction, calculated within the Boltzmann and

Kubo approach, are enhanced by an extra factor, both in two- and in three-dimensional
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cases, as compared to the direction parallel to the tilt. This demonstrates that transport in
a tilted system becomes directional where 0y, < Operp. This smaller conductivity along
the field direction (z-direction) agrees with the experimental evidence on the extremely
large and nonsaturating longitudinal (z-direction) magnetoresistance reported on type-I
WSM.

Our findings can qualitatively be understood with the help of the DOS, to which the
conductivities are roughly proportional, within the simplified picture provided by Ein-
stein’s relation. The tilt enhances the DOS by some power of the relativistic Lorentz
factory = 1/ ﬂ, which generally enters the expressions, for the conductivities on
the one hand and for the DOS, scattering time and effective Fermi velocity on the other
hand. We further observe that the power of the Lorentz factor that enters in the expres-
sions of the (surface) conductivities, depends on the orientation of the tilt with respect to
that of the conductivity as well as on the system’s spatial dimension. For the renormal-
ization of the effective Fermi velocity, for example, we find v} = vy y~? with fop = 3/4
and O3p = 2/3. Thus measuring the ratio v} /vr experimentally would allow for an

experimental determination of the tilt and its magnitude in a type-I WSM.
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Appendix A

COHERENT DYNAMICS OF DIRAC PARTICLES IN GRAPHENE

A.1. Tightbinding of the Dirac Hamiltonian

The orbital motion of an electron in the honeycomb lattice of graphene is approximated

by the bare hopping Hamiltonian (where we use the units & = 1)

Hy =1t (Jr;)(r; + 6, + he), (A.1)

r;,0;
where |r;) and |r; 4+ §;) represent the orthogonal basis comprised of the single electronic
m-orbitals in sites A and B, respectively, and §; represents the infinitesimal displacement
between the two nearest atomic sites. The tight binding Hamiltonian in the second quan-

tized form reads

Ho=1tY (z/;j\(ri) Up(r; +8;) + h.c), (A.2)

r,-,éj
where @bL,B (1ap) are the operators creating (annihilating) particles at the corresponding
position of the atomic sites A and B. The parameter ¢ is the nearest neighbor hopping
which for graphene is about ¢ = 3 eV [45]. The carbon atoms are localized in graphene
lattice around r; = nja; + nsas where a; and a, are the primitive cell vectors. Further-

more, the unit vectors connecting the triangular lattice points are given by, Fig.2.1,

1 a 1 a

51 =aQa (O, ﬁ)’ 52 = — (1, ——), 53 = — (—1, — (A3)

1
27 V3 2 Nl
where the lattice spacing is about @ = 1.42 A. By mapping the local electronic basis into

the Bloch basis via a Fourier transform

1 irg-
m:ﬁgeWm (A.4)
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where N is the number of unit cells, we can cast the orbital Hamiltonian into the Bloch
form Hy = ), Ho(k) and extract the linear dispersion relation. The conduction and
valence bands cross at two time reversal momenta K, = T(é—g, 0), so-called valleys in
graphene, where 7 = =+ is the valley index and K1 = +K.

Next we turn into the second quantized form and use the field operators (localized
basis) consisting of an extended envelope functions around the each valley momenta and
attempt to obtain the electronic structure and effective Hamiltonian. The field operator

then reads
(r:) = > () e Ko, (A.5)
T=%

It is straightforward to show that the tight binding model in Eq. (A.1) reproduces the

standard Dirac Hamiltonian for graphene

Ho—tz<[¢+A (1) g (r)e ] x

e+ )R8 1y, 8,)e0€ 05 +he).

=1 Z (Mm(rz‘)iMB (ri +8;) e ™% 4+ T (r;)eh_p(r; + 8;) €% + h.c)7

ri,6j

(A.6)

where v, , = 1, ® ¢, with 7 and o being the valley and sublattice degrees of freedom.
On writing this representation we neglected the intervalley scattering terms. Next, since

0 < 1, we use the Taylor expansion for the field operator for the sublattice B as
Yap(ri + 0;) = Yup(r:) + 0 - Vibup () + O(|6]), (A7)

and in light of the relations

3
| ‘ 3
Z K8 — () E 55 etTiK 8 % (£i, 1), (A.8)

j=1 j=1

and, furthermore, applying the integration by parts by noting that (Vig)1a = V(¢piha)+

Y V1a, we arrive at

Hy =

ta;/g Z <¢1A<ri)a¢+B(ri> + wT_A(ri)ﬁ*w_B(ri)

r;

= s ()9 A (r) + 0 p(r)OV-a(r)). (A9)

where for simplicity we defined 0 = 0, + J, and its complex conjugate. Noting that the

momentum operator in real space gives k = —¢V, the continuum representation of the
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Hamiltonian will give
Hy = —/d% Ut hw, (A.10)
where the orbital Hamiltonian is
h =vp 10 ® (—i0, 0, — 0, 0y), (A.11)

and the effective Fermi velocity is vp = \/§at/ 2h =~ 0.9 x 106 m/s, and the valley

isotropic basis is, [46],

uf = <¢1A ¢1B _IN—B ¢EA>' (A.12)

This concludes that the two valley tightbinding representation, also, yields the standard

Dirac Hamiltonian for graphene.

A.2. Keldysh formalism

In this section, we rederive the quantum Boltzmann equation from the Keldysh formalism
by supplementing the Dyson equations. The two point Green’s functions in the notation

where © = (¢, r) satisfy the left and right Dyson’s equations
(Gg' —%)oG =1, Go(Gyt—X%) =1, (A.13)
or their compact form
Gyt =%9G]. =0, (A.14)

where the notation o stands for the convolution of two operators. The nonequilibrium

Green’s functions, here, are matrices in the Keldysh space and defined as

GE GK YR K
G = , and Y= . (A.15)
0 GA 0 Y4

Now substituting these matrices back into Dyson’s equation yields a matrix equations,

whose diagonal component reads
(Got — 2F@) o GRW =1, (A.16)

and the same equation can be written for its Hermitian conjugate. Likewise, for the off-

diagonal component we get

(Gy' =) o GF =2F o G (A.17)
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Subtracting last relations from its conjugate would relate the Keldysh, retarded and ad-

vanced Green’s functions, i.e,
GF o GX —GE o [GY T =2K 0 G4 — GR o EX. (A.18)

We, next, parameterize the Keldysh function with the help of a “generalized distribution

function” f as
GE=GFof— foG4, (A.19)

such that Wigner transformation of this will give back the general distribution function up
to zeroth order as g = G®f — fG4. This parameterisation allows us to derive an equa-
tion of motion for the distribution function from the equation of motion for the Green’s

function. We put the equation (A.17) into the form
(Gy!' =) 0GR o (Gyt — 24) = 5K, (A.20)
now using the parametrization of the Keldysh function (A.19), we obtain

—(G' S =X - (Bef— fox). (A21)

kinetic term collision term

Noting that the bare Green’s function is given by G (x1) = 0y, +ivpo-V,, —Va(ry, t1),
next, setting V;; = 0, then the left-hand side commutator up on Wigner transform may be

written as

— [0y, +1vp -V, — Va(ry, t1) S f]- =

—ile s+ e (0w £+ 500 P — o))

= —i0f +vrlo, /I~ V- (A22)

To compute the collision terms we first need to specify the approximate form of the self-
energies. In the self-consistent Born approximation the lowest order self-energy after

averaging over impurity configurations according to Dyson equation is
E(ZL‘l,Ig) = <V(£L‘1) G(l’l,l‘2> V(I2)> (A23)
Assuming the random Gaussian disorder where

(V(x1)V(xg)) = v0(x1 — x2), (V(x1)) =0, (A.24)
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the Wigner transform (WT) of the self-energy term becomes

E(I‘l—rg;tl—tg) = ")/(5(1‘1—1'2) G(I‘l,rg;tl—tg) ﬂ k 5 = ’}/Z k k/

(A.25)
on the other hand we have
ImX(ry,re;€)0(ry — re) = v ImG(ry,19;¢) (A.26)
after integration and noting the space-resolved density of states, DOS = — f d;”” ImG(z, z;¢),
and the decay time, Im}. = —%, one gets v = TIDOS and therefore
1
Y(k, —_— Gk -k, e). A.27
(k&) = 5503 Z (k- K.e) (A27)

Now the Wigner transform of the collision term becomes

1
SE_(SBof— foxd)y M, -~ ,
( of = fe ) 277 DOS zk; Gk

]. / /
- 577508 2 (C10.€) e~ A GAK.9)),
k/
.

where we have defined p = m >« 9, and the sum over the momentum is performed
via integrating out the band structure energy ¢ and averaging over the momentum direc-

tion, i.e,
> — DOS / ey, £ =ce(k) —p (A.29)
Kk’ k’

Overall combining the kinetic and collision terms we finally obtain
8tfk+lUF[0k7fk] 5!7 Vrfk]+ = Z; ) (A30)

where multiplying this relation from the left with G and form the right with G* and

subtracting two relations yields

. VF 1
atgk + ZUF[O-k’gk]f + ?F[0-7 vrgk]Jr = ;(GR(k’ 5) pP—p GA(kv 8)) - %__k (ASI)

A.3. Derivation of the diffusion equations

In this appendix, we establish the set of diffusion equations from the transport equation

to study the real space kinetics Dirac particles in graphene. The stationary source term in
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Eq.2.89 reads
e (p) = 7! {((1 Fop4kosts-0) (- &)
—i—((l—Ul})Po—lA(-s%—s-a) 5(z—§k)}, (A.32)
where to derive this relation we reexpressed the density matrix in a vector form, i.e,
p=n+o0o-s, s = (s1, $2, 3). (A.33)

We have vividly made use of the following relations

oo = (k- X) +io - (k x ), (A.34)
0w, o] = 2i(k x K - o, (A.35)
oo =k —ik x o, (A.36)
oo =k +ik x o, (A.37)
0,000 = 0;j0¢ + i€ijr 0,00 = 0;;0¢ + 04j0; — 0440, + i€ije, (A.38)
oxoox = 2(o -k)k — o, (A.39)
o007 = 0. (A.40)

The different corrections to the solution of the equation Eq.2.89then give

g&i = al(pO:I:lA{-s) + (al nk+ays+askxs+ay (sl;) R) o, (A.41)
Giers = Bo + Bioy, (A.42)

gfz)gi = —UF{ ((51 — &3)0; + 2i& €jukjor + 2&3 k’ikjffj)ailgo + (& + &)V - B}
(A.43)
(A.44)

where
BO = b1 &-si + bg kldn + bg &L'jgkjang -+ b4 k:l-kj&»sj (A45)
Bi = bl dn + (:l:bl kjal'Sj + bg kjgijg agpo)

+ (b4 ]{fzk‘]ajn F b3 k’jkmfigmagsj') + b4 k’ik’jkgagSj. (A46)

We iteratively derive the above relations using

Sf;s) (gi(o,li) = —'UF{Gl (@n + kj&-sj)al- + (Ggaisi + alki@-n + Cl3€ijgkjai83

+ a4k:¢k;j8isj)}, (A47)
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Li(gl) = —vp(o-VBy+ V- B), (A.48)

where the coefficients in the limit of a7 < 1, and defining v = 7, are given as

— — 1 — —
a; =T, Qg =T 1+4+2° =27 1+4,727 = 4 1_;'_4727
(A.49)
2
_ VET _ _ VRETY _ VETY
bl— ™ 11472 b2— VT T, bg 27 14472 b4— 47 472

We, next, reduce the transport equation that we established here into a diffusion model.
To study transport phenomena in realistic physical systems it is essential to formulate a
kinetic equation written in macroscopic variables. The general distribution matrix g,
depends on k, x, ¢, whereas if one integrates out the momentum dependency k it would
result the bare classical distribution matrix depending only on macroscopic variables x, t.
To establish the drift-diffusion equation we integrate over the momentum dependency of

the pertubative solution:
9. =9, +g. +g”. (A.50)

The following averages will be useful in deriving the drift diffusion equation, i.e,

0¥ = a, n+(a2—|—?4)a~s, (A.51)
= by by bs
O = (b1 + )V s+(b1+2)Vn a—l——(VXS) (A.52)
02 = d,V? n~|—d2V(V-s)-a+d3 Vs - o, (A.53)
where the average means the momentum integration g = [ (%)2 g(k) where the com-

ponents of the momentum vector in two dimensions read k = k(cos ¢, sin ¢). Note that

while averaging over the momentum directions we have used the relations

1 — — 93 1
kil kiz = §6i1i27 k’b kl kl - O’ k:;ll = §7 k’?l k:7/22 - g
kil k’iz ki?, ki4 = 8 621125121351314 ] (51112(51314 + 6111351214 + 5i1i46i3i2)> (A54)

identical indices

3 1
aij k’ik’jk’tk’g O¢Syp — g 81282'01' + é(aigsjaj + QaiijO'j),

1 1
2
= —O'ia-Si + —O'iaiij = —

. 2 .
= codlsi+ S (v S|+ 2V(V sL)), (A.55)

where s; = (1, $2). We furthermore defined the coefficients as

I e

5) =TURT s el (A.56)
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E3by 72 - 74

d2 = —UF(—ngbgg + T) = 271"1}%77'2 m, (A57)
b , 1+ 29%)% + 22
d3 = —VUf (€1<b1 + —4) + Zggbg) = WU%TQ ( 7 ) 7 (A58)

2 (1 + 442)2
Substituting these results back into the kinetic equation one obtain the set of diffusion

equations which will be used to study the coupled dynamics of charge carriers in graphene,

namely,

DV?n—vpV-s; =0, (A.59)
FiDV2%, +Fy DV(V-5.) — Fs %Fvn - ﬁ % (A.60)
FiD V25— [ %F (2x V) 51 =< j;z % (A.61)

where we defined
Fi=t 2212;1272’ (A.62)
Fa= ?iﬁ—;%?, (A.63)
Fs= 2(111?722)’ (64
Fo= 1 (A.66)

A4. Charge-spin coupling

In this part, we derive the microscopic model of charge-spin coupling for graphene’s Dirac
particles in a transport regime where the SOC strength is strong. The (pseudo)spin current

can be defined as
J=evptr(c) fio)- (A.67)
Kk

Note that the general distribution matrix was given by (2.86), hence,l using the matrix

form of the Green’s functions and integrating over the energy variable we obtain

1
Jx = 3 / dz gk (A.68)
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Now, using the above relation we express the current as

_or / dz Ztr o o), (A.69)

and using the perturbative expressions of gy as it is given in A.50 then we find that

e

J charge — 5

5 /dz (vps+ D Vn). (A.70)

The charge density and charge current on the other hand is defined in the second quanti-

zation language as

p.(r) = e PH(r)e(r), J(r) = eRe{y'(r) vy (r)}, (A1)

such that one can Analogously define the spin density and spin current

s(r) = 9'(r) Sy(r), J,(r) = Re{wi(r) I, v(r)}, (A.72)

(A.73)

where spin density is a vector while spin current is a tensor of rank 2 having two cartesian

components. For the Dirac Hamiltonian given by
H=vr ok, (A.74)

the velocity operator is the pseudospin operator which reads

:I.Ti = Q,J—F[xi,pj}_ 05 = VR 04, (A75)
th
and the pseudospin current is
v FL h
Ji = ylo% &, = Eé (A.76)

Next averaging over the statistical ensemble gives the pseudospin current gives as
I =u( S A,
Kk
- “_F(sf/dztr(zg )
9 i kz |
5 /dz tr g(0> +tr gf;;),

(1—1—27)
/dz VF po + ————= e DV-S),
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1 4(1+ 2+%)
_2(1}}7'11—'— 1+472

= (e + DY), (A7)

Dv-s)aj,

where we have used the perturbative expression for the distribution function and the total

charge and the total pseudospin densities are defined through

n= /dz 00, 5= /dz S. (A.78)

The direction of spin orientation (spin polarization) is given by the statistical average

of spin operator

p=(S)=tr(pS)=S. (A.79)
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Appendix B

LORENTZ TRANSFORMATION OF THE DIRAC HAMILTONIAN

In this appendix, we provide details for the Lorentz transformation (LT) of the Hamilto-
nian (4.4). As mentioned in the main text, we redefine this Hamiltonian as H=H —vok,1
and, for convenience, set ® = Py, — Pegr. Using (4.5) and (4.6), the eigenvalue problem

after applying a pure Lorentz boost in x-direction, where n = tanh ¢, gives

<€1901/2 ﬁeﬂoz/Q . €€§0m> |QZ> _

ed +vpnm, —¢€ VpT, — e + end
Y ‘f‘UFkyUy}W)a
VpTy — NeE + en® ed +vpnm, — €

- (vp(k; —eAl)o, +vp ko, +e® — 6') ),

where the kinetic momentum is w = k — eA and |¢)) = e 7?+/2|¢)). In the last line, we
have used the LT's

g
K=l —n), & =ale—wh) =7e, B.1)

and note that vy = nuvr. Moreover, the four-potential A* = (®/vp, A) likewise trans-

forms as
A0 v —ym 0 0 AV
At — 0 0 Al
_ mo 7 (B.2)
A2 0 0 10 A?
A3 0 0 0 1) \A3
where 7 = (1 — ?)~'/2. We thus obtain
' =5(® — nurA.), (B.3)
P
U
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and A;(Z) = Ay(:) = 0. Furthermore, noting that Vo = Varie = Eo X B/ B? for E, =
voBy and B = Bz, one finds that Vi, = Vgt = voX. The rapidity of the transformation
is also defined as n = tanh ¢ = Ey/vr B. In magnetic regime nd £ /vr < nEy/vr < B,

and in the Landau gauge, we ultimately obtain

D = Y (Perr — nr Az) = (= Eo + voB)y =0, (B.5)
DPiias = 7 Poias = —7 0EY, (B.6)

A, =v(As = n®/vp) = (B — nEo/vr)y,
= —y'By. (B.7)

This implies that the boost removes the effective field in the Hamiltonian (4.4) such that

now in the boosted frame we simply have

H =vp (K —eA’) -0+ edy,,. (B.8)
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Appendix C

RENORMALIZATION OF EINSTEIN RELATION

We, here, illustrate how the conductivity is originated from the systems microscopic dy-
namics according the Einstein’s kinetic relation. The number of occupied states according
to the Boltzmann distribution function is defined as

7w:/ﬁkﬂ@:iK%:kDOM@f@% .1

where in low temperature one can adopt the Fermi distribution as the step function or use
the Sommerfeld expansion to simplify the integral into
w
n = / de DOS(¢), (T'=0). (C.2)

Therefore, integrating the density of states give the carrier density as

sgr [ EF \?
n=24 (i) , (C.3)
and one obtains
%:éé:%m (C.4)
where the mobility gives
e /¢ VR

Noting the spin and valley degrees of freedom gs = g, = 2, D = 1/2v%7 and { = vpT.
Noting the temperature dependence of the carrier density then mobility of graphene de-
creases by increasing temperature. However in finite temperature the Fermi-Dirac inte-
grals needs to be calculated straightforwardly. In general noting the density of states in
graphene as

9s9r

DOS(¢) = Dok

el (C.6)
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then the carrier density yields

9s9r kBiZ 2
= 27 ) E (B
" 2T ( hvp ) i 77)’

(C.7)
where the Fermi-Dirac integral is given by

Fy(a) = — / R (C8)
(o) = =——— r —. .

! PG+1) )y e+l

The following asymptotic behavior of Fermi-Dirac integrals, [186], will prove useful in

interpreting the temperature dependence of carrier density
n
e*sT
U
Fi(—=) =

1% < kBT;

1 I 22 T(+2) (kT )
o () {1+ B2 (5) + 0T}, i keT,

(C.9)
Therefor, for linear dispersion at low temperature where ¢ = n/kgT < 1 the carrier
density gives

:gng(L)21 2¢2/3 C.10
T 4 hvp (L4mE/3). (.10
Next, noting the properties of Fermi-Dirac integrals as
0o Fj(a) = Fj_1 (), (C.11)
derivative of the carrier density with respect to the chemical potential becomes
on 9s3r kBT
— = F C.12
where
Fy(Bn) = In(e” 4 1) = min (L , In2). (C.13)
kT
Therefore, in general the mobility is given as
1 /Fy
—eD —— (-) C.14
p=e ol \F, (C.14)
The generalized Einstein relation thus read
D 1 kT F
et (C.15)
pooe g e Fy
2 kpT\2
= {1+1<i) } (C.16)
2e 3\ 7

100



where

F 1 1 n ™ 2 k BT 2

LA U/ 1 _@_)} C.17
The origin of this deviation from the classical law rests in the factor I} /Fy. In the low

temperature limit one can neglect the second order term in temperature and set ) = cp =
hvp+/mn to obtain

%:%wzgwﬁﬁ (C.18)
This in turn indicates that the Diffusion-mobility relationship in low temperature is purely
quantum mechanical and goes linear in chemical potential (Fermi energy) and does not
depend on the thermal energy.

Now nothing the rescaling of the carrier density and the Fermi velocity in lab frame
as Ny = Yno, V¥ = 77320 one can expect the modified form of the Einstein relation
as

(=7 (g vevem). 1)

The conductivity, furthermore, reads ¢ = ney, such that in the low temperature we obtain
oc=De* — = g,9. — A, (C.20)

where the dimensionless parameter is denied as

k
A=D (_F) (C.21)
(%
The calculations we introduced so far are in the absence of external fields and indicate
that that classical Einstein kinetic relation does not hold true in when there is disorder

scattering.
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