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Introduction

In this thesis I investigate the coherent electron transport in a nanowire with spin-orbit
coupling. Spin orbit coupling is a relativistic effect resulting in a coupling between the
spin of an electron and its motion in an electric field. While in atomic physics it explains
the fine structure of the atomic spectrum, this effect is also relevant in various semicon-
ductors (e.g. InSb or InAs), for spintronics applications. In particular, nanowires (NWs)
with a strong Rashba spin orbit coupling (RSOC), are currently on the spotlight of the
condensed matter community. Indeed the technological advances in NW gating allow to
tune the RSOC. Moreover, when combined with a Zeeman magnetic field, the RSOC in
NWs gives rise to one-dimensional helical electron states that are topologically protected.
Inspired by these motivations, this thesis aims to model the electron transport properties
of NWs with an inhomogeneous RSOC and exposed to a Zeeman magnetic field, in the
low temperature mesoscopic regime, where decoherence is absent and the wavelike nature
of electrons emerges. The Thesis is organized as follows.

Chapter 1 reviews the origin of the spin-orbit coupling and its effects in semiconduct-
ing materials,

Chapter 2 reviews the Scattering Matrix approach (SMA), i.e. the quantum ap-
proach used to analyze the transport properties in the quantum mesoscopic regime. The
subsequent two chapters contain original research work. In particular:

Chapter 3 applies the SMA to the case of NW. In particular, motivated by the
advances in gating techniques, I focus on NWs with an inhomogeneous RSOC. After
performing the analytical calculation of the Boundary Matrix in each NW portion, I have
written a numerical Python code to compute the Scattering matrix of the NW, whence
I derived its transport properties. Specifically, I have considered two configurations of
the inhomogeneous RSOC that correspond to physically interesting situations, and I have
shown that the conductance can be widely tuned both electrically and magnetically.

Chapter 4 focusses on the regime where the RSOC is much bigger than the Zeeman
energy. This is the case where the NWs exhibits one-dimensional helical electron states,
i.e. states described by a massless Dirac equation where the helicity value (+/-1) encodes
the locking between the direction of propagation and the spin orientation. In particular,
I investigated the so called Dirac paradox, which emerges at the interface between two
regions of opposite helicity: An electron impinging from one side can seemingly neither
be transmitted nor reflected. While the Dirac paradox has been investigated in higher
dimensions (e.g. in 3D topological insulators), its implementation in NWs is particularly
interesting since the helical states are actual 1D channels, preventing electrons from es-
caping along the interface of the two regions. While purely massless Dirac models predict
that the solution of the Dirac paradox does not exist or is trivial, in a NW the paradox has
a non trivial solution, due to the role played by additional massive Dirac modes. Although
these modes carry no current, they allow the wavefunction matching at the interface for
the massless modes, and the electron transmission can be controlled electrically. These
results are described in a research article that is currently under review:

L. Gogin et. al "The Dirac paradox in 1+1 dimensions and its realization with spin-orbit
coupled nanowires”, cond-mat arXiv:2109.07355
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Chapter 1

Spin-orbit interaction

1.1 Origin of the spin-orbit interaction

This section is devoted to illustrate the origin of the spin-orbit interaction, whose effects
in nanowires are the focus of my thesis. In atomic physics this interaction explains the
fine structure of the atomic spectra, i.e. the lifting of energy level degeneracy occurring
even in the absence of a magnetic field[47]. A customary pictorial way to explain the
origin of this interaction is that, due to relativistic effects, electric and magnetic fields
depend on the reference frame. Thus, an electron performing its orbit in the electric field
generated by the atomic nucleus feels an effective magnetic field in its reference frame.
The coupling of its spin with such magnetic field results in the ’spin-orbit’ interaction. At
a more rigorous level, such interaction can be properly derived from the Dirac equation
in non relativistic limit.[29, 37].

This section is structured as follows. We first present a heuristic derivation of the spin-
orbit interaction, based on the relativistic transformation of the electromagnetic fields.
Then, we present a rigorous derivation of the effect, starting from the Dirac equation
and analyzing its non-relativistic limit. Specifically we present two equivalent derivations.
One is based on a direct perturbative expansion[29], while the other one is based on the
Lowdin partitioning approach[25], which can be considered as the generalization of the
Foldy—Wouthuysen Transformation[37].

1.1.1 Heuristic derivation

A heuristic argument to justify the appearance of the spin-orbit interaction is based on
the Lorentz transformation of the electromagnetic field between two inertial reference
frames[47]. Let ¥ be an inertial reference frame, where, at a given time ¢, a particle
with charge ¢ is moving with velocity u. At that time, there is an instantaneous inertial
reference frame Y, moving with that constant velocity u with respect to X, where the
particle is momentarily at rest. Decomposing in each frame the electric and magnetic
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1 — Spin-orbit interaction

fields in direction parallel and orthogonal to u one has

E:EH—FEL EIZEh-f—E/J_ (1'1)
BZB”—I—BL BIZBh—i—Bﬁ_
one has [74]
E) =E
E| =vE+uxB),
(1.2)

BI

| =By

E
where the relativistic factor v = 1/4/1 —v?/c? is roughly equal to 1 if |v| < ¢. In
particular, from Eqgs.(1.2) we can see that, even if in ¥ only an electric field E is present
(B = 0), in its rest frame X’ the particle experiences also a magnetic field perpendicular

to its velocity
E u EXx
B =7y—x —~ f
c c moc

(1.3)

In turn, the particle spin couples to such magnetic field B’ through a Zeeman coupling,
giving rise to an effective term

EU'B/: hg

heuristic
H = — _
5 2my 2méc?

o (E x p) (1.4)

where the so-subscript stands for ’spin-orbit’, since the prototypical example of this effect
occurs in an atom, where an electron experiences an effective magnetic field while perform-
ing its orbit under the electric field E = —VV generated by the electrostatic potential V'
of the nucleus.

This heuristic argument reproduces surprisingly well all the ingredients of the effect and
the dependence on the mass and ¢. However, Eq.(1.4) overestimates by a factor of 2 (i.e.
by the gyromagnetic factor gy ~ 2[47]) the actual coupling

hq

———0-(Exp) (1.5)

Hso = -
4mice

Here below we shall thus derive Eq.(1.5) rigorously, starting from the Dirac Equation.

1.1.2 The Dirac equation and its non-relativistic limit
A free relativistic spin-1/2 particle is described by the Dirac equation[29]

iha;: = (ca “p+ Bm002> v (1.6)
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1.1 — Origin of the spin-orbit interaction

where p = —iAV is canonical momentum, ¥ is the 4-spinor wavefunction of the particle,
and a;, [ is a vector of 4 x 4 matrices that in the case of 3+1 dimensions can be expressed

“ a0 7) o= (3 5 a2

where o = (04, 0y,0) are the 3 Pauli matrices and oy is the 2 x 2 identity matrix. The
Dirac equation (1.6) is fully relativistic and is characterized by the well known relativistic

energy spectrum, i.e.
E =\/c?p? + m3c* (1.8)

The coupling with electromagnetic fields E(r), B(r) can be introduced through the sub-
stitution of the canonical momentum by a kinetic one, and through an energy change

p—T=p—¢A (1.9)

Ers E+qV (1.10)
where V(r) and A(r) are the scalar and vector potentials, related to E(r), B(r)

E(r) = -VV(r) (1.11)

B(r) =V x A(r) (1.12)

and q is the electrical charge. The Dirac Equation becomes
h— = Hp U 1.13
o D (1.13)

where .
Hp = ca- (p — qA) + Bmoc® + ¢V (1.14)

is the Dirac Hamiltonian. The spin-orbit effect is obtained from the non-relativistic limit
of the Dirac equation (1.13). In order to analyze this limit, we observe that the full 4 x 1
spinor can be written as the composition of two 2 x 1 spinors

U(r,t) = ( gggg ) (1.15)

where & and @, denote the upper and lower spinor, respectively. In this way the Dirac
equation (1.13) can be rewritten as two coupled differential equations for each 2 x 1 spinor

0dy

ihw =co - 7P, + moltPy + ¢V Oy
(1.16)
0P
iha—tL =co - 7Py — mo? Py, + gV,

Looking for stationary solutions

< iz((ig > i ( f;i((ﬁi ) (1.17)



1 — Spin-orbit interaction

one can always write the energy E as the sum of the rest energy moc? and the deviation &
from it
E=mgc® +¢ (1.18)

In the non relativistic limit, namely |p| < mqgc, the rest energy mgc? is the dominant

energy scale, whereas
£ = ’,/c2p2 +mict — moc®

represents the non-relativistic energy. Substituting Eq.(1.18) into Eq.(1.17) and singling
out the rest energy in the time-dependent phase, the full wavefunction (1.15) can be
expressed as the product of a fast oscillating factor related to the rest energy and a slowly
oscillating envelope

< moc? (1.19)

(3e8) - o v ()

slowly oscillating

fast oscillating

Plugging the above relation into Eq.(1.16) one obtains a system of two coupled differential
equations for slowly oscillating wavefunctions

{ca ~wor(r) = (e — ¢V (r))ou(r)

X (1.21)
e 7oy (r) = (2moc® + & — qV (x)) o (r)

This is the starting point to analyze the non-relativistic limit of the Dirac Equation. In
the literature there exist two methods to show that the spin-orbit interaction arises from
such non-relativistic limit. The first one is a perturbation expansion, while the second one
is the so called Lowdin partitioning. Here below I shall illustrate both these approaches.

1.1.3 The perturbative expansion method

Let us start by illustrating the perturbative expansion method. The second Eq.(1.21)

implies the relation
c
= -7 1.22

showing that the lower spinor ¢, is negligible w.r.t. the upper spinor ¢y in non relativistic
limit since |o - #| = |#| < moc?. Plugging Eq.(1.22) into the first Eq.(1.21), leads to

C2

7 ﬂ2m062 +e—qV(r)

o fpy(r) = (¢ — qV(r))¢u(r) (1.23)

Note that, because V' = V(r) and # = —ihV — ¢A contains a derivative operator, the
operators o - 7t and (g + 2mgc? — ¢V (r))~! do not commute.

In the non-relativistic limit one has

£ < myc? lqV| < moc? (1.24)



1.1 — Origin of the spin-orbit interaction

and one can perform the following perturbative expansion

c? 1 1 1 e—qV(r)
= = 1l— —= 4. .. 1.25
2moc® +e—qV(r) 2mo1 + M 2my ( 2mgc? + ) (1.25)
moc

which can be regarded as an expansion in powers of u/c < 1, where u is the particle

velocity, since from Eq.(1.23) one has |e — gV| ~ |7|?/2mg = 3mou?.

Zero order of Eq.(1.25)

Retaining only the zero order of Eq.(1.25)

¢ ! (1.26)
2moc? +e—qV(r)  2mo ’

and replacing it into Eq.(1.23) one obtains

(o - #)?

2m0

¢u(r) = (¢ = qV(r))ou(r) (1.27)

Recalling that ©# = p — ¢A and observing that

(o-7)2=#% +io- (A x*x)=
=#% — hgo- (VxA) =#*—hgo - B (1.28)
one finds
T My v ) e = o (1.29)
2m0 2m0 e v v .

This is the Schrodinger-Pauli equation for the 2 x 1 spinor ¢y that represents the upper
and dominant part of the original 4 x 1 Dirac spinor. Note that the Zeeman coupling has
the correct gyromagnetic factor gy = 2 [37].

First order of Eq.(1.25)

Retaining also the first order in the expansion Eq.(1.25), which corresponds to a second
order in |u|/c,

c? 1 1_s—qV(r) 130
e £—aVir) (1.30)
moc? +e€—qV(r)  2mg 2moc
—_———
O(lul/c)?

Eq.(1.23) becomes

(a ” <1 - qV(r)> o fr) ou(r) = (e — gV (1)) ou (r) (1.31)

2mg 2moc?
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1 — Spin-orbit interaction

which can formally be written as

PIU(bU = E(bU (132)
with
Hy =

o e—qV(r

i (1 - 273002)) o7 +qV(r) (1.33)
Notably, Eq.(1.32) cannot be considered as an eigenvalue equation for ¢, for three rea-
sons. First, because the eigenvalue € also appears in the Hamiltonian Hy itself. Second,
by expanding the operator Hy to O(|#|/2moc)®> = O(|ul/c)?, it can be shown that it
contains a non-Hermitean term ¢RE - p. Third, because, differently from the zero order
case, the spinor ¢y is not normalized to this order.

Let us start by discussing the last issue. From the relation (1.22) between ¢, and ¢y, we
observe that the normalization of the 4 x 1 spinor (1.15)[25, 29]

[arwiv = [ (shou+olo) =1 (1.34)
implies that, to order O(|m|/2moc)? = O(|u|/c)?,
A2
/dr o (1 + (Zm; ) oy ~1 (1.35)

This relation shows that, differently from the zero order case Eq.(1.26), to order O(|u|/c)?
the upper spinor ¢y itself is not normalized, since a fraction of the probability density is
ascribed to the lower spinor quLgZ)L contribution[25]. In order to deal with a normalized
2 x 1 spinor, one thus introduces a renormalized spinor

p = Qbu “ ou=0""p (1.36)

(o)

2.2
8mgc

where the operator =1+ compensates for the probability density leak of ¢y, in

order for the 2 x 1 spinor ¢ to be normalized up to O(|m|/2moc)?, in view of Eq.(1.35).
By multiplying both sides of Eq.(1.32) by Q! ~ 1 — &%) 199

2.2
8mgc

Q1 HAQ o =20 (1.37)

and by consistently retaining only terms to order O(|#|/2mgc)? = O(|u|/c)?, one obtains
the equation for the normalized eigenfunction ¢ [29]

<w+qV(r)+ q% S0 wV(x)o & q{(a-fr)2,V(r>}>w=w (1.38)

2mo dmge 8m3c?

Note that the kinetic momentum # and V'(r) do not commute. Eq.(1.38) can be rewritten
in a more insightful form by exploiting the following general equation

{212 , B} —9ABA = [21, [A, EH (1.39)

10



1.1 — Origin of the spin-orbit interaction

to the operators A = o - & and B = V(r), and the following relations

[7,qV] = iqhE (1.40)
(7:, Ei] = —ihd;E; (1.41)
(o-a)(oc-b)=a-b+ioc-(axb) (1.42)

where a, b are two generic vectors, and the definitions (1.11)-(1.12) and «* = —ihV — ¢A
have been used. With help of the above relations, Eq.(1.38) can be rewritten as[29]

p—qA)? kg
<( 2m0) —QmOB-U +qV(r)—
qh N qh?
_ T 4. E A - L V. E|p= 1.43
T2 x (p—qA) 8mgc2V )cp £p (1.43)

Notably, Eq.(1.43) is now a proper eigenvalue problem for the normalized eigenfunction ¢,
with a Hermitean Hamiltonian. While the first three terms can be easily identified with
already familiar contributions, namely the kinetic energy, Zeeman splitting and external
scalar potential, the last two terms correspond to the new corrections. In particular,

2
N g.E (1.44)

8m3c?

Hp =

is called the the Darwin term and can be interpreted as a smearing of the atomic potential
due to the quantum fluctuations of electron position as result of creation and annihilation
of electron-positron pair. In the case of Coulomb potential the Darwin term is non-
vanishing only at the origin. It thus involves only the s-state and then can be neglected
for atoms with high atomic number[24, 47]. The other term

Hyo = ——5—0 - (Exn 14
S0 2 o (Ex) (1.45)

is the spin-orbit interaction. By comparing with the heuristically derived expression (1.4),
we see that Eq.(1.45) now has the correct gyromagnetic factor.

1.1.4 Lowdin partitioning

An alternative derivation of the spin-orbit interaction from the non relativistic limit of
the Dirac equation can be carried out with the Foldy—Wouthuysen transformation, that is
a unitary transformation allowing to decouple small spinor component ¢; and dominant
one ¢y [37]. The transformation can be found in closed form in the case of free particle,
while in the presence of electromagnetic field the unitary transformation only could be
approximated with power expansion of 1/(mgc). Here we shall describe a more systematic
approach, known as the Lowdin partitioning, which can be considered as generalization
of Foldy—Wouthuysen transformation and that enables us to include the electromagnetic
field as well. The Lowdin partitioning is a quasi-degenerate perturbation theory that leads
to an approximated diagonalization of time independent block Hamiltonians[25]. It aims

11



1 — Spin-orbit interaction

to construct a unitary transformation such that the resulting transformed Hamiltonian
would be block diagonal. With respect to Foldy—Wouthuysen transformation, the Léowdin
partitioning is valid for larger sets of possibly degenerate states. Consider the Hamiltonian
decomposition

H=Hy+ H' (1.46)

where Hj is an unperturbed Hamiltonian whose energy eigenvalues F,, and corresponding
eigenstates |1),) are known. The idea is that the unperturbed eigenstates can be divided
into 2 subsets {|n)} = {|tm) : m € A}y U{|]yy) : | € B}, and H' is a weak perturbation
that couple states from subset A and B. The coupling Hamiltonian H’ can be written as

H/:H1+H2 (1.47)

where H; is the block diagonal part i.e. (¢, |Hi|w,) # 0 if n,m € A or n,m € B and Ho
is the off-diagonal part, i.e. (¢,|Ha|tn) # 0if n € A, m € B or vice versam € A, n € B.
The two subsets of states of the full Hamiltonian can be decoupled if one can construct,
exactly or approximately, a unitary transformation U = e~ such that

H=¢He™® (1.48)

is block diagonal up to given order of perturbation H' i.e. (th,|H|b,) = O((H')®) if
m € Aand n € B. It can be observed that in order to guarantee the unitarity of
the transformation, the operator S must be anti-Hermitian ST = —S. Furthermore S
is expected to have non-block diagonal form. Using the Baker—Hausdorff formula, the
transformed Hamiltonian can be rewritten as

_ 1 . 1 :
H:ZE[H0+H1,S](])+Zﬁ[H2,S](J) (1.49)

where [a,b]Y) = [...[[a,b],b],...b] is nested commutator at j-th order. Up to now H still
contains a off-diagonal block contribution H,. Due to the property of S, they are expected
to have the form [Hy+ Hy, S]%*Y and [Hy, S]*). In contrast, the block diagonal part Hy
is expected to involve terms of the form [Hy 4 Hy, S]?) and [Hy, ]+, In general it is
hard to find in a closed form a unitary transformation S that eliminates the off-diagonal
blocks term H,,. However, S could be approximated with a power expansion truncated at
given order

S~85W4 8@ L s® 4  with SV = O((H')) (1.50)

The constraint H, = 0 can be satisfied by imposing the mutual cancellation of similar
order of perturbation terms. This leads to a set of equations for each term of the power
expansions S

[Ho, S = —Hy (1.51)
[Ho, S*] = —[Hy, 5] (1.52)
(Ho, 8] = ~[H, %) - 5[y, 5], 5] (1.53)

12



1.1 — Origin of the spin-orbit interaction

From the above set of equations it can be seen that the Lh.s. is of the order SU), while
r.h.s is of the same order due to the product of expansion terms of S with i < j and
perturbation Hamiltonian. Solution of this equations, i.e. the general form of SU), can
be found in Appendix B of reference [25]. Using the expansion (1.50) and substituting it
into Bq.(1.49), the Hamiltonian H can be expressed as

H=H9 4+ HY + H® + g 4 (1.54)

We report here explicitly the entries of the first three expansion terms[25]

Hﬁ?,)m' = (Ho)m,m’ (1.55)

HY  =H . (1.56)

2 A 1ZH’ JHY { ! (1.57)
man! = 9 e S B R By — Ey

1 H L HY o HE o L H
A m’ m m,m A (158)

H(B) ;) = — = +
m,m 2 l%;’ [(Em’ — El)(Em” — El) (Em — El)(Em” — El)
1 1

1
+=SNH, HH [ + ] 1.59
2 2 it (B B = B) * o — BB — )] )

1.1.5 Non-relativistic expansion with Lowdin partitioning

Let us now apply the Lowdin partitioning to analyze the Dirac Hamiltonian Eq.(1.14) in
the non relativistic limit. In this case the rest energy is a dominant energy scale with
|| < moc and |eV | < moc?. The Dirac Hamiltonian Hp can thus be seen as describing
a particle at rest that is weakly perturbed by the kinetic term, and can be decomposed
according to Lowdin scheme as

Hy = moc®p (1.60)
H = ca-w+qV=H +H, (1.61)
where
_(qV 0 _ 0 co -
Hi = ( 0 qV) Hy = <ca w0 ) (1.62)

When the particle is at rest and free from the electromagnetic field, the eigenvalue
problem Hpiy = E1 reduces to

moc By = Ev (1.63)
13



1 — Spin-orbit interaction

and has four eigenstates grouped into two degenerate subsets

1 0
0 1
0 0
0 0
0 0

Yp1 = ] Ypa = 0 (1.65)
0 1

with corresponding energies

Ey =moc? (1.66)
EB = —m0c2 (167)

The states (1.64) Y4, = ( ¢0U > with ¢ = 1,2 identify the upper component ¢y of the

4-spinor and are expected to be dominant in non relativistic limit. In this way Lowdin
partitioning becomes rather simple to implement

Hy,=qV (1.68)
Hyp=Hp,=co & (1.69)
E4 — Ep = 2myc? (1.70)

The expansion of transformed Hamiltonian up to third order terms can be written as [25]

HO = moc*og (1.71)
HY = qv (1.72)
1
H = Tmoa SO T (1.73)
H® = 4m1(2)020'-ﬁ'qV0'-ﬁ'— %[a-ﬁa-frq‘/—qug.fm-.ﬁ.]
- 4mlgc2" wgVo & — 8mlgcg {(U 72, qV(r)} (1.74)

With help of the identities (1.40-1.42) it is straightforward to simplify the above expansion
terms, obtaining

HO = myctoy (1.75)
HWY = qv (1.76)
1
H® = —(#* —hgo - B 1.
g (7 = g - B) (177)
h qh?
g® — __4 (Ex#) - - _v.E 1.
4mic? (B x ) 8771(2)62V (1.78)

14



1.1 — Origin of the spin-orbit interaction

The corrections up to second order correspond to already well known terms that can be
observed already with the simplest non relativistic expansion Eq.(1.29), for instance H(©)
is a rest energy, a constant offset and usually can be eliminated; H() is a potential energy
and H® contain the kinetic energy and the coupling term of the total angular momentum
with the magnetic field. On the other hand new correction terms are introduced only
with H®). As one can see, the Hamiltonian H") + H® 4+ H®) obtained from the Lowdin
partitioning, coincides with the Hamiltonian (1.43) found with the perturbative method.

1.1.6 The case of an atomic central potential

Let us consider, in particular, the case of vanishing magnetic field (A =0 — &« = p) and
of a central potential V' = V(r), where r = |r|. The related electric field can be expressed
as E = —%Vr, and Eq.(1.45) acquires the form[37]

gh 0

Hso = —55—-
4mdc2 ror

o-L (1.79)
where L = r x # is the angular momentum operator. Introducing spin operator S = ho /2
this term can be expressed in form that justify its name as a coupling between spin and
orbit angular momentum operators

Hy=((r)L-S (1.80)
where we have introduced the radial function
g 1oV
= - 1.81
<(r) 2mic2r or (181)

It is straightforward to see that H,, does not commute with the angular momentum L.
Neither does it commute with the spin S, which is no good quantum number, so that the
spin degeneracy is lifted even for B = 0. However, the scalar product L-S in the SO
term (1.80) commutes with both L2 and S?, and recalling that the square of total angular

A2 22 A2 a4
momentum can be expressed asJ =L +S +L-S, the SO term (1.80) can be rewritten

as
r) /a2 22 A2

HSO—C(2)(J -1 -8 (1.82)
Here the radial function {(r) commutes with the operators J 27 f42, §2. Moreover, fJQ, §2,
J ? and J, mutually commute and can be simultaneously diagonalized by states labelled
by the 4 quantum integer numbers ([, j, s, m;) corresponding to their eigenvalues, with
1=012...,j=|l—s|,|l—s|+1...14sand m; € {—j,j}. In particular, for an electron
the spin quantum number is locked to s = 1/2, and one has j = [ + 1/2. Furthermore,
the atomic wavefunction is characterized by the additional shell number n related to the
radial equation, so that the state can be labelled as |n, j,I,m;) with j =1 £1/2. The
expectation value (Hgo) = (n,J,l,m;|Hgol|n, j,1,m;) of the spin-orbit term (1.80) thus
reads[30, 47]

h?Xso 3

JjG+1)=1l+1)— - (1.83)

(Hso) = 1
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1 — Spin-orbit interaction

Here the average value Ago = (((r)) identifies the strength of the spin-orbit coupling
correction to the non-relativistic atomic energy level. For a Coulomb potential V (r) =
— Zle|/r and for the electron charge ¢ = —|e|, Eq.(1.81) acquires the form

1 Ze?
= 1.84
¢(r) 2m3c? r3 (1.84)
and one obtains[24, 47]
[(Hso)| ~ h*(¢) ~ Ry(Za)? (1.85)

where a ~ 1/137 is the fine structure constant and Ry the binding energy of the hydrogen
atom. This shows that the spin-orbit coupling is stronger for atoms with large atomic
number Z.

1.2 Spin-orbit interaction in materials: Dresselhaus
and Rashba couplings

In Sec.1.1.6 we have seen the effects of the spin-orbit coupling in a single atom. In present
section we shall extend the analysis to the case of materials, where atoms are arranged
together in a regular structure. The electronic orbitals of different atoms come together
and hybridize forming the band structure of the solid determining the relevant properties
of the material. Bulk conducting states around the band minima can be described by a
parabolic effective model where the interaction with periodic crystal potential is taken into
account by effective mass. Here below we shall first discuss the effects of the SOC term
in the microscopic description of a solid. Then we shall focus on semiconductors, charac-
terized by a Fermi energy in the middle of a sufficiently narrow energy gap separating the
conduction and valence band, and we shall derive an effective model of a semiconductor
heterojunction in the presence of external electric field.

Let us start by discussing in general terms the symmetry properties of SOC. Indeed
as we have pointed out in previous section the spin-orbit coupling term is expected to lift
the spin degeneracy. In the absence of SOC one can express spin degeneracy of dispersion
relation as €| (k) = e4(k), that can be obtained by combining time reversal symmetry
(1.86) and spatial inversion symmetry (1.87)[19, 25]

er(k) = ey (k) (1.86)
(k) = ey (k) (1.87)

There are in principle two ways to lift spin degeneracy, namely by breaking either the
time reversal symmetry (1.86) or the spatial inversion symmetry (1.87). The former way
can be pursued, for instance, by introducing magnetic field B i.e. a Zeeman splitting.
The latter way can be achieved by two main mechanisms in a material. The first one is
the lack of bulk inversion asymmetry(BIA), i.e. the lack of inversion symmetry inside the
unitary cell, like for instance in zinc-blended crystal structures, which do not have a center
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1.2 — Spin-orbit interaction in materials: Dresselhaus and Rashba couplings

of inversion. This asymmetry is known as Dresselhaus SOC[1] and its lowest order term
involve third power of momentum operator[67, 87]. Properties of Dresselhaus term are
completely determined by underlying material and cannot be controlled externally. The
other mechanism to break Inversion symmetry is the structural inversion asymmetry(SIA)
that has a macroscopic origin such as the surface irregularity or external electric fields[67,
87] and becomes dominant in semiconducting heterojunctions. In particular, this is the
case of a two-dimensional electron gas(2DEG) and may be shown to be linked to Rashba
SOC term that in the case of confinement in z direction[5, 67]

Hyyx oxp-2 (1.88)

The Rashba SOC is the most relevant inversion symmetry breaking term in low dimen-
sional materials and typically overwhelms the Dresselhaus term [87]. Furthermore, the
Rashba coupling constant could be controlled with external electric field, thereby allowing
many interesting application involving spin polarization manipulations and spin filtering.

1.2.1 k- p theory

The Schrodinger equation of an electron in a material in the absence of an externally
applied magnetic field is obtained from Eq.(1.43) by taking the crystal potential Vj(r) as
a potential and by setting A = 0. Furthermore, we shall neglect the Darwin term, which
is relevant only for atoms with small atomic numbers. Using ¢E = —VVj and exploiting
o (VVy xp)= (o x V) p, one obtains

)
<2pmo +qVo(r) + %Z%&a -V X f)) U =FEV (1.89)
Solving this equation in principle one could find the full set of eigenfunction ¥ and corre-
sponding eigenvalue FE. However, this is in practice quite hard even without atomic-spin
orbit coupling, and some approximation must be invoked. The k - p method is a powerful
technique that in principle allows to calculate with arbitrary precision all energy band
spectrum E, x around an arbitrary point ko[25]. It relies on the fact that, due to the dis-
crete translational symmetry of crystal potential Vg, the wavefunction can be expressed
in Bloch form

U, (r) = ™%, (1) (1.90)

where v is the band index, the envelope plane wave is slowly varying on the lattice period
while u, k(r) has the cell-periodicity of the lattice.

The action of the momentum operator on the envelope plane wave can be expanded
using the product rule for differentiation, and the Schrodinger equation can be written as

2 21,2
b Rk R ( h >
L k. o
5o + Vo(r) + 5o + o~ p+ 4m3020 x VV(r) | +
h .
+74mgc2p -o X VVE)(I‘):| v, k) = E,x|v. k) (1.91)
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where u, x(r) = (r|v, k). Notably, spin is no longer a good quantum number for Eq.(1.91),
because the Hamiltonian does not commute with any Pauli matrix. Thus the index v
identifies a band label that is not spin degenerate. There are typically two strategies to
solve the eigenvalue problem Eq.(1.91). The first one will be discussed here below, while
the second one will be illustrated in the next subsection.

Perturbative approach in k

The first approach consists in performing a perturbative expansion in k. To illustrate the
idea, imagine one has solved the associated equation without the spin-orbit terms

p’ S
— 4+ W —k-p k)=F k 1.92
2m0 + O(r) + 2m0 + mo p ’n7 S, > n,k|n7 S, > ( )

which exhibits spin-degenerate bands labelled by n, so that
In,s,k) = [n,k) @ |s) (1.93)

with s =1,] denoting the spin degeneracy. Because the Hamiltonian in Eq.(1.92) is
periodic for each k, for a fixed k¢ the set of eigenstates |n, s, ko), with varying n and
s, form a complete basis set. One can thus expand the actual eigenfunction |v, k) of
Eq.(1.91) as a linear combination of the basis |n, s, ko) of eigenfunctions of Eq.(1.92).
It is important to mention that, although the exact form and energy of these states
are unknown, they are not strictly necessary. What is more important, instead, is the
symmetry property of states at the point kg. Since the Hamiltonian must be invariant
under transformation of the symmetry group of the problem one may deduce which term
must appear in it[25]. It is thus worth performing a state expansion around the high
symmetry points, since that would allow to reduce the number of parameters that can be
treated as phenomenological. For this purpose one can consider the I'-point at kg = 0
that belong to Tetrahedral symmetry group Ty.[46] Along with the symmetry property it
is also a suitable choice because for customary semiconductors the extreme of band can
be found in I-point[48], and the states in this point are referred as band edge states. The
full cell periodic wavefunction can be expressed as their linear combination

|l/> k> = Z Cu,(m,s) (k) |m> S) (194‘)
m, s€{1,4}

where ¢, ;) (k) € C are the expansion coefficient and the band edge states |m,s) =
|m,0) ® |s) are eigenfunctions of k = 0 Hamiltonian (1.92) without spin-orbit coupling.

2
(m’, s’|2%0 + Volm, 8) = Eino Omr.mbs.s (1.95)
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1.2 — Spin-orbit interaction in materials: Dresselhaus and Rashba couplings

Substituting the cell periodic wavefunction expansion into eq.(1.91) and projecting it on
an arbitrary base (m/,s’| one can find!

h2k? h
> [ (Em,o Ty > O mOs,s+ K+ P s o) (m,5) T
mo mo

m,s

+ At 1), (mos) | Co,(mys) (K) = EvkCy (m,s) (k) (1.96)

h
P 57, (m,s) =(m’, s'|p + WJ x VVplm, s) (1.97)
h
At s (ms) =—— (m’, s'|p - VWym, 1.98
( ) )7( ) ) 4m(2](32 <m 8 |p o X O|m S) ( )

It is common practice in literature[25, 30] to neglect spin orbit term in (1.97) and in this
way it can be rewritten as a momentum matrix

Pt ), (m,5) = (0 [BIm) 0 s (1.99)

In general, Eq. (1.96) is an infinite dimensional linear system whose solution are set of
all expansion coefficient {c, ;¢ (k)} and corresponding energies {£, ) }. However, due
to the presence of the off-diagonal term as momentum P, o) (m,s) and atomic spin-orbit
coupling A, o) (m,s) Matrices, the expansion coefficients of different bands turn out to
be coupled, thereby complicating the problem significantly.

Effective mass approximation.

We start by illustrating the diagonalization of (1.96) by means of the second order per-
turbation theory[25] considering k - P, &y and A, oy as a small perturbation. In this
case the dispersion relation is quadratic in the wave vector k and can be shown to acquire
the form[4, §]

h? h? [k - (n|p|m)?
Enx=FEno+-—kK +-—5 > —————1 1.1
ok ot 2myg + m3 n Eno— Emyo (1.100)
which can also be rewritten as
E.x=FE —h2 E k b k 1.101
nk = Lm0 + 9 a~ o pghp ( : )

a,Be(z,y,z)  Hn

through the effective mass tensor u%? [8]

1 1 2 (m[pa|n)(nlps|m)
S 1.102
pef m ’ mé mzin Eno— Emp ( )

1Where have been considered the mean value of an general operator to be defined as A(y,/ sy, (m,s) =
(m/,s'|Alm, s) = funit Cell(s'\uT (r) At o (1) |s)dr

m’,0
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1 — Spin-orbit interaction

where a, § € (x,y,2) and p, a component of momentum operator. As can be seen from
dispersion relation (1.100) the second order corrections are proportional to the inverse
band edge gap E, o — Em . This expression holds as long as |k| is small. More quantita-
tively, it holds if the energy difference |E, x — E), o| remains much smaller than all band
gaps |Ep o — En,l, ie. if kinetic energy term h?k?/2my is smaller than the smallest band
edge gap. For this reason in some semiconducting materials with narrow fundamental gap,
namely direct gap between conducting and valence band, the parabolic effective model
for conducting states can loose its validity[4]. One could in principle improve the calcu-
lations by going to higher orders in k in the perturbation theory. However, this strategy
is typically quite cumbersome. Kane adopted another approach to tackle the problem,
instead.

1.2.2 The Kane model

The second approach to solve the problem Eq.(1.91) consists in diagonalizing it exactly,
i.e. at arbitrary k, within a restricted set of bands. Indeed one can observe that, as far as
conduction properties are concerned, only the states close to the Fermi level are relevant.
In this way one focuses on a limited subset of bands, while the rest can be treated as a
perturbation. This is the procedure proposed by Kane and the resulting model is called
the Kane model[4, 8]. Within this approximation, one can thus expand the actual state
lv, k) in Eq.(1.91) in terms of a restricted set of N band edge states |m)

N
v, k) ~ Z Evm(k)|m) (1.103)

Importantly, in Kane’s approach the band edge states |m) are not spin degenerate, since
they are chosen in such a way to diagonalize the spin orbit term in Eq.(1.91) at k =0

A2

ho

(| [;jn +Vox) + gD o X vvo<r>] 1) = Erm,06mm (1.104)
0

whereas for k # 0 one obtains from Eq.(1.91) the following set of equations

al h2k?2 h
En, 5m’m 7kPm’m Cy,m k = E,xCum k 1.1
3| (Bt o e P09 = Bt (1109
where
Py m ~ (m/|p|m) (1.106)

Despite looking similar to Eqs.(1.96)-(1.97), the set Eqs.(1.105) is a set of finite dimen-
sional linear equations, since the number of considered states has been restricted to INV.
Note that, even if the new band edge set has been chosen in such a way to diagonalize the
SOC term at k = 0, there may still be off-diagonal terms in the momentum matrix (1.106)
that would couple bands for k # 0 . Nevertheless, based on the symmetry considerations,
it can be shown that the number of off-diagonal terms is significantly reduced and the
remaining ones are parameterized by a single phenomenological parameter.
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1.2 — Spin-orbit interaction in materials: Dresselhaus and Rashba couplings

In order to implement the Kane approach, one has first to identify the basis |m)
diagonalizing Eq.(1.104). As has been discussed in section 1.1.6, the spin orbit coupling
term can be diagonalized with total angular momentum basis[30, 47] and therefore one
may expect |m) — |J,my). In this way the SO coupling term is expected to be diagonal
and recalling Eq.(1.83)

i 3
whence one deduces that all states are degenerate with respect to the sign change of m .
As will be seen below, the restricted set of band is composed by four elements, each with
a twofold degeneracy corresponding to the opposite values of m;[8]. We can proceed in
three steps:

1. First of all let us discuss the eigenstates |m) in absence of the spin orbit coupling
matrix, i.e. when the second term on the Lh.s of in Eq.(1.104) is vanishing. In this
case the eigenstates are spin degenerate. Because spin is a merely dummy variable,
it will be neglected for the moment and reintroduced properly later. Therefore the
reduced Kane model is expected to take into account only 4 band edge states that
can be constructed with hybridized atomic states. Indeed in IV-V semiconductors
characterized by zinc-blended lattices there are 2 atoms per unit cell and the valence
electron form tetrahedral bonds with nearest neighbors and give raise in this way
binding and anti-bonding hybridized states. The wavefunction of the binding state is
concentrated in the space between 2 atoms and thus promotes the covalent bonding,
and vice versa for anti-bonding state wavefunction. Since solids consist of a large
number of unit cells, bonding and anti-bonding levels are broader into Energy bands.
The bonding states contribute to valence band, while the anti-bonding states to
conducting band[8, 30]. At the high symmetry I'-point these states are expected to
transform according to the symmetry of the underlying lattice and may be identified
with s-like conducting states |S) and triple degenerate p-like valence state |X), |Y)
and |Z)[8]. This definition meant to highlight the equivalence with the atomic s-
and p-state under symmetry transformation of the tetrahedral point group that
is indeed the symmetry group of the blended lattices type[2—4, 8, 46]. Since the
precise expression of the states has not been taken into account and only symmetry
property have been invoked, the corresponding energy of the states are treated as
phenomenological parameters that can be fit from experimental data

(;’ - vo<r>) 1S) = Bual) (1.108)
mo
<2f)n;+%(r)> M) = Epo|M) (1.109)

with M € {X,Y, Z} and can be defined the direct gap energy scale Ey = E;0— Ep 0,
indeed only the energy differences matter, rather than their absolute magnitudes.
Exploiting the symmetry of the states can be show that the number of elements of
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momentum matrix can be significantly reduced. Indeed by observing that

ih .
[Ho,r] = “ P (1.110)
one has[30]
h .
i Blm. ) = (B0 = Emo] {m'lr}m) (1.111)

where m';m € {S,X,Y,Z} in this way degenerate p-like states are not mutually
coupled. Therefore it is enough to introduce only one phenomenological parameter
that would describe the coupling of the s-like and p-like states

.My N A N
i=>Po = (S|pa| X) = (S|, 1Y) = (51p:|2) (1.112)

. Let us now construct eigenstates of the orbital angular momentum part |I,1,). By
analogy with atomic state the s-like states are characterized by state with angular
momentum [ = 0 in this way can be identified orbital angular momentum basis with

10,0) = |S) (1.113)

On the other hand p-like state are associated with [ = 1 and orbital angular mo-
mentum basis can be expressed as combination of p-like states

1

1.1) = = (%) +ilY)) (1.114)
11,0) = |2) (1.115)
1, 1) = — (1x) — i) (1.116)

S

2

. Finally, let us now re-introduce the spin degree of freedom by adding half integer
spin states |1/2,+1/2) = | 1) and |1/2,—1/2) = | |), the total angular momentum
eigenfunctions are expressed as combination of states that satisfy the quantum num-
ber constraint j =1 £ 1/2 and m; € {—j, j}, and 8 band edge basis can be written
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as [4, 8, 25, 30, 46]

55 =00 @ 1) =15,1) (1117)
%, 2 =100)®] 1) = 15,1 (1.118)
D=yEnein G el =2z - L axs +iv)
(1.119)
2,—;—\/gll,—1>®|T>+\/§I1,0>®H>—\/?Z,UM/E(IX,T%WT»
(1.120)
3 3
23 =y e = - (v ) (1121
53 = L-D® 1 = = (X0 -il¥.L) (1122)
L =inoeln iy el =/ ixn v +1zn)
(1.123)
ety Mg el =/ 0x -y - o
1.124

Figure 1.1: Band structure in the vicinity of the I'-point. Conducting states correspond to
the ' symmetry while valence to the I'7, I's symmetry. Fjy is the semiconductor energy
gap and Ay is splitting introduced by SOC term. Light holes T’} are associated with states
my = £1/2 and heavy holes T'? with m; = £3/2. [§]
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The band structure is qualitatively depicted in Fig.(1.1), where Ej is direct semi-
conductor gap and Ag is valence band splitting due to the spin orbit coupling. States
(1.117-1.118) are associated with I's conduction band and have zero angular momentum,
therefore the spin-orbit terms is expected to vanish as well. On the other hand the valence
band is formed by combination of p-like state (1.119-1.124), and are expected to be de-
generate in absence of SOC. The effect of the SOC term is to split this 6 state into 2 group
that contribute to different valence subband. First of all may be considered 4-th fold de-
generate I's band to which belong states (1.119-1.122). The expectation value of SOC for
['s band can be evaluated as (H,)r, & h?/2. On the other hand states (1.123-1.124) form
2-fold degenerate I'; band and SOC energy contribution is (Hg,)r, oc —h%. In this way
valence subbands are splitted by spin orbit term, that can be treated as phenomenological
parameter

AO = <H50>Fs - <HSO>I‘7 X th (1125)

In conclusion one can notice that I's-band is fourfold degenerate only for k = 0 instead
for k # 0 is expected to split into 2 sub band characterised by different effective mass
namely light holes T'y and heavy holes I'? where former is characterized by m; = +1/2
and later is associated with m; = £3/2 More in details the difference between the light
and heavy holes can be seen by enforcing the validity of the effective mass approximation
Eq.(1.102) in the case of restricted state space and for the sake of simplicity considering
a = [ = z. Using the definition of states (1.121-1.122), can be shown that heavy hole
band T'% does not coupled with T'g by momentum matrix

1 1
4=
<2> 2pz

therefore the effective mass of ' states is the same as bare electron mass[8]. On the
other hand states (1.119-1.120) are coupled with ['¢ states by momentum matrix and
their effective mass can be approximated as[8]

2772

5 i3> =0 (1.126)

1 1 4P
=—- 1.12
mFé mo 3hE0 ( 7)

So far we have seen that band coupling term can be significantly simplified by applying
symmetry considerations and by introducing an appropriate basis. A cell periodic wave-
function is approximated by a linear combination of finite number band edge basis |m)
that can be labeled by the superindex m = (j,j.) as in Eqgs.(1.117) to (1.124). Since the
correspondence is established on the basis of the symmetry arguments, the specific form
of the states is unimportant, and the corresponding energies and spin orbit splitting can
be introduced as phenomenological parameter Fy and Ag, respectively

0 ifm,m =12
AQ ) )
h
(m/| <2pmo + Vo(r) + WIA) "o X VVO(I')> Im) = —Eobnym if m,m'=3:6
0 _(EO + A(])5m’,m if m, m' = 7,8
(1.128)
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Since the basis states are expressed in therm of s-like and p-like states [see Eqs.(1.117)
to (1.124)], all non-vanishing entries of the momentum matrix (1.106) turn out to be
proportional to phenomenological parameter Py defined trhough Eq.(1.112), and read

p _.mopo\/§ 8 p _.moPo\/T _12. p __.mopo\F 1
18 =1i— 3 14 =l 6 L= Tt )

1 0 0
(1.129)
0 1
m()Po 1 m()PO 1 .
P1y7 = —1 \/7 0 P178 = — \/7 —1
h 3 1 h 3 0
P mopo 1 1 P mopo 2 8 P ,mopo\/T 1
= — —_ = —_ e —_ —1
2= Ve S I T S

O =

In this way Eq.(1.105) can be rewritten in matrix form
He, (k) = E, k¢, (k) (1.131)

where ¢, (k) = (¢,:(k))%_, is 8-component vector and H is 8 x 8 matrix[25]

g 0 iy/ERkz i\[iPoko —i\/[iPoks 0 —i\/iPokz  —iy/LRok-

0 wEe —iyJiRky iy/2Rokz 0 iy/iPok-  —i\/3Poks i/ L Pokz
—i\/2Pokz iyJiRok.  EE B 0 0 0 0 0
—iyJLPoky  —iy/2Pok 0 BE _ R 0 0 0 0

H = - \/1; 0) + \/; okz 2mg 0 .

i/ 3Pk 0 0 0 W Bo 0 0 0

0 —iy/Poky 0 0 0 S — o 0 0
iy/iPokz  iy/3Pok- 0 0 0 0 B By~ Ao 0
iy 1Pk —iy/LPokz 0 0 0 0 0 PR — By — Ao

(1.132)
with ke = k, + ik,

1.3 The effects of confinement potentials

In this section I shall present the envelope function formalism that can be seen as a
generalization of the k - p theory in the case of non-periodic potential[30] originated from
either an external electric fields or internal irregularities[25]. The underlying hypothesis
of this approximation is that the external potential V(r) varies slowly over the crystal
period. Indeed in each unit cell the external potential is perceived as constant energy
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shift in this way different unperturbed band can be still considered independent since the
coupling term is [ .. .oy Uk (*) TV (¥)uy o (r)dr =~ 6,0 1V (r). In this way the effect
of non-periodic potential can be taken into account on macroscopic level by a envelope
function that may be seen as generalization of the envelope plane wave in the case of
Bloch function.

We first present the envelope function formalism that allows to write a finite dimensional
system of equation similar to Eq.(1.131) with the difference that the Hamiltonian in
the case of the envelope function is expected to be a tensor instead of a matrix and
the complex coefficients are substituted by functions. One can thus exploit the same
band edge states and all the results discussed in the previous section. Next we use the
envelope function approximation to derive the macroscopic model of the semiconductor
hetero structure. The different material property in each level are taken into account by
phenomenological parameters and the heterojunction is represented by a step-like profile of
the phenomenological parameters. In this way at the interfaces between different materials
one expects the discontinuity of the potential that seemingly violates the basic assumption
on slowly varying potentials[25]. However, as long as the actual potential varies smoothly
over the lattice spacing, this effective model is known to provide results in agreement with
the experiments[8]. Finally we trace out the transversal degrees of freedom and present
the effective model for 2DEG with the Rashba spin orbit term|[30].

1.3.1 The envelope function approximation

So far we have considered only the crystal periodic potential Vj(r), and thus the Bloch
function V¥, x indeed can be used. However, in the presence of an additional external
potential V(r) that is not necessarily periodic, the discrete translational symmetry is
broken. The Schrodinger equation reads|25]

A2
P h
2—mo+Vo( r)+ V() + : T2ab o x V()| ¥ = BV (1.133)

and the Bloch wavefunctions are no longer eigenfunctions. Nevertheless the total wave-
function can still be expanded in term of Bloch wavefunction

Zamk\lll,k Zal,ke "y k(1) (1.134)

or equivalently

) = ayxe™ v, k) (1.135)
v,k

where a, k are coefficients. In analogy with k - p theory, the cell periodic part can be
approximated as a combination of finite number of band edge basis at k = 0 [25] therefore
using the decomposition for cell periodic state (1.103) can be rewritten as

ZZ@ 1 5TE, m(K)|m) (1.136)

vk m
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where |m) are the band edge states (1.117-1.124) discussed in previous section. Finally,
by introducing the function

fn(®) = ayilym(k)e™™ (1.137)
v,k

the total wavefunction can be expressed as|8, 25]
U) = fn(r)m) (1.138)

where the function f,,(r) varies slowly in space and take into account the spatial depen-
dence introduced by external field. It is commonly referred as envelope function, since it
modulate the fast oscillating of the cell periodic part |m)[8, 30]. Finally the approximation
of the wavefunction is plugged into Eq.(1.133) and projected on an arbitral basis (m/|, in
this way can be found

)
Z [(21) + V(I‘) + E7(qg)> 5m’,m + Lf) : Pm’,m fm(r) = Efm(r) (1'139)
m mo mo

where band edge energy EY and momentum matrix P, m are the same that have been
found in previous section and correspond respectively to Eq.(1.128) and Eq.(1.129-1.130).
In this way the full problem of the bulk electron has been reformulated as the set of
the second order differential equation that describes the system at a macroscopic level.
The microscopic details corresponding to the fast oscillating cell periodic wavefunction
are taken into account by 3 phenomenological parameter Ey, Ag, Py[8]. The system of
coupled second order equation can be rewritten in matrix-form[30]

Hf= Ef (1.140)

where f(r) = (f,(r))3,_; is a 8-component vector of envelope functions and H is a 8 x 8
tensor that can be separated in 4 blocks[30]

HC HC'U
H = (H H) (1.141)

where H. is a tensor that describes the envelope function associated with conduction band
L's

A2

H. = (p + V(r)> Loxo (1.142)
2m0

On the other hand the H, acts on the valence envelope functions. It is important to
notice that the kinetic energy term can be neglected, indeed since the envelope function
is assumed to vary slowly therefore one can expect that kinetic energy is negligible with
respect to fundamental gap energy scale p?/2mg < Ep, that indeed is expected to be
dominant[30].

(1.143)

OO O O OO
OO O O OO
o

OO OO oo
OO O O oo
DOOOOO

ODOOOO
=)
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And finally H,., is the tensor that couples the envelope function of the conduction and
valence bands

2P 4 1 Pys 1 Py Py A Py A

. \/;Wopz %%p, — 5w h+ 0 Tﬁp _TWP
Hey =1 (1.144)

1L Ry 2R, 0 B M P YY)

\fhp+ \/ghpz \/ihp_ V3 R \[hp

where have been introduced p+ = p, + ip, and p; i € {x,y, 2} are the i-th component of
the momentum operator p. In order to guaranty the total Hamiltonian H to be Hermitian
one may expect H,. = HJ .

1.3.2 SOC in a quantum well

At this point the microscopical details of the material have been taken into account with
phenomenological parameters and the material is described with an effective model on the
length scales much larger than the unit cell. In this way one may attempt to construct
macroscopic model for inhomogeneous structure such as 2DEG that can be realized by
growing in layers different types of materials or modulating doping density. Since micro-
scopic details have been traced out, irregularities of the heterojunction can be neglected
as well. The interface may be assumed to be perfectly flat and can be modulated with
piecewise profile of band edge energy, even though the cell periodic wavefunctions are still
assumed to be the same in all the materials[§].

I shall focus on the quantum well configuration of the conduction band, where the ma-
terial A in the central region has the lowest conduction band edge energy and is interfaced
from 2 sides with material B. We take the growth direction along (001) and heterojunction
can be modulated with piecewise profile of the phenomenological parameters along z-azis

Eo(2) = EPO(|2] — d/2) + E{O(—|2| + d/2) (1.145)
Ao(z) = APO(|2] — d/2) + A O(—|z| + d/2) (1.146)

where ©(z) is heavy side function and d is the length of central region. It also can be
introduce the external electric field V,,;(2) slowly varying along the z-direction and the
non-periodic potential can be decomposed as

V(2) = Vit (2) + Ee(2) (1.147)

where E,(z) is a profile of conduction band edge offset with E# = 0 that form the quantum
well potential for conduction electrons E.(z) = EBO(|z|—d/2). Finally can be introduced

valence band edge energy
Ey(z) =V (z) — Ey(2) (1.148)

the band structure of the heterojunction is pictured on the Fig.(1.2)

Since we are analyzing the case with vanishing magnetic field and external electric field
only along z, the electron motion in x — y plane can be considered free and the envelope
function can be decomposed into in plane and transversal parts

f— eiknfng(z) (1.149)
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Ey(2) Z\;B
YTWE !

Figure 1.2: Qualitative diagram of the heterojunction band structure in the case of linear
external potential Vet (2) = |Eext|z. [30]

with k| = (kg, ky,0) and r| = (2,,0). In this way matrices (1.142-1.144) can be expressed
as

Rk 2
Hc: = . ex Ec 1 1.1
(o + o+ Vele) + £ 1 (1150)
0000 0 0
0000 0 0
0000 0 0
Hy=Elexs =g 0 0 0 0 0 (1.151)
0000 Ag(z) 0
0000 0 A
\/i&p Lf’o/{}_ *LP()]C 0 *L&p *LP(]/{J_
o VsrP: & 37 0%t VB RTE VS (1.152)
cv 2P 1 1 P '
~ LRk (JERp, 0 LRk -LRE Lhp

where k4 = k, £ ik,. In this way we have found the system of coupled differential
equations that describe the envelope functions in z for I'¢ conduction band g.(z) =
(91,92,0,0,0,0,0,0)T as well as I'; and I's valence band g, (z) = (0,0, g3, 94, g5, 96, 97, 93 ) . -
However, as far as the conduction properties are concerned, one should be interested only
in former part of the envelope function g, while the coupling with valence band may be
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1 — Spin-orbit interaction

included in the effective way. One way to do it would be by using the Léwdin partition-
ing. However the application turns out to be problematic, due to the space dependent
diagonal term and as follow the right ordering of matrix term in perturbation expansion.
Moreover, beyond the first few terms the perturbative approach becomes cumbersome. A
more systematic approach is the "folding down" method[30], which consists in introducing
a unitary matrix

o 12><2 _(Hc - E)_IHC’U

U= (—(Hc _ B, Lo (1.153)

and the system of differential equations can be rewritten as
Hj=FEj (1.154)

where

Gg=U""g (1.155)

. d. 0
H=E+(H-E)U = (O ﬁv) (1.156)

We first observe that, since the Hamiltonian (1.156) is dependent on the energy FE, the
system (1.154) must be treated in self consistent way. This may lead to non-parabolic
dispersion relation even for in-plane motion and should be resolved approximately. On
the other hand the valence and conduction bands are decoupled and in principle can be
studied separately[30]. In this way if one is interested only in conduction band g, it is
straightforward to see from definition of U that g, = g, and the system of equation for
conduction band envelope functions reduce to

m()=5(0) @150

with H. = H, — H.,(H,— E)"'H,.. In the case H, is diagonal it is trivial to perform the
inversion and the effective model for conduction band can be written

h2k? 2
7o (" bz (M N
i - ( Tk + e+ Veut(2) +Ec(z)> o= (yo 3)  (1159)
where the diagonal term
2
32 \Ey(2) — E E,(2) —A¢(z) — E
P} 0 2 1 9,
_ 0= — 1.159
3 02 (Ev(z)—E+Ev(z)—A0(z)—E) 0z (1.159)

contributes to the effective mass. Indeed the first term is proportional to hzk‘z and thus can
be associated with in-plane kinetic energy. On the other hand the second term is properly
symmetrized momentum operator in the case of non uniform effective mass along z. In
this way may be introduced the effective mass

1 1 2P?

2 1
m mo  3h2 (Ev(z) - F + Ey(z) — Ag(z) — E) (1.160)
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Instead the off-diagonal term is

: ! k- = a(z i
- 30z (Ev(z) —“E Eo(2) — Ao(2) _E) ik_ = a(z, E)(iky + k) (1.161)

and thus can be identified with the Rashba Spin-orbit coupling term
Hso = a(z, E)(kyoy — kyoy) (1.162)
with spin-orbit coupling
)

2 1
al=B) =37, <Ev<z>—E T B~ Do2) = (1.163)

It can be noticed that the effective mass m*(z, E) as well as the SOC constant a(z, ) are
dependent on energy. Then, the Hamiltonian (1.158) leads to non parabolic dispersion
relation and must be treated self-consistently. However conduction states of semiconduc-
tors materials typically have energy close to the band minima F ~ E.(z) and in the case
of weak external electric field the dominant energies scales are expected to be Ey(z) and
Eo(z) — Ag(2). The effective mass and spin-orbit coupling can be approximated as power
expansion in terms of

Veat(2) + Ec(2) — E Veat(2) + Ec(2) — E
Fo) o Eo() = Bo(2)

<1 (1.164)

The effective mass is approximated to zero order

[ S S 1
m*(z)  mo 32 (Eo(z) + Eo(z) — Ao(z)) (1.165)

On the other hand for SOC is kept up to first order term

R o [ 1 2
N Eo(z) — AO(Z) E()(Z)

+( 1 1
(Eo(2) — Ao(2))*  Eg(2)

and recalling that the piecewise profiles (1.145-1.146) can be rewritten

) (Veat (2) + Ee(2) — E)] (1.166)

LU 2R g e L
5" e o (0l — /2~ B (el + d2) (1.167)
oz, ) = 0 (Ry(2)00(12| — d/2) + Ra(z)0(~ 2] + d/2) (1.168)
with
L_ 2 71 1.169
i BB A (1.169)
1 2 1 1 Z,
Ri(2) = B BT <(E8 “AE <E6)2> (Veat(2) + E. — E) (1.170)
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one can expand the derivative in Eq.(1.168) obtaining
a(z) = ag(z) + ain(2) (1.171)

Here a(z) is the bulk contribution of material and is raised by inversion asymmetry due
to the external field

I ! __ LN,
()= 3 (mm— sy~ 7)o )

whereas a,:(2) is the contribution caused by asymmetry introduced by interface and is
proportional to delta functions at —d/2 and d/2.

aint(2) = (Ra(z) — Rp(2))(0(z + d/2) — 6(z — d/2)) (1.173)
Finally effective parabolic Hamiltonian can be written as

= (A B0 L0y )4 Be) ) 00— al2)(kyos — kaay)  (1174)
o\ 2mr(z)  20zm*(z) 0z ext\? c\Z) | 00 = aZ)\RyOz = FaOy :

The discontinuity of the effective mass and spin orbit coupling at the interface in princi-
ple must be treated by appropriate boundary conditions, that should be derived imposing
the continuity of envelope function g.(z) and integrating the Heisenberg equation (1.157)
across each interface. It can be found that boundary conditions couple the SOC to the
motion along z[30]. However in the case of the quantum well for the conduction band,
the low energy states are expected to be bound states[8] with small probability to be
found near interface for deep enough well. In this way the influence of boundary condi-
tions is significantly reduced and Hamiltonian Eq.(1.174) can be approximated to 2DEG
Hamiltonan by tracing out z-degree of freedom[30]

h2k?
Qm,ll 00 — aR(kyUI - kxgy) (1175)

Hy=(H) =

where we define the spin-orbit coupling constant ag = (g (2))+{@nt(2)) and the emerging
SOC term can be rewritten as Rashba spin orbit coupling[5, 67]

Hso = %Ra Xp-s (1.176)

where P is canonical momentum, 2 is unitary vector along the growth direction (001) and
ap is Rashba spin orbit constant. In the following sections we shall drop the subscript
and denote it simply as «.

1.4 SOC in 1D nanowires

In view of various technological applications a great deal of attention has been devoted to
quasi 1D systems where, due to the spin orbit coupling, it is possible to implement precise
electrical control of the spin precession. This is the case of nanowires. In order to describe
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the theoretical model for nanowires, we start by observing that in the previous section
we have derived the Hamiltonian of a quantum well where the confinement direction was
z and the plane of the 2DEG was z-y. However, direction of the structure inversion
asymmetry can equivalently be denoted by y and the 2DEG can be set in z-z plane. In
this way the Rashba term can be obtained from Eq.(1.176) by simple rotation around
z-axis that can be written in matrix form as

(p2+p?

S — abe 7D-
H = (1.177)
A 2 H2 A
D Ceti) 1 ap,
where p,, = —ihd,, with n € {z, z}. One can now introduce a further confinement potential

V(z) along z and leave x direction free. The resulting structure is a nanowire. For the
sake of simplicity we consider infinite potential well of the width W i.e.

Vi(z) = {0 0<z<W (1.178)

oo otherwise

In this way one can decompose the original Hamiltonian as

H=H,+ Hip+ Hpiz (1.179)
9
H = 2’;;* o0 + V(2)aq (1.180)
9
T a A
Hip = ;;n* 00— T (1.181)
Hypio = %UI]A}Z (1.182)

where H,,;; exhibits off diagonal term and to a first approximation can be considered
as a perturbation. On the other hand it is straightforward to see that H, and Hip are
diagonal

H1D¢S7kz (:E) = Es(kz)gbs,kz (I) (1183)
Gs k., (T) = xse=® and x; is a spinor part of the wave function with s € {1, 1}, on the

other hand ¢, (z) with n > 1 is eigenstate of the well known solution of particle in the
box problem|33] degenerate in spin degree of freedom with corresponding energy

n?m?h?
= ———— 1.185
2m* W2 ( )
In this way the total wavefunction can be expressed as
Vkos (€,2) = bs ke, (2) o (2) = xs€™ 00 (2) (1.186)

With the spectrum of 1D unperturbed problem is composed by band structure E,, s(k;) =
es(kz) + E,. However H,,;, present off diagonal term that can be shown to couple the
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different bands m, m’, deforming in this way energy dispersion. Indeed in the absence of
coupling term there would exist points &’ such that E,, +(k") = Ep (k') restoring in this
way spin degeneracy that isn’t coherent with the symmetry of the problem and therefore
each band is distorted in order to avoid crossings in the energy spectrum|[67]|. The coupling
term can be seen more in details by tracing out trasversal degree of freedom

(Endm,n + HlD(Sm,n + (Hmm:)m,n)xselka = Ems(k‘x)xseikmx (1187)

where (Hyiz)mn = [u o1 (2) Huiwton(2)dz and Ens(kx) band structure including the
perturbation introduced by coupling. In the case of transversal confinement by an infinite
potential well (1.178) the band mixing term can be expressed as[33]

a  2mn

(Huis)mn = 57 ——— (1= (nm=)a, (1.188)

The problem can be solved by taking into account only a finite number of bands by means
of the Lowdin partitioning discussed in Section 1.1.4. The distortion of energy spectrum
significantly depends on the number of included bands and, in view of investigation of
transport properties, the number of relevant bands must be carefully chosen in order to
avoid systematic errors due to the truncation of the Hilbert space[33, 67]. For typical
applications, the band coupling term can be neglected and the zero order perturbation
expansion can be considered as valid. Indeed in the case where the band gap AFE, is very
large, i.e. for separated energy bands, the energy scale of coupling term is insufficient to
give relevant contribution. In this way one can consider the validity of this approximation
by comparing energy scales of band gap and coupling term, that scales as[12, 39|

h2
and imposing [(m|Hpiz|n)/AEy| < 1 one can find
h2
W< e (1.191)

The typical materials used for quantum wires are InSb, InAs and GaAs[67]. These
narrow-gap semiconductors have recently attracted a particular attention since they are
characterized by a strong Rashba coupling and a large gyromagnetic factor that allow
them exhibit large Zeeman splitting even for small external magnetic fields. In this way
the maximal width of the confinement potential allowing to apply the independent band
approximation can be estimated with typical values of effective mass and Rashba coupling
constant. In the case of InSb one has m* = 0.015m, and o ~ 107''eVm, whence one
deduces the constraint W < 0.5um, which is well within reach of modern technology[12,
39]. Therefore it is realistic to implement full 1D nanowire describe by

(En + HlD)XSe“”C = En,s(k)xseikz (1.192)
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where k; has been redenoted as k to make the notation lighter. We first consider only
the lowest band in the nanowire and neglect the energetically higher bands separated by
energy gaps. This amounts to deal with a 1D system and one can drop the trasversal mode
quantum number n. In this way the eigenvalue equation can be rewritten in k-space as

(’;n’j oo — ak02> 1s) = E(k)|s) (1.193)

The above Equation is already diagonal and it is straightforward to identify the eigenvec-
tors | 1) = (1,0), | {) = (0,1) and the corresponding eigenvalues

21.2

Bi(k) = 7;: — ak (1.194)
21.2

Ey(k) = Zﬂf +ak (1.195)

The dispersion relation is depicted in Fig.1.3. Due to the Rashba spin orbit term, the spin
degeneracy of the customary parabolic dispersion is lifted: The two parabolas related to
each spin component are shifted laterally, in opposite directions, by the spin-orbit wave

vector ‘ ’ .
alm
kso = 72 (1.196)

and lowered by spin-orbit energy

(1.197)

v

Figure 1.3: Orange line E4(k,), Blue line E| (k)
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1.5 Applications of the spin-orbit coupling

In recent years the great interest was concern on the study and development of the tech-
niques that allow to manipulate spin degree of freedom and to build the spin based devices
and novel field has emerged: spinotronics[21, 22, 88]. The spinotronics devices allow to
manipulate the information stored in spin degree of freedom rather then in charge and
are expected to benefit of several advantages such as large switching rates, lower power
consumption, increased integration densities with respect to conventional semiconductor
devices[21].

The first generation of spinotronic devices are based on giant magneto-resistive (GMR)
effect that introduces many common principles for other types of spinotronics devices. One
of the simplest GMR based device is Spin-valve, that is composed by two ferromagnetic
layers, iron or nickel alloy, sandwiching a thin nonmagnetic metal, usually copper. One
of the two magnetic layers is “pinned” i.e., the magnetization in that layer is fairly insen-
sitive to moderate magnetic fields, through which spin current is electrically injected[21].
Indeed in the ferromagnet material the population of states have preferred spin direction
and in this way out going current is spin polarized and emerge net spin current. The
other magnetic layer is “free” layer, and its magnetization can be changed by a relatively
small magnetic field and detect spin current: in the case its polarization is align with
injected spin, current doesn’t meet additional resistance and vice versa if free ferromagnet
is antialigned. The resistance of the junction can thus be tuned within 5-10%]21]. The
GMR spin valve has found extensive use in HDD read head|[21, 88]. The improved version
of GMR spin valve is the magnetic tunnel junction (MTJ) which exploits a similar prin-
ciple, except that ferromagnet leads are separated by an insulating layer through which
transmission occurs via tunneling. The MTJ exhibits larger resistance modulation(20%
to 40%)[21]. It is applied in high information density HDD[88] and in integrated mag-
netic random access memory (MRAM) cells, which use magnetic hysteresis to store data
and magnetoresistance to read data[21]. Compared to conventional solid state memory
cell, MRAM exhibits a significant increase of read/write rate, lack of wear-out with write
cycling and lower energy for writing[21].

The next generation of spintronic devices is based on spin dynamics, i.e. the modu-
lation of the spin precession rate inside the material in contrast with spin torque based
devices. To this purpose the SOC plays a key role: By modulating the SOC constant
with a gate potential enables one to control the wave vector of the state at fixed energy.
In turn, this leads to a differential phase shift between the two spin polarizations states,
so that injected and detecting spin polarized current may lead to spin interference. This
idea is at the core of the Datta-Das transistor or spin-FET[12]. The main advantages of a
spin-FET are low energy consumption and fast switching speed since it does not involve
creating or eliminating the electrical conducting channels during the switching, required
by traditional FETs[67]. However the SOC introduces also some practical challenges. In-
deed in the presence of momentum elastic scattering, SOC decreases the coherence length.
This may lead to a vanishing spin polarized current, an effect known as weak antilocal-
ization. Indeed random changes in the velocity of the electron due to scattering cause
as well changes of the spin precession axis that leads to the spin relaxation. Even if the
electrons are injected spin polarized into the system, they will go out of phase because
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each individual electron has a different scattering history[87]. In this way in realization
of SOC based device one is restricted to ballistic transport only and main length scale of
device must be significantly smaller than the mean free path Lg. Another technological
problem originates from the resistance mismatch on the ferromagnetic/semiconductor in-
terface, that cause the inefficient injection of the spin current, this problem however can
be mitigated by use of exotic ferromagnetic alloys[26].

1.5.1 Datta-Das transistor

One of the first spin-FET devices have been proposed by Datta and Das in 1990[12],
and is composed by a hetorojunction in similar way of classical transistor presenting as
well source, drain leads and gate that allow to control resistance of the transistor. The
current modulation arises from spin precession due to the spin-orbit coupling in narrow-
gap semiconductors, while magnetized contacts are used to inject and detect specific spin
orientations, the schematic representation is pictured on the figure (1.4)[12]

Vo

Schettky I Gate

Iri fron__,,
_ Contact in Al As 2 Contact

in GaAs

)

Figure 1.4: Datta-Das spin-FET structure. The iron contact are z-polarized ferromagnets
that are responsable for injection and detection of spin current. The centrall region
is composed by narrow gap semconductor in which the Rashba spin orbit coupling is
dominant and is controlled by gate potential Vi;. Figure taken from Ref.[12]

The source and drain leads are ferromagnetic material magnetized along = direction,
in this way injected spin current is polarized as well along x and can be expressed as
combination of z up and down states

(1)=(o )+ () (1199

States injected from ferromagnetic lead are propagated in the 2DEG in x/z plane,
composed of narrow-gap semiconductor such as InGaAs, InAs or GaAs in which Rashba
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SOC is dominant and are described by

h2(k2+k%)
——Z — ak aky
H— 2m z B2 4k2) (1.199)
ClkZ Agiﬁﬁ:“'ﬁ‘(lkx

However from 2DEG Hamiltonian can be seen that the state are characterised by spin
texture[89] and the spin orientation is perpendicular to the electron propagating direction,
spaning from (1,1)%, (1,—1)7 for transverse propagation i.e. k, = 0 to (1,0)7, (0,1)”
for kz = 0[67]. In this way due to the angular spectrum the incoming states aren’t
forced to sharply spit in to different eigenvectors that as will be seen later give raise to
interference, but rather goes preferentially into states with spin component along x that
increase baseline transmission and reduce ability to modulate current. As consequence it is
crucial to restrict the trasversal degree of freedom for instance with external potential, and
consider in central region 1D electron transport|[12]. Indeed as discussed in the previous
section, in the case of a very narrow 1D wire, the different energy band aren’t coupled
and can be treated as identical bands separated by energy gap proportional to their band
number. In this way in first approach one can consider case of the single mode and
generalize to multiple band later. Propagating state in the 1D wire in the presence of
Rashba coupling are described by Hamiltonian

h2k?
- (zm* Fako 0 k) (1.200)

0 L

with eigenvector and corresponding eigenvalues
1
H=(0) (1.201)

-y = ( ; ) (1.202)

Ey = —2 4 ak, (1.203)

In this way injected x polarized state at fixed energy E is propagating towards the central
region as combination of spin up |+) and spin down |—) with different wavevectors ki =

tkso + /Ko — 2’;:‘2E , where kso = |a|m/h%. The wave function in the central region can

be written as L
1 ; 0 ; et
¢(r) = ( 0 >e’k+” + < . )e”” = < ik a ) (1.204)

The injected electron is propagating in the central nanowire of the length L and at the
end must be detected by ferromagnet polarized along z; The transmission is maximum
if the spin of incident electron is aligned with ferromagnet polarization. In this way
transmission through nanowire is expected to be proportonal to the probability of the
state to be aligned with the polarizzation of drain ferromagnet at x = L that reads

iki L
[ERDI Qe

i = 4cos®((ky — k:_)g) (1.205)
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From which follows that current in principle can be modulated by a differential phase
Al = (k4 — k_)L that allow to minimize current for Af = 7 and can be easily found to
be[12, 20]

2m*alL

72
As mentioned above, in the case of a narrow wire, the conducting states of all bands E,, j,
exhibit the same differential phase shift Af, independent of the band index and the wave
vector. Thus, differently from a typical quantum interference device that must be a single
channel to properly operate, the Datta-Das transistor in principle can be realized as multi
channel device that would operate properly for higher temperature and larger applied
bias that is necessary for inducing Rashba spin orbit coupling[12]. The above results have
been confirmed by more systematic investigation of the sub band coupling by [20] using
the tight binding model. On the other hand in the case of wide confinement potential,
the current modulation is expected to deviate from harmonic behaviour. Furthermore,
the multi channel case must be considered since the phase shift has a more complicated
dependence on energy and band index as result of band deformation[67].

The phase is proportional to the length of the central region and spin orbit constant
that is its turn can be controlled by the gate potential. As mentioned above, in order
to guaranty sufficiently large coherence length of spin current the spintronic device are
limited to only ballistic transport, in this way one may argue if for practical realization of
Datta-Das transistor the typical scale of coupling constant would be enough to introduce
phase shift of 7 in the central region with length smaller then mean free path L < L.
To this purpose one can compare the typical scales of Rashba coupling constant: o =
10~ eV -m and effective mass m* = 0.15m, that give raise L(Af = 1) = 0.8um[26]. It is
coherent with tipical mean free path of high-mobility semiconductors at low temperatures
Ly > 1pum[12].

The first implementation of Datta-Das transistor has been done by [39] with non-local
measurement scheme, in which the current is injected in source ferromagnet after that
a fraction of injected electrons have ballistic trajectories to the drain, which develops
a voltage AV proportional to the projection of the electron spin on the magnetization
orientation of drain ferromagnet as in Eq.(1.205). The quantum wire is realised in a InAs
heterostructure with strong Rashba spin orbit coupling with the ferromagnetic contacts
realised with NigiFejg permalloy[39, 67]. In Fig.1.5.a) the experimental measurements
of the drain voltage AV are reported. It can be indeed observed the typical oscillation
depending on the gate voltage. Also it can be noticed that in the case of shorter length of
the central region L = 1.25um the range of gate voltage is extended. This stems from the
fact that the phase shift is proportional to L, so that electrons in a device with shorter
electrode spacing require a larger range of A and therefore a larger range of gate potential
Ve as well[39]. In Fig.1.5.b) we have reported the measurements for a fixed length of the
central region, at different temperatures. It can be observed that the oscillations caused
by the spin precession are washed out for higher temperature due to inelastic scattering,
which becomes more pronounced. Coherent effects are destroyed by localization effects.

AO = 2ksoL = (1.206)
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av (V)

vV, V)

Figure 1.5: Experimental measurements of output voltage AV measured by [39]. The
panel (a) the output voltage at fixed temperature as function of gate voltage Vi and dif-
ferent length of centrall nano wire L = 1.65um, L = 1.25um. The panel (b) measurements
for different temperatures. Refference [39]
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Chapter 2

The Scattering Matrix
formalism

In this chapter I shall discuss the Scattering Matrix formalism, a general approach that
allows one to investigate the conducting properties of a quantum mesoscopic system. In
a nutshell, a mesoscopic system has a typical size that is much smaller than the phase
breaking length, so that a propagating electron preserves its phase coherence and the
wave nature of quantum particles emerges e.g. in interference phenomena. Furthermore,
in the quantum mesoscopic regime, the transport properties also depend on the specific
arrangement of elastic scattering centers in each sample. Semiclassical approaches, like
Drude model or a Boltzmann kinetic theory, cannot be used to describe this regime,
since they neglect the wavelike nature of particles. The Scattering Matrix formalism,
developed by Landauer and Biittiker[14, 16, 17], is instead a fully quantum approach
and establishes the correspondence between the quantum probability of a particle to be
transmitted through a scattering region and its conduction properties.

This chapter is composed as follow. First of all I shall briefly discuss the relevant length
scales characterizing a system and recall the definition of the quantum mesoscopic regime.
Then, I shall illustrate a typical measurement setup involving a mesoscopic system and
describe the model adopted by Landauer and Biittiker formalism to describe it. Finally, I
will present the derivation of the conducting properties. In particular, I will focus on the
linear response regime.

2.1 The quantum mesoscopic regime

One of the hallmarks of the wavelike nature of quantum particles is the fact that waves
can interfere. However, in order to observe such phenomenon, a quantum particle must
be able to preserve its phase coherence over the time and lengthscales characterizing the
measurement. Let us consider a freely propagating electron wave ¥ = !&r=Et/h) where
k and E denote its wavevector and energy, respectively. The electron can experience two
sorts of scattering events, namely elastic and inelastic. The former scattering changes
the wavevector k — Kk’ but preserves the energy E, whereas the latter also affects the
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energy. Elastic scattering events, typically due to static potentials, are reversible and do
not affect the phase coherence of the quantum particle. In contrast, inelastic scattering
events, caused by the interaction of the particle with the dynamical degrees of freedom of
the environment, are typically irreversible and eventually destroy the phase coherence.
One thus typically introduces two relevant length scales. The length L. denotes the
typical lengthscale over which an electron experiences elastic scattering and is called elastic
mean free path. In contrast, L, denotes the typical length an electron can travel before
experiencing inelastic scattering and is called phase breaking length. Depending on the
size L of the system, one can thus distinguish two regimes. A system with a size L > Ly
is referred to as a macroscopic system and does not exhibit phase coherence effects. In
contrast, quantum coherence effects are expected to be observable in a system with a size
L < Ly, which is thus called a quantum mesoscopic system.

When an electron Bloch wave propagates in a solid, elastic scattering is typically due to
impurities or defects, whereas inelastic scattering occurs because of the interaction with
the bath of the lattice vibrations (phonons) and/or the other electrons. On the one hand,
it is precisely because of the energy exchange with the phonon bath that the electron gas
can thermalize and reach the equilibrium state. On the other hand, from the quantum
mechanical point of view, the equilibrium state is a mixed state where phase coherence
is lost. Importantly, when temperature T is low, the lattice vibrations are suppressed
and phonon scattering becomes more and more negligible. The phase breaking length Lg
thus increases when lowering the temperature, and an electron can travel a longer path
without experiencing inelastic scattering processes. Typically one has Ly ~ 1/TP, where
p is a power that depends on the specific system. However, one can roughly claim that,
as T is below the Kelvin range, L4 is of the order of a pm, implying that nanosystems
are mesoscopic. Indeed a number of genuine quantum interference phenomena have been
experimentally observed in nanosystems. In this regime, transport properties (e.g. the
resistivity) are determined only by the elastic scattering with impurities. One can further
identify two mesoscopic subregimes[15]. In the diffusive regime, characterized by L. <
L < Ly, describes the situation where electrons experience various impurity scattering.
This is typically the case of a metal. In contrast, the ballistic regime, characterized by
Le ~ L S Ly, identifies a mesoscopic system where impurity scattering is rare. Modern
nanotechnology fabrication techniques based on semiconductors nowadays enable one to
realize almost clean systems. This is thus the regime we shall focus on for the description
of semiconductor nanowires with spin-orbit coupling.

Notably, the semiclassical approaches neglecting the wavelike nature of particles fail to
describe mesoscopic systems, and a fully quantum approach is needed. The Scattering
Matrix formalism developed by R. Landauer and M.Bittiker[6, 7, 14, 16, 17], is widely
applied to the description of these systems. In this chapter we shall revise the main
aspects that will be then applied to the investigation of the nanowire in next chapter.
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2.2 — Scheme of a typical measurement setup

2.2 Scheme of a typical measurement setup

A typical measurement setup for a quantum mesoscopic regime is sketched in Fig.2.1 and
consists of three main components: the mesoscopic system itself, the left and right elec-
trodes, and the leads connecting the electrodes to the mesoscopic system. Each component
is characterized by a specific regime that we summarize here below.

Electrode : Lead : Mesoscopic : Lead : Electrode
: . system ' 5

(S
A&

Figure 2.1: Measurements framework.

Electrodes (or reservoirs)

The electrodes are treated as macroscopic electron reservoirs with a typical size that is
much longer than the phase coherence length, L > L,. The energy level spectrum of
these large electrodes is effectively a continuum. In each reservoir electrons experience
inelastic scattering processes that lead to thermal equilibrium[15, 16], so their distribution
is given by

(@21e)) = £ (B)0(E - B Y=R,L (2.1)

where

1

F(E) = 1+ e(B—p)/ksT, (2:2)

is the equilibrium Fermi distribution of the left (v = L) or the right (v = R) electrode,
with 7, and j, denoting its temperature and chemical potential, respectively.
Importantly, the electrodes are assumed to be statistically independent. Due to the
temperature difference AT = T}, — Tk and chemical potential difference Au = uy, — ug,
the overall system electrodes+mesoscopic system is in an out of equilibrium state and one
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2 — The Scattering Matrix formalism

observes a flow of electric current. Nevertheless, each reservoir is only weakly perturbed
by the small mesoscopic system, and its energy distribution can always be treated as the
equilibrium one. The situation is different for the mesoscopic system, though.

Mesoscopic system

The mesoscopic system is characterized by a size L < Ly smaller than phase breaking
length Lg. Here L can be taken as the longitudinal length, since the transversal size W
of the mesoscopic system is typically shorter than the longitudinal size (W < L < Ly).
By definition of quantum mesoscopic regime, electrons in the mesoscopic system can only
experience elastic scattering processes, i.e. with impurities, while any inelastic scattering
processes, e.g due to the coupling with the thermal bath, the electromagnetic environment
and electron-electron interaction, can be neglected.

The chemical potential and/or temperature difference applied to the two electrodes induce
a current flowing through the mesoscopic system, which is thus driven into an out-of
equilibrium state. The lack of inelastic processes implies that electrons in the mesoscopic
system cannot thermalize and are intrinsically out of equilibrium and, differently from
the macroscopic electrodes, one does not assume any distribution for the electrons in the
mesoscopic system. The conducting properties are expected to be strongly dependent
on the wavelike nature of electrons, and also on the specific arrangements of scattering
centers.

The motion along the longitudinal direction is assumed to be free and is expected to be
characterized by the continuum spectrum. In contrast, the motion in transverse direction
is typically confined within a length scale W and is expected to yield a discrete transversal
energy spectrum. In order to illustrate the effects of this confinement, let us imagine for
simplicity that the transversal confinement is described by a hard wall potential, whose
transverse states are characterized by discrete energy levels separated by

h27?

AEL ~ 72m*W2

(2.3)
Comparing this energy scale with the thermal fluctuation energy kg1 ~ 25meV for room
temperature T = 300°K, one can see that, if the transversal size of the system W is
of the order of nanometers, one has AE| > kgT. In this way the thermal fluctuation
cannot induce the particle excitation between energy levels, and the quantum discreteness
of the transversal spectrum emerges. In particular, this means that, for a fixed total
energy E one can find only a finite number of transversal levels are compatible with a
conducting longitudinal motion. Typically this regime is even more consistent, since the
mesoscopic measurement set up is realized at the temperature significantly lower than the
room temperature, in order to maximise the coherence length Lg, therefore the thermal
fluctuations are expected to be negligible[15].

Leads

The leads are assumed to be smoothly narrowing regions connecting the electrodes to the
mesoscopic system. Moreover, they are treated as ideal ballistic conductors, where neither
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2.3 — Landauer-Biittiker model for the setup

elastic nor inelastic scattering occurs. Thus, electrons injected from the electrodes and
propagating through the leads do not modify the occupation distribution with respect to
the originating reservoir[15].

One may argue that such model of a scattering-free lead contacting the mesoscopic
system and electrodes is unrealistic. Indeed physically the contact between two different
materials typically exhibits a spurious contact resistance. However, such effect can actually
be included as a potential barrier in the mesoscopic system itself. This means that the
discussed idealized lead is in fact not unrealistic.

2.3 Landauer-Biittiker model for the setup

The Scattering matrix formalism developed by R.Landauer and M.Biittiker aims to de-
rive the out of equilibrium properties of the typical setup outlined above. In this section
I shall illustrate the main ingredients of this approach and the general procedure that
allows to derive the the transport properties[14, 16, 17], focussing in particular on the
linear response regime in the low temperature limit. In the next chapter I shall generalize
and apply this approach to the case of the Rashba nanowire.

Let us denote by x the longitudinal direction of the mesoscopic system, and by y-z the
transversal directions. We focus on a mesoscopic system with a short transversal size W of
the nanometer scale. Since the electron motion is confined along the transversal direction,
the current flow is only longitudinal (({.J,) # 0), while it vanishes in the transversal
directions, (J,) = (J.) = 0. In turn, the continuity equation

Opsp = -V - J(r) | (2.4)

where
pap(r) = W1 (x)¥(r) (2.5)
i) = —QZL* (V) V¥ (r) - VI ()P (r)) (2.6)

are the electron density and the electron current density operators, implies that in the
stationary out of equilibrium regime, where the expectation values are time-independent,
one has

0=0{psp(r)) = =V - (J(r)) = =0 (Jo(x)) (2.7)

Furthermore, due to the limited transversal size, it is worth introducing a longitudinal

N

density p(z) and a longitudinal current density /(x) by integrating, at each longitudinal
section z, over the transversal directions

o) = [ dydz po (@) (2.8)

f(a) = / / dydz J,(x) (2.9)
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From Eq.(2.7) one has that
O (p(a)) = ~0(I(x)) =0 (2.10)

This means that in stationary conditions the expectation value (I(z)) of the longitudinal
current is independent of the longitudinal position x. For this reason, we can evaluate
it at any location. It is mathematically more suitable to evaluate it in the leads, where
electrons are assumed to propagate freely.

2.3.1 DModelling the leads

Because in the leads no scattering events are assumed to occur, the electron Hamiltonian
in the leads can be written as
n? 0? h? 0? 0?
H=——«—— 4+ — | <+ =— Uly, 2.11
2m* Qz? + 2m* \ Oy? + 072 +Uly,2) (2.11)

where U(y, z) is transversal confinement potential accounting for the small transversal
size (e.g. infinite square well potential).

The Hamiltonian (2.11) is separable in the longitudinal (z) and the transversal (y, z)
coordinates, and is diagonalized by eigenfunctions

U i(r) = Gnly, 2)e™ (2.12)

where the plane wave e"** describes the free propagation along the longitudinal direction
x, while the transversal wavefunction ¢, (y, z) are localized wavefunction, due to the con-
finement potential U(y, z), which exhibit a discrete transversal energy spectrum U, with
n € N. The total energy spectrum of the Hamiltonian (2.11) thus reads

h2k?
- 2m*
and consists of a sequence of one-dimensional parabolic subbands in &, labeled by the
transversal quantum number n, and called the channels.

Because we deal with a many-electron problem, it is convenient to adopt the second
quantization formalism. The Hamiltonian is

ikx

En(k) + U, (2.13)

= / et (e) H (r) (2.14)

where H is the first-quantized Hamiltonian (2.11) and W(r) is the electron field operator
satisfying the fermionic anticommutator relation

(o), b0} =0 {I@), V@) =or-v) (2.15)
In each lead v = L, R the electron field operator can be expanded in terms of the mode
operators related to the propagating wavefunctions (2.12). The propagation direction is
determined by the sign of the group velocity|[10]
10E),
vlk) = 5 5%
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2.3 — Landauer-Biittiker model for the setup

In view of the spectrum (2.13), states with £ > 0 propagate rightwards, while states
with & < 0 propagate left-wards. However, in the Scattering matrix formalism, it is
customary to reword that in terms of incoming and the outgoing modes. The incoming
modes propagate from the reservoirs towards the mesoscopic system and are denoted by

diz,)g, whereas the outgoing modes propagate from the mesoscopic system towards the

reservoirs and are denoted by 87(]11[14} The expression thus acquires a different form
depending on the lead v = L, R[16, 23].

\fZZ B, nt/h|: (B 4 B0, m]%(y, 2) 1€ Left Lead
n k>0

\/» Z Z —iEy, nt/h|: (R) —ikx + b(R) +zkx:| ¢n(y’ ) r € Right Lead
n k>0

(2.17)
The anticommutation relations (2.15) of the field imply that that creation and annihilation
operators satisfy

al.aly =0 (0001 =0 (2.18)
(a0, a0 = 6, 58nmdrn (D00 =6, 50, min (2.19)

Importantly, since energy (and not wavevector) is conserved in the mesoscopic regime, it
is more suitable to label operators and eigenstates with energy E rather then with wave
vector. For a given value E of the total energy (2.13) only a limited number N(E) =
>, O(F — U,) of parabolas lie below such value[15], and therefore exhibits conducting
states, i.e. eigenstates (2.12) with a real & € R. These are called open channels or
conducting channels.

For the open channels one can invert the dispersion relation (2.13) and express the
positive wavevector as function of energy k = k, (E) with

2m*(E — U,
kn(E) = Y (h ) (2.20)
and the related (positive) velocity as
Un(E) = vp(kn(E)) (2.21)

Then, transforming the discrete sum over k in Eqs.(2.17) into the integration over the
continuous variable ' by means of

.= ﬂ k. _Q/dEE... , (2.22)
= 27 2nhu, (E)
where )
(E— Ey( — 2.2
26 27rhvn(E) (223)

k>0
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v
S

Th(E) —B(E) kB B kB (B

Figure 2.2: The dispersion relation of the leads (2.13) with 3 open channels N(FE) = 3.
For each fixed energy E can be found the correspondent modes +k,(F) with n = 1, 2, 3.

denotes the density of states per unit length and per propagation direction of the n-th
channel, the electron field operator can be rewritten as

e—iBt/h ) “ ) i
[ e Z Affée”“n(w+b%e*”“"@”” Guly.2) ¥ € Left Lead

V2mhv, (E) L

N(E) o—iBt/h
JE A(R) o~ ikn(E)z b(R) ik (E) | ,2) r € Right Lead
/ Z | |#n n (Y, 2) ight Lea
(2.24)
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2.3 — Landauer-Biittiker model for the setup

where we have introduced the new energy mode operators[14, 15]

NG LN )
R P — 2.2
an,E’ QWhUn(E) n,k ( 5)
vy=LR
() L)
b, 'm = =————=b 2.26
n,E 27rhvn(E) n,k ( )
satisfy the anticommutation relations
{75 8y} = 63,300md (B = B) AW 605} = 0, 60,md(E —E') - (2.27)

Notably, because the incoming states originate from the related reservoir, their expectation
values are simply given by Eq.(2.1)

() faly) = f5(B)s(E — E) (2.28)

where f,(E) its Fermi equilibrium function of the related reservoir. Because in the lead
no thermalization occurs (inelastic scattering is absent), the outgoing mode have a dif-
ferent (and a priori unknown) distribution <l§gﬁl§g)) Thus, although the electrodes are
assumed to be at equilibrium, the leads and the mesoscopic system are intrinsically out
of equilibrium[15]. In the above customary derivation, the spin degree of freedom does
not play any other role than a dummy degeneracy variable. In the next chapter we shall
generalize the Scattering Matrix approach to the case of Rashba nanowire where spin acts

not trivially.

2.3.2 The Scattering Matrix of the mesoscopic system

While in the leads the transverse channels are separate and independent by construction,
in the mesoscopic system, characterized by various elastic scattering centers, electrons can
scatter from one channel to the other elastically, i.e. along a horizontal line at energy E
line, as sketched in Fig.2.3. The energy distributions <a(7§a(7) ) of the incoming channels

can be controlled through the electrodes (see Egs.(2.1)), whereas the energy distribution

(bfj}gbg}ﬁ of the outgoing channels depends on the specific scattering centers of the meso-

scopic system and is a priori unknown. One can thus think of the incoming channels as
"the input" and the outgoing channels as "the output’, and the mesoscopic system as a
"black-box" connecting the latter to the former at each given energy E (see Fig.2.3). The
mathematical object encoding such black box is the Scattering matrix, denoted by S,
which that linearly relates the incoming and the outgoing modes

p (L) ~(L)

by a

X =| Se N ) (2.29)
( b ) ( ) [
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Mesoscopic
System

Left Lead Right Lead

Figure 2.3: Black box model in the case of two conducting channels; Reg lines represent
incoming modes, blue lines are outgoing modes

where ég) [a S)E]n ?), b( [IA)S,)E];V:(?) are vectors of mode operators in lead v. In
components, one has
e = 3 S (B3 W =20 a®) 230)

The idea underlying the Landauer-Biittiker formalism is that, by re-expressing the out-
going mode operators in terms of the incoming ones through the Scattering Matrix, the

distribution <I§£j§l§g£> of the outgoing channels, as well as the incoming-outgoing corre-
lations <&£Z1)EJLB£ZJ)E> and <57(ZE€L£Z)E), can be re-expressed in terms of the distributions of the
incoming channels, which are known from Eq.(2.1). Explicitly

(@al,) = f,(B)§(E - E) (2.31)

<[;$ZEB7(7€,)E’> - (Z S*,n;a,lsﬂ,m;a,l fOt(E)) 6(E - E,) (232)
o,l

O Ny = S5 s mfs(E)O(E — E) (2.33)

@R = S5 S (E) O(E — E) (2.34)

Note that all the mode distributions and the correlations are proportional to §( E—E’), i.e
diagonal in energy, consistently with the fact that energy is conserved in the mesoscopic
regime.
Unitarity of the Scattering Matrix
Notably, the scattering matrix is unitary
St =gt (2.35)
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to guarantee the current conservation [10, 15, 17]. This can be illustrated phenomenolog-
ically by focussing on the case of one single band. In the left lead the incoming average
current in the interval dE around energy F is given by[16, 17|

ALy (E) = v(E)ny(E)v(E)dE (2.36)

where v(FE) and n;,.(E) are the group velocity and the occupation number of the band,
whereas v(E) = 1/(2rhv(FE)) is the density of states per unit length and propagation di-
rection (see Eq.(2.23)), so that dp(E) = nine(E)v(E)dE is the incoming electron density
per unit length. Note that the this expression is universal in the sense that it is indepen-
dent of the particular property of the lead and its quantum channel[17]. The total current
in the left lead is the difference between the incoming and the outgoing term

1

(E) = 5 [n{)(E) — n{)(E)|dE (2.37)

dI(E) = dI)(E) — dIS)(E) =
(E) = dI;, (E) 57 Tin

out

Imposing the current conservation dI®)(E) = —dI®)(E) one finds

i (B) + 0\ (B) = nS)(B) + nl (E) (2.38)
Considering that nl(z)(E) = ég”ég) and ng:?t(E) = BS”BE}) [36]
Wt st [ Ay Wi @iy [ By
~ A~ _ A~ A E
FE FE
finally using Eq.(2.29)
(Lt A(R)* ay (Lt AR of ay’
(a@t,alt) A | = (alf,alot ) shsp 7 (2.40)

therefore current is conserved only if the scattering matrix is unitary.

The scattering matrix (2.29) is customarily written in block form

(L) A(L
b ) = (7" t',) ( ang) ) (2.41)

where r and ' denote the matrices of reflection amplitudes, while ¢ and ¢’ are the matrices
of transmission amplitudes. For instance, the reflection probability from the channel n to
the channel m in the left lead is

Rinn(E) = |rmnl? (2.42)

whereas the transmission probability from the channel n in the left lead to the channel m
in right lead is[17]
van(E) = ‘tm,n‘2 (2.43)
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Similarly

Ry n(E) = |l (2.44)
Trnn(E) = [ty (2.45)

denote the reflection probability from the n-th channel to the m-th channel in the right
lead and the transmission probability from the n-th channel in the right lead to the m-th
channel in the left lead, respectively. Exploiting the unitarity of the scattering matrix one
has
Y [Rmn(E) + Tun(B)] =1 (2.46)
m
which reflects the fact that a particle inside a channel n is either reflected or transmitted
into some other channel m[15]. Finally, one can introduce the transmission function

TE)=Y Y Tun(E)=>_> T} .(E) (2.47)

which can also be re-expressed using Eq.(2.46)

T(E)=N(E)=>_> Rua(E)=N(E)=>_ > R, .(E) (2.48)

where we recall that N(FE) is the number of open channels at the energy E.

Example of Scattering matrix: the case of )-potential

So far, the general properties of the Scattering matrix have been discussed. Here I wish
to present an illustrative example of computation of the scattering matrix by means of
Transfer Matrix approach. This general method, originally developed in context of optical
systems][18], allows to find the solutions for the wave-like propagation and can be applied
to arbitrary forms of the scattering potential. Differently the scattering matrix, which
connects the outgoing to the incoming operators, the transfer matrix connects operators
at opposite sides of the scattering center or region. In quantum mechanics the perhaps
most representative applications of this approach are the quantum well problem|8] and
delta-potential scattering[36].

Let us illustrate the latter case by considering a one-dimensional free electron gas in
the presence of the two impurities, located at positions xy and x1, that can be modeled
with a d-potential. The second-quantization Hamiltonian reads

2m* 02

H= / Azt (z) (— o + Aod(x — 20) + Aoz — m) U (x) (2.49)

and implies the following Heisenberg equation for the electron field operator 0

L0 02 . A .
zhallf(x, t) = _%@\P(m’ t) + Aod(z — zo)V (2, t) + A1d(z — 21)W(x,t)  (2.50)
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While in the regions out of the impurities (z # zg,21) the Heisenberg equation above
is equivalent to a customary free electron model, for = g, x; the § potential induces
boundary conditions. The field is continuous at each impurity location ‘il(:rj_, t) = \f/(x;r, t)
with :c]i =xzj+e(j = 0,1 and e — 0). However, its first derivative should be discontinuous,
since the second derivative of the field 92 (z, ) in Eq.(2.50) exhibits d-like singularities, in
order to compensate the d-functions at x = xg, x1. Such discontinuity can be determined
by integrating the Heisenberg equation (2.50) over an infinitesimal interval around z;,
that lead to the boundary conditions

V(a7 ,t) = V(a],t)
j=0,1 (2.51)
O U(xf,t) — 0wl(zy,t) = AjW(zy,t)

where Aj = 2?—2*/\]-. Due to the energy conservation in the mesoscopic system, the general
solution of the Hesinberg equation can be written as a superposition of the stationary
solutions U (z, t) = e /M (z), where field Uy (z) is a linear combination of the plane
wave modes

1 (L) ik(E)x | 7(L) —ik(E }
- i + by e B <
2rho(E) -aE ‘ v o
. 1 [t i i
AR N S ety A—ezkw)z] To<T < 2.52
B(z) 57ho(E) e B 0 ! (2:52)
1 [ (R) —ik(B)e | #(R) ik(E
I S 1 pUY) tk(E)z x>
orhu(E) | 2 F 1

where k(E) = v2m*E/h and the set of fermionic operators 47, 45 describe the propagat-
ing waves between the two impurities. Notably for the external region z < xg and = > x;

we use the incoming &%g) and out going 5%3) operators analogous to the ones used in the

lead field operator (2.24). Substituting the Ansatz (2.52) into the boundary condition

(2.51), one finds
o0 a%y)
=) =Wge(z A 2.53
(2 ) =wetn ( (2.53)

which expresses the operators on the right of the xg-impurity as a function of the operators
on the left of such impurity. Similarly, one also finds

B(R) ,7+
(r) | = We(x1) ( B ) (2.54)
a TE

which expresses the operators on the right of the z1-impurity as a function of the operators
on its left. Here Wg(x;) is a 2 x 2 boundary matrix

y Aj ; Aj —1 Tj
Waa) = | Lol e M (2.55)
EARD = A izk(E)a; 14+ '
2k(E) 2k(E)
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It can observed that det(Wg(xz;)) = 1 and (Wg(xj))i12 = (Wg(xj))2,1. By combining
Eqgs.(2.53) and (2.54), one can write

O _ e
NN Wg ) (2.56)
E E

where the total Transfer matrix Wg = Wg(zg) - Wg(z1) expresses the operators on the
right of the two-impurity scattering region as a function of the operators on its left.
Assuming for simplicity Ag = A; = A and introducing the energy scale Ex = %AQ, the
entries of the total transfer matrix read

2 2
E E .
(Wg)ia = (1_2' EA) - (z’,/EA) e2ik(E)(@1=a0) (2.57)
|E : |E .
(1 _Z ;) e*Qlk(E)Z'O + (1 +Z é\) tek(E)an] (258)

(WEe)21 = (Wi)i2 (2.59)

2 2
(Wg)as = (1—2 EA) - (mEA) e2ik(B) (@120 (2.60)

recalling the properties of the determinant of the matrix product one can find det(Wg) =
det(Wg(zo))det(Wg(x1)) = 1.

By re-expressing the relation Eq.(2.56) in favour of the incoming operators, it is
straightforward to find the scattering matrix

s (T 2.61
T e o

and the transmission function can be computed in closed form as

_ ! _ (2.62)
14+ 4E [cos(Qk(E)L) + /B sin(Qk:(E)L)}

1
(Wg)a2

T(E) = ‘

where L = x1 — xg. Notably the transmission function exhibits an oscillatory behavior
that is a hallmark of the interference phenomena in the region between two impurities.

2.3.3 Electrical current

The electrical current operator is obtained by multiplying the longitudinal current oper-
ator defined in Eq.(2.9) by the electrical charge ¢

~ ~ ~ \f r pt r) .
I.(z) = q// dydz J, = —i% // dydz (QJT(I‘) az; ) _ 8\1(;23( )\I/(r)> (2.63)
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and can be expressed in terms of the energy mode operators using the expression (2.24)
of the electron field operator. For instance, in the left lead one obtains

N(E) N(E')

[(L) /dE/dE/ i(BE— E/)t/h//dydz Z Z ;z: 2¢h Y, )¢n(y7(2/)x
m Um

n=1 m=1

y [i(kn( B) + ki (B')) (a5 0l e Bk Pz GG o 4ilhn ) (')

— i(kn(E) = kn(E")) (di@g;i)];,ei(kn(EHkm(E/))w _ [;ff:g'r&f?i)E/ei(kn(E)+km(E/))m>:|

Exploiting the orthonormality of the transversal wavefunctions [ dzdy ¢, (y, 2)on(y, 2) =
On.m, and recalling that v, (E) = hk,/m*, one finds

[B)(z) = %h / dE / dE BB/ by (2.64)

min(N(E), N(E'))
XN%NE [ (E)+Un( )( ~(L)T A (L) o~ ilkn (B)—kn(E"))z b(L)Tb(L) i(kn(E)— kn(E/))x)
23/ 0n (E)vn (E') nkp .

n=1

Un (E)—vn(E’)< (L) ilhn(B)+ha(Ee _ g%&%e—i(kn(EHkn(E'))z)]

2\/ Un n

Average current

In order to compute the expectation value of the current operator (2.64) we observe from
Eq.(2.31) that, due to the energy conservation, all expectation values of the mode operator
products are diagonal in energy, i.e. proportional to §(E — E’). Thus the contribution
from the last line of Eq.(2.64) vanishes, and one obtains a quite simple expression

I = (7)) /dE Z @l iath) <bff§bffg>) (2.65)

As expected from the continuity equation, at stationarity the average current (2.65) is

time and space independent. We now recall that that outgoing mode operators Y 39 are

(J)

related to the incoming mode operators a, % through the scattering matrix Eq.(2.29)

through Egs.(2.30).
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2 — The Scattering Matrix formalism

Exploiting Eqs.(2.31) one finds

N(E)
I8 = (JB) (g =5z / dE Z (fL — > SLnyi

V5t

%(E)) = (2.66)

N(E)

27rh/dEZ ((1—Z!SLW )fL - X Sunnal Jnl® >)-

- %/dE ((N(E) - WZ_Jl |r;z,i|2> fL(E) + (mz_l |tn,i|2> fL(E)) =

N(E) N(E)
= %/dE ((N(E) - Z R;zz) fL(E) + (Z Tn,i) fL(E))

Recalling the expressions (2.47) and (2.48) of the transmission function the current ac-
quires a simple form[16, 17]

- /}HET Vfi(E) — fr(E)] (2.67)

where we have used the Planck constant A = 27h.

2.3.4 Thermal current

Next let us discuss the thermal current inside the leads. Since the electrode is connected
only to the mesoscopic system, all the heat generated inside the reservoir will leak into
the leads. In this way can be written the continuity equation for heat density[71]

: L
@m:_%> (2.68)

where QM)s time derivative of the heat density and JéL) is heat current floating out of
the electrode. Recalling the first law of thermodynamics dQ = dU + dW one obtain

Om) = 7 _ 3w (2.69)

where UF) is energy flux into left reservoir and W) is the work done on left reservoir
per unit time. Since the volume of reservoir is assumed to be constant the only source
of work done on the reservoir is caused by the change of particle number inside of it and
therefore[71]

W =y NE) (2.70)

where 7, is chemical potential of the left reservoir and N is the particle flux through
the left lead that can be expressed with the Landauer-Buttiker formalism

N0 = [ 4B T(EB)[f2(8) - fn(B) (2.71)
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2.3 — Landauer-Biittiker model for the setup

On the other hand the energy flux can be written as

0 = [ dE ET(E)(f1(E) - fa(E) (272)

and therefore the heat current can be expressed as[10, 71]

J& / dE(E — p)T(E)[f1(E) — fr(E)] (2.73)

2.3.5 Linear response regime

The results (2.67)-(2.73) are general and allow one to calculate charge and heat cur-
rent inside the leads. However, through the Fermi distribution functions they exhibit
a non linear dependence on the chemical potential s, and the temperature T, of the
electrodes v = L, R. In the linear response regime, the difference in chemical potentials
and temperatures of the electrode Fermi functions f; and fr are assumed to be small as
compared to the values © = Ep, T characterizing the equilibrium of the entire system
reservoir+mesoscopic sample[10]

Hy = Er+q Vv
T, — T+o, (2.74)
One can then obtain simplified linearized expressions by approximating the Fermi function

as[10, 78]

£(B) = fo- S (v, + E2 T, y=LR @7

where f denotes the full equilibrium Fermi function. Substituting Eq.(2.75) into Eq.(2.67)
one obtains the linearized charge current

E—-Er
T

——/dE T(E 8f° [ (Vi — Vg) + I @R>] (2.76)

Similarly, the heat current (2.73) neglecting the second order perturbation term can be
written as

fo E - FEp

1
= —— E(E—-Ep)T — — 2.
Jo =4 [ 4B (- EOTE) 20 av - Vi) + Z @ —0w)]  (270)
Finally, defining the applied voltage difference and the temperature difference
AV = VL —=Vr=(uL—p1r)/q (2.78)
AT = T, —Tr=0;—0pr (2.79)

the above equations (2.76) and (2.77) can be written as linear response regime[10, 16]

[ = GAV + LAT (2.80)
Jo = MAV + NAT (2.81)
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2 — The Scattering Matrix formalism

with coefficients[10, 62]

q° - Of
G=—" / dE T(E)a—EO (2.82)
L= —%/dE T(E)(E — Er) ‘3]2 (2.83)
M=TL (2.84)
N = —th/dE T(E)(E — Erp)* g’g (2.85)

In the low temperature limit the linear coefficients can be further simplified using the
Sommerfield expansion[48]. In particular, while for G the zero order is non vanishing,
for the other coefficients the second order of the expansion is the leading term, and one
obtains[10, 62]

¢ -
G = - T(Er) (2.86)
I_ QWéfi%T 87;55) N (2.87)
M = WZ%ﬁag? N (2.88)
N = 7r]g’;TT(EF) (2.89)

The quantum of conductance

Notably in the case of perfect transmission, T (E) = 1, one can find G « N(EFr) and
therefore each channel contribute a quantum of conductance

7

Gy = N (2.90)
that is an upper bound for a quantum wire[17, 78]. It is a universal quantity, since it
only depends on constants of nature and is independent of the specific measurement set
up. Moreover, this implies that its inverse identifies , and commonly referred a resistance
R =Gy L—p /q?, whihc is referred to as the quantum of resistance. or also as the contact
resistance. This conclusion may seem to be counterintuitive, since it is at first unexpected
to find a resistance in a perfectly transmitting system. However, it arises from the interface
between regions with intrinsically different properties, namely the mesoscopic system and
the electrode. Indeed, differently from the mesoscopic system, in the electrodes inelastic
scattering occur and lead to thermalization: An electron outgoing from the mesoscopic
system and entering the electrode is redistributed among several modes and thermalized
according to the equilibrium distribution function of that electrode, of the electrode[15],
losing the initial information on the conducting modes and on the phase of the mesoscopic
system. This irreversible process is linked with dissipation and is the source of the quantum
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2.3 — Landauer-Biittiker model for the setup

of resistance, which is therefore also called the contact resistance. The quantization of
conductance, theoretically predicted by Biittiker[11] was observed for the first time in
experiments carried out in quantum point contacts in a two-dimensional electron gas|9,

13]
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Chapter 3

Rashba Nanowire exposed to
an external magnetic field

In this chapter I shall focus on the transport properties of a nanowire (NW) with Rashba
spin-orbit coupling (RSOC). In particular, I shall discuss the case of a nanowire exposed
to an external magnetic field, uniformly applied along the entire length of the nanowire.
Due to the interplay between the actual magnetic field and the effective Rashba "magnetic
field", this setup has received a great deal of attention in last years, since it allows to realise
some interesting physical effects, such as the presence of helical states, namely states
characterized by a locking between the direction of propagation and the spin orientation.
While helical states are known to exist at the boundaries of a two-dimensional topological
insulator, NWs enable one to realize actual one-dimensional helical channels.

I shall first describe the general properties and the main energy scales characterizing a
NW with a spatially homogeneous RSOC. Indeed the RSOC constant can be modulated
by applying the gate voltage applied either between the NW and the substrate or by
suitable metallic gates. In this way, various physically interesting regimes can be realized.
Then, I shall focus on the case of a inhomogeneous RSOC, which can also be realized by
applying different gate potentials on different portions of the NW. This inhomogeneous
configurations lead to interesting transport phenomena that I shall analyze by applying
the Scattering Matrix formalism described in the previous Chapter.

3.1 Nanowire with a homogeneous RSOC

Let us consider a Rashba NW where one single transversal channel is active in the physi-
cally relevant energy range. The electron dynamics is thus effectively described by a purely
1D model along the longitudinal direction, which we denote by . The NW is supposed to
be deposited on a substrate and/or to be coupled to a metallic gate, and such SIA gives
rise to an electric field perpendicular to the substrate plane, which results in a Rashba
"effective magnetic field" lying in the substrate plane but orthogonal to the NW axis. As
sketched in Fig.3.1, we shall denote by y the direction perpendicular to the substrate and
by z the direction of the Rashba magnetic field. Notably, the Rashba RSOC can be tuned
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3 — Rashba Nanowire exposed to an external magnetic field

by the gate voltage applied between the NW and the substrate and/or additional gates.
In InSb or InAs NWs such RSOC can be particularly high [40, 45, 56, 57, 61, 81]. In turn,
the RSOC lifts the spin degeneracy of the bands, and one must take into account such
additional, intrinsic, degree of freedom, that effectively acts as a separate channel[23]. As
has been discussed in chapter 1.4, an electron in a 1D Rashba NW is described by the
first-quantized Hamiltonian

h2
2m*

H=-— D20y + iao .0, (3.1)

where a is the RSOC strength and x is the longitudinal direction of the NW. In the
following, it will particularly important to include also the effects of an additional Zeeman
coupling, due to an external magnetic field B applied perpendicularly to Rashba spin
orbit coupling term z. For the sake of simplicity we shall take the magnetic field along
the longitudinal NW direction x, i.e. B = B,&é,. The related Zeeman energy contribution
is h; = gup B, where ¢ is gyromagnetic factor, and

B eh
om*

KB (3.2)
is the Bohr magneton, with e denoting the electron charge. The Hamiltonian of 1D single
channel NW can thus be rewritten as

2

P a
= 27;* 00 = 7Pa0z — hiog (3.3)

where o, 0, are Pauli matrices, and g is identity matrix. Notably, while RSOC preserves
the time-reversal symmetry 7 = i0, K, where K denotes complex conjugation, the external
magnetic field breaks it.

Y

Figure 3.1: Schematic of the Rashba NW on the substrate. The external electric field Egra,
caused by STA at the interface between the NW and substrate, gives rise to the RSOC. The spin
quantization axis 7 lies in z-z substrate plane, and is determined by both the Rashba effective
"magnetic field" and the actual Zeeman magnetic field B.
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3.1 — Nanowire with a homogeneous RSOC

Since we shall deal with many electrons, we shall adopt the second-quantization for-
malism, and the NW Hamiltonian will described by

2
H = / dz U (z) [—;m*agao + 00,0y — oghy | U(x) (3.4)

where we have introduced the electron field operator \ii(x) satisfying the fermionic anti-
commutation relations (2.15).
Importantly, the presence of the spin-orbit term in the Hamiltonian (3.4) yields an uncon-

ventional expressmn for the current operator. Indeed the Heisenberg Equatlon zh\I/(a: t) =

[W(x,t), H] dictated by the Hamiltonian (3.4) for the field operator W is

oV(w,t) I
o 2m

and its adjoint equation reads

ih 020 (2,t) + 0,00, V(z, t) — ophy U(x, 1) (3.5)

Ut(z,t R - < -
—iha 0(:" ) =3 *8§\I’T(:c,t) — 10,00,V (2,t) — o,h Ui (z,1) (3.6)
m

Multiplying Eq.(3.5) by UT on the left and Eq.(3.6) on the right by ¥ and subtracting the
two resulting equations, one obtains the continuity equation

Oup+ 0,J =0 (3.7)
where A A
pla,t) = Ui (2, 1)U (z, 1) (3.8)
is the particle density, while
Jat) = —is" (W@ 00, b t) - 0,8 @) b)) - SHlob (39)
) 2m* ) ) ) ) h

is the particle current density and consists of two contributions[84]. The first term is the
customary expression for the current operator and stems from the kinetic energy

R ih (. 8U(z) 9¥i(z).
S T _
Jrin B <‘I/ (x) e e U(x) (3.10)
whereas the second term in Eq.(3.9) stems from the RSOC
Jso = —%@T(m)az‘i/(a:) (3.11)

3.1.1 Spectrum

Since the single-particle Hamiltonian (3.3) commutes with the momentum operator p, =
—ih0y, it is suitable to rewrite the many-particle Hamiltonian (3.4) in k-space as

H=> ClH(k)Cy (3.12)
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3 — Rashba Nanowire exposed to an external magnetic field

where Cj, = ( gm ) are the Fourier mode operators related to the field ¥ through

k.
s 1 ok Crt
b@) = 7 }kj ( c ) (3.13)

with Q denoting the NW length, whereas

0
o0 _ (e —ak  —hy
H(k) = epog — ako, —hyo, = ( h, 62+ak> (3.14)
is a k-dependent 2 x 2-matrix, with
h?k?
€ = e (3.15)

denoting the customary parabolic band in the absence of RSOC and Zeeman terms. From
Eq.(3.14), we expect the spin quantization axis to lie in z-z plane, as depicted on Fig.3.1,
and to be intermediate between the directions x and z dictated by the Zeeman and Rashba
terms, respectively. Explicitly, such direction forms with the z-axis an angle (k) that
depends on the wavevector k£ and is identified by the unit vector

n(k) = (sin(f(k)), 0, cos(6(k))) (3.16)
where the angle 6(k) € [, 7] is defined through
sin(0(k)) = \/%
R (3.17)
cos(0(k)) =

\/ ?k? + h3
In turn, Eq.(3.14) can be rewritten as
H(k) = elog — /a2k2 + 1% qi(k) - & (3.18)

whence one can straightforwardly deduce the spectrum, consisting of two bands

Ei(k) =€) — \/h? + (ak)? (3.19)

Es(k) = e + \/h% + (ak)? (3.20)

As compared to the NW spectrum without magnetic field (see Fig.1.3), the two bands
(3.19) and (3.20) are separated by a gap A = 2FE, at k = 0 opened up by the Zeeman
term, as shown in Fig.3.2.

Notably, the problem is characterized by two energy scales, namely

* 2
Eso = % (spin-orbit energy) (3.21)
Ez = |hy] (Zeeman energy) (3.22)

Depending on the values of Ego and Ez, from Egs.(3.19)-(3.20) one can identify two
relevant regimes:
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3.1 — Nanowire with a homogeneous RSOC

e E; < 2FEgo (Rashba dominated regime), illustrated in Fig.3.2a, in which the lowest
band exhibits a local maximum at £ = 0 and two local minima at k¥ = =£k,.n
with kpin = kso(l + (h1/2Es0)?) with energy Enin = E_(kmin) = —Eso(1 +

(hi/2Es0)?);

e 2E50 < Eyz (Zeeman dominated regime), illustrated in Fig.3.2b, in which both
energy bands exhibit minima at £ = 0 and resemble Zeeman dispersion relations.

A =28y,
_____________________ R Kmin A =2Ey
Emin ___________________________________
(a) Rashba dominated regime F; < 2Fgo
where E,i, = —FEso(1 + (h1/2Es0)?) and (b) Zeeman dominated regime E; > 2Fgo

kmin = kso(1+ (h1/2Es0)?)

Figure 3.2: Dispersion relation in Rashba and Zeeman dominated regimes.

The spectrum (3.19, 3.20) and the spin direction angle 6 in Eq.(3.17) can also be

re-expressed in terms of these energy scales as

El(k’) = Gk E’2 + 46kESO

k’) = Gk + E% + 4€2ESO

and
sin(f(k)) = sgn(h)
E2 + 462E50
cos(0(k)) = 2sgn(ak) %EA
E% + 4€2E5’O
respectively.

(3.23)
(3.24)

(3.25)
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3.1.2 Eigenstates
Propagating modes
Propagating modes are eigenfunctions of the Hamiltonian (3.3) of the form

V(z) = \/lﬁe““’)((k) (3.26)

where & € R and x(k) is a 2 x 1 spinor, eigenvector of the Hamiltonian matrix (3.14). For
each wavevector k, there are two of such eigenvectors, x1 and y»

H(k)x12 = E12(k)x12 (3.27)

with corresponding eigenvalues given in Eqgs.(3.23)-(3.24). The explicit expression of x1 2

reads !
CoS (e(k ) —sin (e(k))
xi(k) = x2(k) = (3.28)

an (1) o ()

as can straightforwardly be deduced from the expression (3.18) of the Hamiltonian in terms
of the unit vector 7(k). Introducing the unitary matrix = = (x1, x2), whose columns are
such eigenvectors, and exploiting the property

=t (k) H(R)E(k) = (Elék) E;z k)> (3.29)

the Hamiltonian (3.12) is rewritten in a diagonalized form
H=3" (Bu(k)Ale + Ba(k) i) (3.30)
k
where the diagonalizing operators 41 and 4z are related to the Fourier modes through

Cr = < éc’“T ) = =(k) < Tk ) = x1(k)A1k + x2(k)A2k (3.31)
k. Y2,k

Substituting Eq.(3.31) into Eq.(3.13), one can see that the eigenstates y1 and yo corre-
spond to plane waves, i.e. to propagating modes

ik

k) + x2(k)A2k) (3.32)

\IJZL‘ fZe

'From trigonometric formulas one has cos (A(k)/2) = +/[1+ cos(6(k))]/2 and sin (0(k)/2) =
sgn(h1)+/[1 — cos(8(k))]/2, where cos(8(k)) is given by Eq.(3.17).
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3.1 — Nanowire with a homogeneous RSOC

Evanescent modes

Together with the propagating modes, one can also identify evanescent modes, namely
eigenfunctions of the Hamiltonian (3.3) of the form

Ye(x) = " E(K) (3.33)

where k € R, and £(k) is 2 x 1 vector. These solutions exponentially decay for either
r — 00 or x — —oo, depending on whether kK < 0 or kK > 0. Although in the case of
a homogeneous NW these eigenfunctions are not part of the Hilbert space since they are
not normalizable, they will play a crucial role later when considering the inhomogeneous
problem, where the solution is built up using both the propagating and the evanescent
modes of each locally homogeneous region. For this reason it is worth describing them
here.

When the NW Hamiltonian (3.3) is applied to evanescent waves (3.33), the Schrodinger
equation H¢.(x) = Ev.(z) in k-space reduces to an eigenvalue problem for a non-
Hermitean matrix

—€d +iak —h
(T o) € = Beo (3:34)
with 2.2
e = 275* . (3.35)

One can easily find the eigenvalues

Ei(rk) = =Y —\/E% — 42 E50 (3.36)
Ey(k) = = +/EZ — 49 Eso (3.37)
) =

and the eigenvectors

1 __ i arctan(sinh(6(k)))
( e ) (3.38)

V2 V2 1

where the angle 0(k) is defined with

. | @F
Slnh(e(ﬁ)) = QSgn(OM) WSO()EEC) (339)
Z K

Note that, differently from the propagating states, the spinor (3.38) of evanescent modes
lies in z-y plane rather then x-z-plane.

1 —i arctan(sinh(0(k)))
= o (7Yt -

3.1.3 The Rashba dominated regime: helical states

Let us examine in more details the NW in the Rashba dominated regime E; < 2Egp. In
particular, it is possible to show that, in the deep Rashba dominated regime £, < 2Fs0,
the states inside the magnetic gap energy range |E| < Ez < 2E;, are helical, i.e. they
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exhibit a locking between the propagation direction and the spin orientation[44, 54, 55, 58,
65, 66, 72, 75, 82, 85]. For instance right-moving electrons are characterized by (say) spin-
1, whereas left-moving electrons are characterized by the opposite orientation, i.e. spin-|.
Helical conducting channels have been observed at the boundaries of a 2D Topological
Insulator[32, 34, 42, 43, 51, 53, 76]. However, the helical states realized with NWs have
some peculiarities: First they are genuine 1D channels, instead of edge states of a 2D
material. Second, their helicity, i.e. the sign determining which spin orientation is locked
to which propagation direction, is controlled by the sign of the RSOC. The helicity of the
Rashba states inside the energy gap is represented qualitatively on the Figure 3.3.

In order to illustrate how this effect arises, we first observe that the direction of the
quantization axis (3.16) is determined by the sign of the product ak. In particular, the
change ak — —ak leads the unit vector 7 in Eq.(3.16) to be reflected with respect to
z-axis, for a given sign of « it is equivalent to

0(—k) =7 — 0(k) (3.40)

Therefore one can write explicitly the spinor part of the conducting states inside the gap
for the left propagating modes x1 (k) and right propagating modes yi(—k)

COS w
Xl(k) = ( Sin((e(jk)i )
(3.41)

In particular, in the regime |F| < E; < 2FEgo one finds that & ~ +2kso, up to
O((Ez/2Es0)?), and from Eq(3.25) that angle 6(k) becomes independent on k and assume
only two values 6 ~ 0, 7 according to the sign of «

20y ~ \/1(1 - sgn(a))

N[—

sin(
(3.42)
COS(@) ~ /1(1+sgn(a))

Substituting Eqgs.(3.42) in Eq.(3.41), one realizes that spinors become eigenvectors of o,
namely | 1) = (1,0)7 and | }) = (0,1)7 and the states with opposite wave vectors and
velocities turn out to have opposite spin orientation. For instance in the case a > 0
the states with k ~ +2kgo are right-moving and have spin-1, whereas the states with
k ~ —2kgo are left-moving and have spin-J

akso)= (o) a-2kso) = ( ] ) (3.3

These states are thus characterized by a positive helicity. For a < 0 one obtains helical
states with negative helicity, namely right-moving states have spin-|, while left-moving
states have spin-7T. As we shall discuss here below, this behaviour is typically well captured
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3.1 — Nanowire with a homogeneous RSOC

by the massless Dirac-like model. However, near k = 0, one may identify as well a gapped
modes described by the massive Dirac-like model, shown in Figure 3.3. For energy inside
the gap these modes should give rise to the evanescent solution, that as pointed out in the
previous sections may be crucial in the case of inhomogeneous RSOC constant. Therefore
one should consider more systematic approach that would allow to capture all relevant
aspects of the problem.

E E

T +kso —kso +kso
V2B, k , QEz\/ k

(a) a>0 (b) & <0

—kso

Figure 3.3: Spin-momentum locking in the case of deep Rashba dominated regime F; < 2FEgo.
The green and red lines represent massless Dirac-like modes and correspond respectively to the
spin-down and spin-up branches. The yellow lines are massive Dirac-like modes.

In order to investigate more in details the properties of the helical Rashba states
within the regime |F| < E; < 2Fgo let us derive the effective model, namely the linear
expansion in low energy excitations with respect to the fully occupied ground state that is
assumed to be a Fermi sea |F'S) with all NW modes occupied for E < 0. For this purpose
first of all the Hamltonian (3.12) should be rewritten in term of main energy scales Ego
and Eyz

A= Z CT ( (koog — Saksodz) — Esooqg — Ezo'm> o (3.44)

where s, = sgn(a) and we assume h; > 0 for definiteness. After that we proceed by
expanding it around k ~ +2kgp and k = 0.

Expansion near k = +2kgo.

In order to extract the low energy Hamiltonian governing the dynamics of helical states
near the two Fermi points k = +2kgp. Specifically, let us for instance focus on the vicinity
of 2s4kso, which thus corresponds to +2kgo if @ > 0 (s, = +1) and —2kgo if @ < 0
(sa = —1) and consider a small deviation ¢ from it, by setting k = 2s,kso + ¢, with
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l¢] < kso. Then, the Rashba NW Hamiltonian (3.44) can be rewritten as

A

Hyw ~ (3.45)

‘kﬁ-‘rQSakso
h? 2
A 507 (0 + 8aks0)”? — Eso —Ez A
~ il 2o (4 F 5 C
Z\Q\<<kso 2sakso+q < —E, h? (q + SSakSO)z — Eso 2sakso+q

2m*

and, neglecting the quadratic terms in ¢, the expression can be simplified to

A

iy N At sahvsoq —Ey

~ C C 3.46
W‘k:-ﬁ-?lcso |q|<<zkso 2sakso+q ( _EZ 35ah1)50q 4 8E50> 2sakso+q ( )

where vgo = hkgo/m*. By diagonalizing the block matrix

o SahUSOq _EZ
H(q) = ( —E;  3s.hvsoq + 8E50> (3.47)

one finds eigenvalues

Ei(q) = sahwsoq + 4Eso — \/ 16E20 + F2 + 8Esosahvsoq + (hvsoq)? (3.48)

Es(q) = 3sahvsoq + 4Eso + J 16E2,, + E2 + 8Esosalivsoq + (husoq)? (3.49)

Recalling that in deep Rashba dominated regime the spin orbit energy Ego is the dominant
energy scale (Fz, hvsolq| < Fso) one can expand the above eigenvalues up to first order
in hvsolq|/Eso and Ez/Eso, obtaining

Ei(q) ~ sahvsoq (3.50)

Eale) = 8850 (140 (1201} (3.51)

One can thus see that in this regime the eigenvalues are equal to the diagonal terms of the
matrix (3.47), which are energetically quite separated. For this reason the off diagonal
Zeeman terms that couples the spin-1 and spin-} components of ngT saksotq aCts as a weak
perturbation and eventually can be neglected. Furthermore, since we are interested in
the low energy sector |E| < Eyz, the large energy Ey ~ 8Fgo characterized by the spin-
J electrons can be neglected, and only the low energy E; ~ s hvpq describing spin-1
electrons must be retained. The Hamiltonian (3.46) thus reduced to

A

HNW = Z SahvsoqégsaksoJrq,Té?SaksoJr%T ’ (3'52)

‘k: 2sak
F2sakso lg|<kso

One can follow a similar approach near the —2s,kso Fermi point, this time finding
that only the spin-| states matter, from which follows

N N y A
Hyw g p ST Z sahvsoq ¢ osksotqlCo2saksotal (3.53)
ToTense lg|<kso
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By combining Egs.(3.52)-(3.53) one thus obtains the low energy Hamiltonian near the
k = +2kgo points

A

HNW’
k~42kso

= 3 tsanson (Gl ) (27 (350
q

lgl<kso

where we have redenoted .
QIT = éQSakSO+Q7T
(3.55)

ngJ/ = C-2s,kso+q,l

From the expression of the Hamiltonian (3.54) it is clear that and that (g describe
massless propagating modes.

Expansion near k£ = 0.

Beside the propagating modes, however, one can identify as well gapped (i.e. massive)
modes, related to the upper and lower bands for k£ ~ 0 and sketched by yellow lines in
Fig.3.3. In order to extract the low energy contribution from these modes, one can expand
Eqgs.(3.44) near k ~ 0

2 N At [ —SalWsoq —Ey 2
%NW‘IC:O ~ Y ( et fwso(]) &, (3.56)
lg|<kso

This time the diagonal entries of the matrix in Eq.(3.56) have relatively low energies
comparable to the off-diagonal Zeeman term Ez, and thus spin-T and spin-| components
get coupled. The low energy effective model reads

ﬁNW‘ = — Z hsavso q ( ﬁZT 77& )Uz ( Tqu ) (3‘57)
k~0 Mgl
lgl<kso
At et Mgt
—Ez Z (annq¢>UI<ﬁ¢)
lgl<kso 1
where the newly redenoted operators
ﬁqT = 6qT
(3.58)
Mgl = Cql

describe massive modes, due to the Zeeman term.

Low energy Hamiltonian

Summing up Eqs.(3.54) and (3.57) one obtains a low-energy NW Hamiltonian. Moreover,
we observe that the obtained effective model shares the low energy sector with a model
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3 — Rashba Nanowire exposed to an external magnetic field

where the constraints on wave vector ¢ is removed. Thus, we can argue that the low
energy behaviour of the Rashba NW is described by the model

- £ (7 )(4)
LEM = 2
P qt >ql 0 _hvsoq qu
+oo A
A At —hvsoq —Ez Mgt

+q_z_:oo( at ol ) ( —Ez fwsofJ) ( Tl > (3.59)
that involves both massless Dirac modes ¢ and massive Dirac modes . Introducing the
corresponding fields

1 . 1 .
Col2) = 7 Xq: G ™ no(a) = 7 Xq:nq,aem (3.60)

where o = {7, ]} the second-quantization Hamiltonian can be expressed as

N A FE A
Hrem = /dCC (I)T(x) <5aUSO T.0.Dy — TZ(TO - Tz>0x) @(ZE) (361)

where we have introduced Pauli-like matrices 7, and 7y that act on the massive-massless

space of the pseudospin ®(z) = (¢(x), ¢ (x), ny(x), n, ()7
Following a similar approach, one can perform the expansion of the field components
(3.13)

- 1 ) 1 , 1 )

Up(z) = — Z [ S p— Z (iPhsotare g Z e" g1 (3.62)
\/ﬁ k vQ lgl<kso va lgl<kso

A 1 ) 1 , 1 ;

\Ifi(fl}) = — Z Ck’iezkz ~ — Z 61(_2k5“+q)ch’¢ + —= Z equnq,¢ (363)
\/ﬁ k vQ lgl<kso \/ﬁ lgl<kso

extending again validity of the model, field operator can be written more compactly as

PR A SICOR )
U(x) = ( e=2isaks0r( () 4, () ) (3.64)

3.2 The case of inhomogeneous RSOC

As we have discussed in chapter 1, the strength of the RSOC can be controlled by the
external electric field, typically by applying the a gate potential V, to a gate separated from
the NW with a insulating layer e.g. aluminium oxide, as sketched in Fig.3.4a. Notably, to
recent advances in gating techniques[63, 68, 83, 92] enable one to experimentally control
both the magnitude[64, 70, 73, 79, 86, 87, 91] and the sign[27, 64] of the RSOC. Thus,
by applying different gate potentials to different portions of the NW, an inhomogeneous
profile on the RSOC can be realized, as illustrated in Fig.3.4b for the case of two gates
Vg1 and Vg 9.
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3.2 — The case of inhomogeneous RSOC

__gate
insulator —
I |

N N
(a) Schematic representation of (b) Configuration with two gate for different pieces of the
the experimental set up [83]. Nanowire.

Figure 3.4: Set up of the gate controlled Rashba SOC.

Motivated by these experimental trigger, we now wish to extend our analysis to a NW
with inhomogeneous RSOC profile a(z). Since the space-dependent a(x) does not com-
mute with the momentum operator p,, in order to ensure that the SOC Hamiltonian term
is Hermitian, the product between o and p, must be replaced by their anticommutator

la 1
Hy = Sp, o Hy = 5-{a(@),p2) (3.65)

and the second-quantized Hamiltonian of the inhomogeneous NW becomes

H= /\TJT(Q;) ( px* o — ;—;{a(:ﬁ),px} - O'mhj_> U(z) = (3.66)

2m
- [ (%a — o (N, — L0.0) - axm) W) B67)

The expression for the density and current operators in the inhomogeneous case are again
dictated by the Hamiltonian (3.67) and the continuity equation. Repeating the same
procedure outlined at the end of Sec.3.1 for the homogeneous case, one obtains

Pz, t) = Ul (2, 6)0 (z,1) (3.68)

Jat) = —i (¥ (2, )02 0 (2, 1) — 0,91 (2, 1) W (1)) — ) Gty g (3.69)
2m* h
which generalizes to the inhomogeneous case the expression (3.9) given in Sec.3.1.

In general, since [p,, H] # 0, the inhomogeneous problem is complex and cannot be
diagonalized exactly by planewaves. However, since any profile a(z) can ultimately be
approximated with a piecewise constant profile (as sketched in Fig.3.5), we shall consider
such type of profile and we shall build up the solution of the inhomogeneous problem
by suitably matching the electron field operator in each locally homogeneous portion of
the NW. Then, by applying the Scattering Matrix Formalism[36, 90], where the exter-
nal regions act like the leads and the inhomogeneous profile determines the Scattering
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3 — Rashba Nanowire exposed to an external magnetic field

region, we shall compute the transport properties through the inhomogeneous NW in the
mesoscopic regime, focussing in particular on the linear coefficients derived in Chapter 2

G = %T(Ep) (3.70)
N

I QW:hbT agg) i (3.71)

M= q”lgiﬁ 87;? _-TL (3.72)

N = q”;gTT(EF) - ”2§5TG (3.73)

where T(E) = > onm SLnR’mSL,an and S is scattering matrix that will be derived in
following sections.

a(z) al(z) 2
a9 a0 e
: ----- Lo 561 T
xo :x : d >.
T oD
(a) Single interface (b) 2 interfaces

Figure 3.5: A piecewise constant profile of SOC «(z)

3.2.1 Relabelling the states in terms of energy

The solution of the inhomogeneous problem will be built by suitably matching the wave-
functions of each piecewise homogeneous NW region. The propagating eigenstates Eqs.(3.26)
and the evanescent eigenstates Eqgs.(3.33) found in Sec.3.1 for the homogeneous problem
are labelled by their wavevectors k and «, respectively. However, as pointed out in chap-
ter 2, in order to investigate the NW properties in the mesoscopic regime, the first step
is to relabel such states in terms of energy rather than wavevector, since energy is the
conserved quantity in such regime. The electron field operator will be thus expressed as
an energy superposition of energy modes, as in Eq.(2.24).

Propagating states. As far as the propagating modes are concerned, inverting the
relations (3.19)-(3.20) in favour of the energy, one finds for each energy E two possible
values of (positive) wavevector

B V2m*
-k

ko (E) \/ E +2Eso % \/AEEso + 4E%, + E} (3.74)
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3.2 — The case of inhomogeneous RSOC

At each energy E there are a priori four wavevectors, namely two positive ones, ki (E),
and two negative ones —k4 (E). However, only real wavevectors (k € R) actually describe
propagating modes, and must be retained. For them, the magnitude v = A~ !|0x E| of the
group velocity is expressed as a function of energy as

2 2
o (E) — M) VAEE,, +4E2, + E3 . )
n - * - °
2B, +n\[AEE,, + 4E2, + B3|

The eigenvectors (3.28) can also be re-expressed in terms of energy

cos (30(+k,(E))) —sin (560(£k,(E)))
o ek (B)) = ( ) ok (E)) = ( )

sin (30(+k,(E))) cos (30(£k,(E)))
(3.76)
where

. <g(ikn( E))) INEY . \/4Eso(E + 2Eso) + 14Eso\/AEEso + 4%, + B}
2 |VAEEso + 4E%, + B} + 12Eso)|
(3.77)

2

0(+k, (E 1 4Eso(E 4+ 2Eso) +n4Eso\/AEEso + 4E%, + E3
sin << n ))> =sgn(h,y) (1 Fsgn(a \/ \/ Z

‘\/4EESO YA, + EL + nQESO‘
(3.78)

FEvanescent states. One can proceed in a similar way for the evanescent modes. Their
spectrum (3.36, 3.37) can be inverted in favour of energy, obtaining

V2m*
h

ki(E) = \/ —(E + 2Es0) £ \/4EEso + 4B}, + E} (3.79)

One can express the evanescent spinors (3.38) in term of energy

1 e:Fi arctan(sinh(0(k,(E))))
&1 (Fhn(E)) = 7 1 (3.80)
1 _ett arctan(sinh(0(k, (E))))
§o(£ry(E)) = NG 1 (3.81)
where
\/ —4Eso(E + 2Es0) + 14Eso\/AEEso 1 AE%, + E2
sinh(0(k,(E))) = sgn(a) (3.82)

|VAEEso + 4B, + E% - n2Fso)|
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3 — Rashba Nanowire exposed to an external magnetic field

(a) Rashba dominated regime E; < 2FEg0,(b) Zeeman dominated regime Ez > 2Ego.
where E,,;n, = —FEso (1 + E%/ZLE%O). With F,;n = —E7.

Figure 3.6: The NW propagating modes. Panel (a) for Rashba dominated regime, panel
(b) for the Zeeman dominated regimes. Red and green curves describe modes propagating
rightwards and leftwards, respectively. Alongside is represented the wave vector that is
associated to the corresponding band in each energy range.

Rashba dominated regime (Ez < 2Es0) (Emin = —Eso (1 + E%/4F%,))
energy range propagating states velocity evanescent states

4 propagating states
xi(£k_ (E))etik-(B) | £y (B)
Emin < E< —Ez | x1(£k(E))et*+Ez |+ (E) No evanescent modes

[k+(F) € Eq band]
2 propagating states

+iky (E)x
—E;<E< —42%0 X1 (ko (B))e="+ v, (E)

& (k4 (B))etr+E)

[k+(E) € E1 band] [+ (E) € Eq band]

2 propagating states
X1 (ki (B))eFib B | Lo, (B)

Ea(Ehy (E))e=r+P)

2
4Eso

[k1(E) € Ey band] [k+(E) € E; band]

4 propagating states
X2 (:l:k, (E))eiik’ (E)x
X1(£ky (B))etih (D)

+v_(F)

by <E toy(F) No evanescent modes

[k+(F) € Eq band]
[k—(F) € E3 band]

Table 3.1: Eigenstates of the NW in the Rashba dominated regime. The wavevectors k4 and
k4 are given by Eqgs.(3.74) and (3.79). The spinors x12 and the velocities of the propagating
modes are given in Eq.(3.76) and Eq.(3.75), respectively, while the spinors £ for the evanescent
modes are given in Eqs.(3.80, 3.81).
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case of inhomogeneous RSOC

EZAE gAE
kiy (E) K+(E)
K
—riB) | : :
2 5
oy " 07 E; —ki(E)
4Egp ~ T KBty N A
SH7 Nl
—k—(E)| k_(E)
_EZ Emin
(a) Rashba dominated regime (b) Weakly Zeeman dominated regime 2Ego < Ez <
Ey < 2Fso © 4Es0, with B = —Eso (1 + ﬁﬁ)
E
E A
K
kot (E)
_"i—’—(E) E
E% -
_4ESO.--_/..--____‘___’?:_(@ ____________________________________________
Emin A <E>

(c) Strongly Zeeman dominated regime 4Eso < Ez,
2

with Eynin = —Eso (1 T ML,‘%)
SO

Figure 3.7: Evanescent mode inversion. Panel (a) is Rashba dominated regime Ez < Ego,
panel (b) is a week Zeeman dominated regime with 2F,, < Ez < 4E;, and panel (¢) is a strong
Zeeman dominated regime 4Egso < Ez. The thin lines correspond to x4 (E) while the bold
lines to +x_(FE). A orange line represent the energy band E;(x) and blue line is Fy(k) energy

band.

The three possible regimes

Depending on the value of Ego and Ez on the energy F, the nature (propagating/evanescent)
and the type (upper/lower band) of NW states changes. In Table 3.1 we have summa-
rized the expression of the eigenfunctions (propagating and evanescent) in the Rashba-
dominated regime, for each energy value E. In particular, propagating states exist for
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Weak Zeeman regime (QESO < Ez < 4E50)

energy range propagating states velocity evanescent states
€1(Eh4 (B))et+ (B
E1(Eh-(B))e*r- (P

—FEso (1 + %) < E < —Ez || no propagating states
[£+(F) € Ey band]
&1 (ki (B))e=+ P

2 propagating states
B X1 (Eky (B))e=F+ B | to, (E)
4Eso

—FEz; <E<-—

[y (E) € By band] [k+(E) € Ey band]

2 propagating states
X1 (£ (B))e=h (B | o, (E)

. ol (Bt ()
-2 < EF < Ey

4FEso
[k1(E) € By band] [k (E) € B3 band]
4 propagating states
x2(Eh_ (E))eth-(B)e | oy (E)
E > FE, X1(Fky (E))e™* +v, (E) o evanescent states

[k_(E) € E, band]
[k+ (E) S E1 band}

Table 3.2: Eigenstates of the NW in the weak Zeeman dominated regime. The wavevectors ki
and k4 are given by Eqs.(3.74) and (3.79). The spinors x1 2 and the velocities of the propagating
modes are given in Eq.(3.76) and Eq.(3.75), respectively, while the spinors £ for the evanescent
modes are given in Eqgs.(3.80, 3.81).

E > E,n, that is also highlighted in Fig.3.6(a), where red and green curves denote right-
and left-moving propagating states, respectively. Their wavevectors are given by Eq.(3.74),
the spinors x; and s, related to the lower and upper band, respectively, are given in
Eq.(3.76), while the velocities are given in Eq.(3.75). In contrast, evanescent modes exist
for |E| < Ez, as shown in Fig.3.7(a), their wavevectors are given in Eqgs.(3.79), and the
related spinors, related to the upper and lower band, are given in Eqgs.(3.80)-(3.81).

As far as the Zeeman-dominated regime is concerned (2Eso < Ey), propagating modes
exist for E > —FEy (see Fig.3.6(b)), while evanescent modes exist for E,,;, < £ < Eyz.
However, the explicit expression and type (upper/lower band) of the NW states also de-
pends whether the NW is in the weak Zeeman subregime (2Eso < Ez < 4Esp) or in the
strong Zeeman subregime (4Eso < Ez), as shown in Figs.3.7(b) and (c¢). The expressions
of eigenstates in the weak and strong Zeeman regimes are summarized in Tables 3.2 and
3.3, respectively. Details about the derivation can be found in Appendix A.1 and A.2.
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3.2 — The case of inhomogeneous RSOC

Strong Zeeman regime (4Eso < Eyz)

energy range propagating states velocity evanescent states

&1(£r-(B))err B0

B E1(Fhy (B))e=r+ ()

2
—FEso (1 + %) <FE< —i5%5 || no propagating states

[k+(F) € Fy band]

51 (:tli, (E))ein,(E)x

v oy (B))ers (P

—aEeg < E<—-Eyz no propagating states
[k_(F) € FEy band]
[k4(E) € By band]
2 propagating states try (E)
Tiky (B)x §a(Fhy (B))e™r+
B <E<B, i (ke (B))exhe (B | do (B)
k., (E) € Ex band] [k+(E) € Ey band]
4 propagating states
Xa(Ek_(E))eXih-(E)x | £y (B)
+iky (E)x
E>Ez X (ke (B))e= ™ vy (B) no evanescent states

[k_(E) € B band]
k4 (E) € By band]

Table 3.3: Eigenstates of the NW in the strong Zeeman dominated regime. The wavevectors k.
and k4 are given by Eqs.(3.74) and (3.79). The spinors x1 2 and the velocities of the propagating
modes are given in Eq.(3.76) and Eq.(3.75), respectively, while the spinors £ for the evanescent
modes are given in Eqgs.(3.80, 3.81).

3.2.2 Results for the conductance of the single interface problem

We start by discussing the case of one single interface located at x = z¢, as depicted on
the Figure 3.5a. The spin orbit coupling profile is thus

(0)
Q@ r < xg
alr) = 3.83
(=) {04(1) T > T (3.83)
The Hamiltonian (3.67) can be rewritten in this case as

@ — 4O

2

N . h? .
H= /dx\I/T(x,t) (—2 ~0002 + 0 (a(m)@m + d(x — x0)> - hLO'I> U(x,t)
m
(3.84)
As one can see, a 0-term appears at the interface, due to the derivative of the SOC pro-
file in Eq.(3.67). Although this seems at first similar to the problem of scattering off a
d-potential, the discontinuity of the SOC cannot be recast as an effective scalar potential,

as one can see by deriving the field boundary conditions at the interface.

79



3 — Rashba Nanowire exposed to an external magnetic field

Boundary conditions

First of all observe that the Heisenberg equation for the field operator in the case of
piecewise constant SOC profile (3.83) reads

2

d - h 9
zhﬁt\ll(x t) = ( — 5,5 000%; (a(x)ax +

a® _ 4O

2

Sz — x0)> - hﬂfx)‘i'(:c, t)

(3.85)
From Eq.(3.85) we deduce that the field operator must be continuous at the interface

U(zg,t) = U(xf,t) (3.86)

where zF =z £ ¢, with € — 0 [90]. However the derivative 9, ¥ of the field must exhibit
a discontinuity in order to compensate for the d(z — zo) appearing in Eq.(3.85). In order
to determine such discontinuity, one can integrate Eq.(3.85) on the infinitesimal interval
[zg ;7] around interface,

a xro+e N
ih / Cdrie) = (3.87)
To+e€ Oé(l) — OZ(O) ~
= / ( - a(x)0y + fd(x —x) | — hJ_(71>\I/(1’7 t)dx
obtaining
h? . a® — a<0>
0= 5 (893\11(% — 0,0 (g ) io3———— W () (3.88)
which can be rewritten, with the help of Eq.(3.86), a
h? a0 N h?2 a® .
<2m(708x - 120'3> \I[(.TO ,t) = <277LO'081; - 7/20'3)\11(553—, t) (389)

Finally the full set of boundary conditions (3.86) and (3.89) can also be rewritten in terms
of the spin-orbit energy

\ij(xavt) \Ij(‘r() 7t)

) ) 3.90
<008 - zsgn(a(o))kggag)\ll(xo 1) = (00(% - z'sgn(a(l))kzgo)ag)\ll(xg, t) (3:90)
where Wl
H . omtaV ,
K9 = = j=01 (3.91)

denotes the spin-orbit wavevector in each region. In particular, one can notice the differ-
ence between the boundary conditions Eqs.(3.90) originating from the piecewise RSOC
and the boundary conditions (2.51) obtained from the conventional d-potential scatter-
ing reported in the section 2.3.2. In particular, in the former case the first derivative is
discontinuous by an imaginary unit. Nevertheless it can be shown that the derivative of
the particle density p = UT as well as the z component of spin density §, = Ulo, U are
continuous[90].
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3.2 — The case of inhomogeneous RSOC

Transfer Matrix

Exploiting the boundary conditions (3.90) it is now possible to derive the Transfer Matrix.
To this purpose, we first exploit the fact that, since the system is mesoscopic, energy is
conserved, and we can write the general solution as a superposition over the energy E
of stationary solutions Wp(z,t) = Up(z)e /" In turn, the field Wg(z) in the j-th
region (j = 0,1) is the superposition of all possible modes (propagating and evanescent)
characterizing the region at fixed energy F. These modes can be selected from Tables 3.1,
3.2 and 3.3, depending on the parameter regime (Rashba-dominated, weakly or strongly
Zeeman dominated) and the energy sub-range. Let us suppose, for instance, that the
region j with a RSOC a9 is in the Rashba dominated regime (2Eé% > Ez). Then,
the field operator ¥ g(x) acquires a different expression U g(x) depending on the energy
sub-range. Explicitly:

(1) for E' > Ez (above the gap) one has

~ (4 1 1 G G) G D (Be G G - —ikD (B

() = o | o (e LB P =i PR B )+
2h Lol ()

(3.92)

_|_

AG) () a G DB A G ; —ik D (BVa
e (2 X O () B — ig) P kD (B )
o9 (8)

(2) for |E| < Ez (inside the magnetic gap) one has

(i 1
Y ()

1 NN » o ' »
" Vo (6 XP L@ B~ idf) (1P (BB )+
™

Vo (B)

(3.93)

Al . ; ) (i : i _ @
+ 19 D (KD (B))e s B 4 g9 D) (—k P (E))e <E>]

EZ

with ng = 2 for £ > — £y andnEzlforE<—4ESO.

4Eso

(3) for energy E' < —Ey (below the gap) one has

A (i 1
W) = o=

1 . . . G N . . .

— (& D () ®7 —id A (KD (B B )
(4)

\/U+ (E)

(3.94)

1 2G) ()G 1) L G) G j —ikD (B)e
e (FE PO EN P — ig) P (O (B O
v(J)(E)
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3 — Rashba Nanowire exposed to an external magnetic field

Here we have used the fact that the velocity of incoming and outgoing modes has opposite
sign and we have introduced the notation

kf?j)(E) = ky(E; a®) ,{%j)(E) = ki (E; o)) Ugj)(E) = v,(E; al)) (3.95)
X9 (4) = xa(k: ) €0)(s) = Ealr; 0 (3.96)

whereas ég), cig), fg ) and gg) denote the fermionic operator with energy FE in the j-th
region. Using the field expansion (3.92-3.94), in general one can rewrite the boundary
conditions (3.90) in a matrix form

&y &)

© dyy ) dyy
M o) | o | = M wo) | 5, (3.97)

& e

i i’

where MU (z4) € C*** is 4 x 4 complex boundary matrix, which columns (M ) (x)) are
reported in the Appendix(C) for each energy range. In turn, from the boundary matrix

—1
can be found the transfer matrix Wg(zg) = (M](;)(:UO)) M g) ) (x¢) that describe how
operators on the right of interface at xy depend from the operators on the left

0 &0

3(1) 7(0)

dE‘ dE

| = Wal) 0 (3.98)
E E

) s

Scattering Matrix

From Eq.(3.98) it is now possible to compute the scattering Matrix. For this purpose first
of all one should introduce the incoming a, g and outgoing lA)n g particle operators. The
incoming modes are states moving toward the interface, namely right-moving modes on
the left of the interface and left-moving modes on the right of the interface, whereas the
outgoing modes are the ones emerging from the interface towards the leads and are thus
left-(right-)moving on the left(right) hand side of the interface. As discussed in Section
3.2.1, the correspondence of the modes and the sign of the velocity is summarized In Tables
3.1, 3.2 and 3.3, therefore one finds that operators ¢; g and ¢y g are always expected to be
propagating and furthermore ¢; g is characterized by positive group velocity and é; g with
negative one. Therefore it is straightforward to find the mapping to incoming/outgoing
operators(see fig.3.8,3.8b)

& aly AP 0, (3.99)
B I o al) (3.100)
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69 — &g?j)g—> : —»é(bp — bglg
Ao e Q0 1) —dW el
[y — : e
SRy pa— ) gy ally
(a) Over the gap energy range E > Ej
UM NN BN
dp o p— o0 o) ——djaly
fil= g S g ;
g}?) 0 e %0 kg}? 4l
(b) In the gap energy range |E| < Ey.
SUNRPURIIN NN
AV i Qi) il
[y — Jie asy
Sy — 0 Y

(c) Under the gap energy range F < —Ey

Figure 3.8: Incoming/outgoing modes mapping in the |E| > E, energy range

On the other hand for operators ¢3 g and ¢4 g one has to distinguish between the energy

out of the gap, where modes are propagating, and the energy inside the gap, where they
are evanescent. First of all let us consider out of the gap energy range, in particular for
E > Ez one can find that ¢3 g is associate with positive group velocity and ¢4 with
negative one (see Fig.3.8a), and therefore

~(0 ~(0 ~(0 (0
Vayy gy e 0 (3.101)
i = 05 gy s ally, (3.102)
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3 — Rashba Nanowire exposed to an external magnetic field

Instead in the case of F < —F; and Rashba dominated regime one finds the opposite(see
Fig.3.8¢)

O 1350}5 9 ay), (3.103)
O a% g 3% (3.104)

Finally, for energies |E| < E inside the magnetic gap, the operators és g, ¢4, g are associ-
ated with evanescent modes. In order to ensure the wavefunction normalization, we have
to rule out the operators of the divergent modes

i —=a8 i o (3.105)
FD 0 g s A (3.106)

as represented in Fig.3.8b.
Equation (3.98) can thus be rewritten by elucidating the incoming/outgoing mode nature.
For |E| > Ez one can write

(1 (0
2y oy
0 50
tf = Wg(zo) }Of (3.107)
a
2,E 2,E
A1 £(0
by by
while for |E| < Ez one can write
(1 (0
2y axr
0 50
LE = WE(JZO) LE (3108)
0 ~(0)
) TE
i 0

Now that we have derived the Transfer Matrix Wg(x() of the interface, we can determine
the Scattering Matrix, which expresses the outgoing mode operators Bn g in terms of the
incoming mode operators a,, g. Explicitly, for energies |E| > E one has four propagating
modes and Eq.(3.107) can be expressed as

(L ~(L
iy o'y
iy a5y
=Sp| > (3.109)
(R ~(R
02 oty
(R ~(R
iy a5

In general it is not trivial to determine an analytical expression for the scattering matrix,
since it requires the inversion and multiplication of 4 x4 boundary matrix M. Nevertheless,
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3.2 — The case of inhomogeneous RSOC

the transmission function can be easily computed numerically with the help of scripting
languages as Python or Wolfram Mathematica.
For the energy range |F| < Ey inside the gap, Eq.(3.108), restricted to the propagating

modes, implies
b Oy
( () =Sg A (3.110)
LE 1LE

and the Scattering Matrix is 2 x 2.

Conductance of the single interface problem

From the above results on the Scattering Matrix we can now compute the transport
properties in the problem of a single interface separating two regions with different RSOC.
For definiteness, we set the RSOC on the right side to a positive value, for a spin-orbit
energy ZEgg/EZ = 0.5 corresponding to the Zeeman dominated regime. The RSOC on
the left side, however, is set to different values (and sign) in order to sample all relevant
regimes. In a compact notation, we will write such sign in front of the spin-orbit energy
EY).

Specifically, Fig.3.9(a) shows the conductance G (in units of the conductance quantum
Go = e?/h) as a function of energy E/Ey in the case where the spin-orbit energy on the
left side has the same sign as the spin-orbit energy on the right side. One observes a
practically perfect transmission, namely G = Gy inside the gap and G = 2Gq outside the
gap, regardless of the value of spin-orbit energy Efg%) In particular, when the left side is

in the Zeeman dominated regime like the right side, i.e for 2E§L8/EZ = 0.2, 0.7 (blue and
orange curves, respectively), the behavior resembles a step-function, and the difference
between the weak and strong Zeeman regimes is negligible. In contrast, if the left region
is in the Rashba dominated regime, 2Eé%) /Ez = 3 (green curve), a deviation from perfect
transmission is observed only at the magnetic gap edges F/E; ~ +1, where suppression
cusps occur.

A different scenario emerges when the RSOC takes opposite sign across the interface
(Fig.3.9(b)). While transmission is practically perfect when the left hand side in the strong
Zeeman regime (blue curve), it reduces when one enters the weak Zeeman regime (orange
curve) and even more when the Rashba dominated regime (green curve) is reached. We
can, however, observe some features that are common to these cases. The conductance is
roughly symmetric with respect to the midgap energy value E = 0, and gets strongly sup-
pressed at the edges E/E; ~ +1 of the magnetic gap, where it exhibits a cusp singularity.

The important role of the RSOC sign can also be highlighted by considering an in-
terface where both sides are in the same regime and by looking at the conductance G
as function of energy F/ Egg, for various values of the Zeeman energy Ez. Specifically,
in Fig.3.10(a), which describes the case where the RSOC takes the same sign across the
interface (EéLO)/ Eg}g = 0.8), all curves exhibit a perfect transmission for £ > —E, with
a step-like behavior characterizing the number of propagating channels (1 or 2). Here the
Zeeman energy only controls a number of such channels, i.e. the value at which the jump
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(a) The RSOC has the same sign in both sides of the interface.
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(b) The RSOC takes opposite sign on the two interface sides.

Figure 3.9: The conductance of the single interface Eé%) |Eé%) in units of conductance quantum
Go = €?/h as a function of the energy E/E for fixed spin-orbit energy on the right 2E§12 /Ez =
0.5 (Zeeman dominated regime) and for various values of spin-orbit energy on the left side:
strong Zeeman regime (blue curve), weak Zeeman regime (orange curve), Rashba dominated
regime (green curve)

occurs. Note in particular the conductance maximum G = 2Gq of the blue curve at neg-
ative energies: This is due to the fact that, when both sides are in the Rashba dominated
regime, two conducting channels are present also for energies below the magnetic gap, i.e.
for Epin < E < —Ey (see Fig.3.6(a)).

Figure 3.10(b) then describes the case of opposite RSOC sign across the interface (com-
pactly denoted as Eé%)/ Egg = —0.8). The conductance behavior is now non-monotonic
and strongly dependent on the value of the Zeeman energy. Indeed E; determines not
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3.2 — The case of inhomogeneous RSOC

only the location of the suppression cusps at the magnetic gap edges, but also the mag-
nitude of G in the entire energy range. In particular, when the NW is in the Rashba
dominated regime (blue curve), the transmission is significantly suppressed inside and
below the magnetic gap.
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Figure 3.10: The conductance of the single interface Eg’o)‘ Egg in units of the conductance

quantum Gy = e?/h is plotted as function of the energy F/ Egg for fixed EgLO) /Egg and for
different values of the ratio Ez/Ego gr. (a) the case where the RSOC takes the same sign on
both interface sides. The transmission is perfect and the Zeeman energy Ez only controls the
number of propagating channels (0, 1 or 2). (b) the RSOC has opposite signs across the interface.
In this case the Zeeman energy also determines the magnitude of conductance over the entire
energy range. Note that, when both sides are in the Rashba-dominated regime (blue curves) a
peak of 2Gj conductance is present for E,,;, < E < —Ejz, i.e. for —0.878 < E/E(S}g < —0.5,
due to the presence of two propagating channels below the magnetic gap energy (see Fig.3.6(a)).
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3 — Rashba Nanowire exposed to an external magnetic field

The role of evanescent modes

As we have seen above in Fig.3.9(a), when the sign of the RSOC is the same on both
sides of the interface, the conductance is practically perfect over a wide range of energies,
regardless of the energy regime of the two regions (Zeeman-Zeeman or Rashba-Zeeman),
while one could naively expect a lower conductance value when the two interface sides
are in the opposite energy regime, due to a misalignment of the electron spin of the
propagating modes. The reason for this seemingly surprising result is that, although the
current is carried by the propagating modes only, the evanescent modes also contribute
to it indirectly, as they are crucial in realizing the spinor matching of the wavefunction at
the interface.

To illustrate the role of the evanescent modes, we consider again the configuration
of Fig.3.9(a): While the interface right side is fixed to the Zeeman-dominated regime

(2Eg%) /Ez = 0.5), we shall compare the case where the left region is in the Zeeman-

dominated regime (2EéLO) /Ez = 0.7) and the case where it is in the Rashba dominated

regime (2EgLO)/ Ez = 3.0). We focus for definiteness on the scattering problem at £ = 0,
i.e. in the middle of the magnetic gap. From the NW eigenstates Eqs.(3.76), one can find
that, when the left side is also in the Zeeman regime, the spin of the propagating mode
incoming from the left lies in the z-z plane and forms an angle § ~ 0.177 with the z-axis,
which is very similar to the angle 6 ~ 0.217 of the propagating mode outgoing to the right
side. The almost perfect transmission is thus due to the pretty good spin matching of the
propagating modes at the interface. In this case the evanescent modes have a negligible
weight, as illustrated in Fig.3.11a, where the spatial profile of the wavefunction at £ =0
(spin-T and spin-| components) is plotted, together with its evanescent part.

In contrast, when the left side is in the Rashba dominated regime, the spin of the
incoming mode forms an angle § ~ 0.057 that is very different from the one of the
transmitted wave on the right side (§ ~ 0.217). At first, one could thus expect a low
transmission. However, this time the presence of the evanescent modes is significant, as
shown by the wavefunction spatial profile in Fig.3.11b. Their spin, lying in the z-y plane
and almost directed along the z-axis, is able to compensate for the spin misalignment of
the propagating modes. This ensures a correct spin wavefunction matching (3.90) without
any significant reflection, and one obtains again an almost perfect transmission. Thus,
differently from the customary homogeneous case, in inhomogeneous RSOC problems the
evanescent modes can play a crucial role in general in determining transport properties,
as we shall see again in Chapter 4.

Finally, when the two sides have opposite RSOC signs, the spin angle difference be-
tween the incoming mode and the transmitted mode is too large to be compensated by
the presence of evanescent modes. The spin wavefunction matching (3.90) can only be
ensured by the presence of a reflected wave, causing a conductance suppression shown
above in Fig.3.9(b).
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0.21

(2

(b) Left side in Rashba dominated regime QEéLO) /Ez =0.7.

Figure 3.11: The spatial profile of the wavefunction ¥(z) for E = 0, 2Eg:3)/EZ = 0.5 and
interface at x = 0, the upper panel of each plot represent a spin up component ¥y wile the
lower panel a spin down component ¥ ;. Notably in the case of Zeeman dominated regime,(plot
(a) and right hand side of the interface of plot (b)) the propagating states(oscillating lines) are
characterized by both spin-up and -down components. On the other hand in Rashba dominated
regime the spin-up component is dominant(left hand side of the interface on plot (b)). Blue and
orange lines are respectively real and imaginary part of the wavefunction; Green and red lines
are respectively real and imaginary part of evanescent mode.
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3 — Rashba Nanowire exposed to an external magnetic field

3.2.3 Generalization to multiple interfaces

It is straightforward to generalise the same approach to the case of multiple interfaces.

The transfer matrix Wg(z;) = (Mgﬂ) (:cj)) ' M]g)(xj) across each interface, located
at x;, can be computed as in the previous case. After that one can observe that the
operators on right of z; are the same as the operators on the left of x;,1, as sketched in
Fig.3.12, therefore the transfer matrix across two consecutive interfaces can be written as
the product Wg(z;41)Wg(x;) of the two single-interface transfer matrices. Similarly, one
can chain all of NV interfaces and write the total transfer matrix Wg = Hj»vzo We(xn—j)
for the whole scattering regions, in analogy with Eq.(3.98)

o o

i i

o | =We 2 (3.111)
E E

~(R (L

i i

where apex L and R mark the rightmost and leftmost operators w.r.t. the scattering

Wg

A

We(x;) We(zj11)
T e e B
dg) ald) ;a(jJrl) . Ci(bfrl)‘ RSy i t2) d;r?)
S =R
g % 9 Zi1 ap

Figure 3.12: Generalization of the transfer matrix to multiple interfaces.

region. The correspondence with the incoming/outgoing operators can be established in
the similar way as in the case of single interface case with the help of Eq.(3.99-3.106). In
turn, the scattering matrix can be derived from Eq.(3.111) for |E| > Ez

L ~(L

oy ay,

iy oy

i | = Sp () (3.112)
1,E 1,E

(R ~(R

0.2 53

On the other hand for |E| < Ez Eq.(3.111) can be rewritten as

o aty
| =52 (3.113)
1,E a1.g
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3.2 — The case of inhomogeneous RSOC

3.2.4 Results for the conductance of the double interface prob-
lem

Let us now apply the general approach described in the previous section to the case
where we have two interfaces. This configuration enables us to describe two physically
interesting setups. The first one is when a NW with finite length d and RSOC is contacted
to two normal metallic leads without RSOC. The second situation is where the two outer
regions represents two portions of a NW, coupled to different gate voltages and thereby
characterized by different RSOC, which are separated by an inner region without RSOC
that can be considered as a magnetic barrier.

Setup 1: Finite nanowire contacted to metallic leads

Let us start by considering a NW with RSOC and a finite length d contacted to two leads
without RSOC (Ego), E(SQO) = 0). The magnetic field is applied everywhere. This setup is
sketched in Fig.3.13. Since the pure Zeeman regime was considered in the outer regions,
it is sufficient to limit the energy interval to £ > —FEy since there are no propagating
modes in the leads for £ < —E .

a =70 . a=170

Lead /////////;%%M%//////% Lead

d

\ 2

<&
<

HV

Figure 3.13: Metallic lead model 0|0

In Fig.3.14 we have reported the conductance G/Gy as a function of energy F/Ez. The
three panels refer to different values of the NW length d, in terms of the spin-orbit length
kgo- In particular, Fig.3.14(a) describes the case of a short NW (kgo d = 0.3). The outer
regions, where the RSOC is absent, are by definition in the strongly Zeeman-dominated
regime, whereas for the central region we have taken three different values of RSOC, i.e.
three different values for the ratio Fgo/FEz of spin-orbit energy to Zeeman energy. For
Eso/Ez = 0.1,0.4, the central region is in the strongly and weakly Zeeman dominated
regime (blue and orange curves) respectively, and a practically perfect transmission can be
observed. For Ego/Ez = 10 (green curve), the central region is in the Rashba-dominated
regime. In this case the conductance G /Gy is strongly suppressed near the lower gap edge
E/E; = —1, and it monotonically increases with energy reaching a perfect transmission
in the middle of the gap £ = 0.

The scenario starts to change when the length of the NW becomes comparable with
the spin-orbit length, as can be seen from Fig.3.14(b) where kso d = 1. While the trans-
mission G/G( remains perfect for the entire energy range when the central region is in
the strongly Zeeman dominated regime (blue curve), it exhibits suppression cusps near
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Figure 3.14: The conductance of the lead Model 0|Eso|0 in units of Gy = e%/h is plotted as
function of the energy E/Ey, for different values of the spin-orbit energy of the central region,
which is in the strongly Zeeman dominated regime for Eso = 0.1Ez (blue curve), in the weakly
dominated Zeeman regime for Esop = 0.4E; (orange curve), and in the Rashba dominated
regime for Esp = 10Ez (green curve). The three panels refer to three different values of the
NW length d, in units of the spin-orbit length k;é
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3.2 — The case of inhomogeneous RSOC

the boundaries of the magnetic gap (F/Ez ~ +1) in the case of weakly Zeeman domi-
nated regime (orange curve). Moreover, if the central region is in the Rashba-dominated
regime, the transmission significantly deviates from 1 over the entire energy range and, in
particular, it acquires a non monotonic behavior.

This behavior becomes even more clear in the case of a long NW (kgo d = 6), illustrated
in Fig.3.14(c), where the green curve features an oscillatory behavior, with perfect trans-
mission reached for EF/E; ~ —0.55 and EF/Ez ~ 0.4, and a suppression near the gap
edges F = +FE7. A long NW thus behaves like a sort of spin-dependent Fabry-Pérot in-
terferometer: The spin-dependent backscattering of the electronic waves at the NW /lead
interfaces causes a constructive/destructive interference pattern that depends on the ratio
of the electron wavelength, determined by its energy F, to the NW length d, causing an
enhancement or suppression of the conductance.

Setup 2: The magnetic barrier configuration Ej, 1,|0|Es, r

Let us now discuss a setup where two portions of the NW are coupled to different gates
and thereby acquire different values of RSOC in different regions. The two regions are
separated by a region of length d where the RSOC is assumed to be negligible (EfglO) =0).

This setup is sketched in Fig.3.15.
(L) o (B)

a=10

[/ 555 777

Gate 1 ; ; Gate 2

A
Y

V&%

Figure 3.15: Configuration with different gates.

The central region, where the RSOC is absent, is in the strongly Zeeman-dominated
regime. For definiteness, we set the outer gated regions to the Rashba dominated regime
(Eé%) = 3Ey) where, as discussed in Sec.3.1.3, the states inside the gap energy range are
helical, with an helicity depending on the sign of RSOC. We shall set the RSOC to be
positive in the right region, while for the left region we will consider both positive and
negative sign. This will be compactly denoted through a ’sign’ attributed to the spin-orbit
energy EéLO) of the left region. The behavior of the conductance G significantly depends
on whether the two outer regions have the same or opposite sign of the RSOC, and on
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3 — Rashba Nanowire exposed to an external magnetic field

the value d of the separation between the gates compared to the Zeeman length k;,
as illustrated in Fig.3.16. In particular, Fig.3.16(a) shows the case of a short separation
(kz d = 0.3). If the left region has the same RSOC sign as the right region, the conductance
inside the gap is perfect (orange curve), while if the sign of the RSOC on the left is opposite
to the right one the conductance is suppressed inside the gap energy range (blue curve). In
this case the behaviour of the conductance is thus similar to the case of a single interface
(see Fig.3.9).

However, for an intermediate distance between the gates, kz d = 1, we observe from
Fig.3.16(b) that the behavior of the conductance qualitatively changes. In the case of
equal RSOC signs the conductance is almost ideal except for a suppression in the range
Ez/2 < E < Ez, whereas in the case of opposite RSOC signs the conductance is almost
perfect in the entire energy range. As a whole, the difference between the two cases of
equal or opposite RSOC in Fig.3.16(b) is reduced, as compared to the short separation
case of Fig.3.16(a). This is due to the fact that, for larger separation d, the electron
spin has a spatial room to re-adapt to the different orientation imposed by the opposite
RSOC sign. Finally, in the case of large separation kz d = 6, illustrated in Fig.3.16(c),
the behaviour of the conductance is almost identical in both cases of equal or opposite
RSOC signs, except for a small difference near the gap edge E/E; = +1.

We conclude by observing that, since both regions are in the Rashba-dominated regime
and the RSOC sign determines the helicity of the helical states, the setup with opposite
RSOC signs induced by the gates implements a peculiar setup, namely a junction of
helical states with opposite helicity. This non trivial problem represents the so called
Dirac paradox, and will be discussed more in details in following chapter. Note that such
a configuration, which is rather easily realized in NWs through appropriate gating, would
be quite hard to implement in the helical edge states of a 2D Topological Insulator.
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Figure 3.16: The conductance of the magnetic barrier E§%|O|Egg in units of conductance
quantum Gy = e?/h as function of the energy E/Ez, for a fixed NW length d. The right

region is assumed to be in the Rashba-dominated regime (Egg = 3E7). The various curves
refer to different values of RSOC of the left region. Orange line Egg = O.5E§12, blue line
EYY = —05E).
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Chapter 4

The Dirac paradox and its
realization with nanowires

In this chapter I shall discuss a paradoxical situation that emerges in Dirac materials,
called the Dirac paradox, and then I shall analyze its implementation with spin-orbit
nanowires.

In various materials on the spotlight of Condensed Matter research, such as graphene,
topological insulators and Weyl semimetals, the electronic properties turn out to be well
described by an effective massless Dirac Hamiltonian[31, 38, 43, 49, 51, 77, 80], rather than
the customary Schrodinger Hamiltonian. Notably, massless Dirac states are characterized
by an helicity, i.e. a locking of their spin orientation to their momentum. The Dirac
paradox arises when a junction between two materials with opposite helicity is formed:
An electron impinging from one side of the interface can seemingly neither be transmitted
nor reflected, precisely because of the locking between spin and momentum. This config-
uration has been investigated in a junction between two 3D topological insulators, whose
conducting states flow on the surface and are described by a 2D massless Dirac Hamilto-
nian. In that case the Dirac paradox has been solved by finding that electrons leak along
the interface surface. However, in 1D Dirac heterojunctions, this escape possibility does
not exist and the solution to the paradox is less trivial. This is what I shall discuss in
the first part of this chapter. In particular, I will show that, when the customary case
of purely massless Dirac modes is considered, the solution of the paradox either is trivial
or does not exists, depending on the way the helicity crossover occurs across the inter-
face. Then, I will demonstrate that, when additional massive Dirac modes are taken into
account, a non trivial solution exists and a tunable transmission can be found.

In the second part of the chapter, I will discuss the implementation of the 1D Dirac
paradox. In particular, while the Dirac paradox configuration would be quite hardly
feasible with the helical edge states of Topological Insulators, I will argue that it can
be realized with spin-orbit nanowires. Indeed, as shown in chapter 3.1.3, in the deep
Rashba-dominated regime E; < 2FEgo the nanowire exhibits 1D massless Dirac helical
states inside the magnetic gap, whose helicity is determined by the sign of the RSOC.
One can thus find that the setup with an inhomogeneous RSOC profile, analogous to
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4 — The Dirac paradox and its realization with nanowires

“Magnetic barrier configuration” (see Fig.3.15), where in outer regions the RSOC takes
opposite signs, precisely realizes the 1D Dirac paradox configuration. Notably, we shall
show that such inhomogeneous setup is precisely described by the massless+massive Dirac
model mentioned above. Thus, while massive modes are usually neglected when the RSOC
can be considered homogeneous, they become important in inhomogeneous RSOC setups
also at low energy. Indeed, although massive modes carry no current directly, they can
indirectly determine the conductance by guaranteeing the spin wavefunction matching at
inhomogeneities.

4.1 Dirac paradox

Let us first briefly recall that the electronic properties of various materials, in physically
realistic regimes, are well described by an effective Dirac model. In analogy with Eq.(1.14)
one has

H=vroa -p+AS (4.1)

where the light velocity and the mass terms appearing in the actual relativistic version
are replaced by parameters of the material, namely the Fermi velocity (¢ — vg) and the
gap between two valence and conduction bands (mgc? — A). In the 1D case one needs
only two anticommuting matrices that can be chosen to be a1 = o, and § = o,

HlD :UFO'ZﬁerAO'I (42)

where p, = —ihd,. It can be easily seen that the Hamiltonian H;p commutes with the
momentum operator and therefore it can be diagonalized with the planewaves

Up(z) = wek® (4.3)
where w is a 2 x 1 spinor eigenvector. The Hamiltonian (4.2) can be rewritten in k-space

H =vphko, + Ao, (4.4)

Ea(k) = £1/A2 + v2 1252 (4.5)

describe two electronic bands separated by a gap E1(0) — E_(0) = 2A at k = 0. Since
the Hamiltonian (4.4) is expressed as a combination of two Pauli matrices, the spin of
its eigenvectors lie in x-z spin-plane depending and the specific direction depends on the
ratio of the kinetic and mass terms. Notably, for energy inside the gap (|E| < A), the
Hamiltonian (4.2) formally admits evanescent solutions too. These evanescent massive
states in principle can be obtained with the mapping k& — —ix. The spin of the related
eigenvectors in this case lies in the z-y plane. In particular, for £ = 0, it can be shown
to align with y axis and to take the form

o = % (1) (4.6)

and its eigenvalues
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One can obtain the massless case by setting A — 0. In this limit the Dirac Hamiltonian
(4.2) reduces to

HlD ZUFUZﬁx (47)

and the spinor eigenvectors can be easily identified with

a=(3) == ()

with corresponding eigenvalues

ET(k‘) = ’UFhk (49)

One can observe that the massless Dirac states are characterized by spin momentum
locking and therefore one can define a helicity operator as
O’Zﬁﬂ?

o 7
[Pz |

(4.11)

that indeed commutes with the Dirac Hamiltonian. In particular, from Eqs.(4.9)-(4.10)
we note that electron states with positive energy £ > 0 are characterized by a positive
helicity ((5\) > 0), since the positive wavevectors correspond to the spin-1, while negative
wavevectors to spin-J. States with negative energy have negative helicity (<5\> < 0).

Notably, the opposite situation occurs in the case negative Fermi velocity vp — —vp.

4.1.1 Massless Dirac heterojunctions

Let us now consider the interface between two massless Dirac materials characterized by
opposite Fermi velocity i.e. vg‘) on the left and ’U%R) on the right such that U%R) = —U%L).
The second-quantization Hamiltonian describing the helical states present on the two bulk
sides of the interface reads

HL/R) — U%L/R) / Ut (2)o.p, U (z) da (4.12)

where ¥ = (\f/T, v )T is the 2 x 1 electron field operator. One thus has states with op-
posite helicity i.e. (A(F)) = —(AP)). If one analyzes the scattering problem across the
interface, one finds a paradoxical situation, depicted on the Fig.4.1: The states incident
on the interface can seemingly neither be transmitted nor be reflected, due to spin con-
servation. Indeed let us for instance consider an electron wave incoming from left. It
cannot be transmitted because in this case it should flip the spin to match the helicity of
outgoing state on the right. At the same time, it cannot be reflected either, due to the
spin-momentum locking. This dilemma is called Dirac paradox. This problem has been
widely discussed in the literature[52, 59, 60| in the context of 3D Topological Insulators
(TIs), where the interface between two TIs with surface states with opposite helicity is
considered. It has been shown that in the case of 3D TT this paradox is solved by surface
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gapless state emerging from hybridization of states from each TI, that absorb the incident
modes. This means that electrons can leak along the interface surface separating the two
TIs. In the one dimensional case, however, there is not enough degree of freedom to give
raise for localized state and alternative mechanism should emerge that would allow the
conservation of momentum and spin.

The solution of the 1D version of the paradox may change significantly depending on the
model used to describe how the interface interpolates from the Ty to the H r bulk Hamil-
tonians. Here we first discuss examples that realise the Dirac paradox using the massless
modes only.

Figure 4.1: Tllustration of the Dirac paradox. On each interface side the blue line represents
the spin-1 branch of the massless dispersion relation, while red line the spin-| branch. On the
left side of the interface the right-moving states are associated with spin-1 and left-moving states
with spin-J, while the opposite occurs on the right side of the interface: the two interface sides
are characterized by an opposite helicity. A spin-1 incoming from the left can seemingly be
neither transmitted nor reflected, due to spin conservation.

Model 1: velocity sign change

The simplest way to model the interface between helical states is to consider the spatially

dependent profile of the Fermi velocity v(x) such that v(z — —o0) = vl(p) and v(r —

o0) = U%R). In this case the momentum operator does not commute with the velocity

profile and therefore one should replace their product by a half of their anti-commutator
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vp pe — 3{v(z),ps} and the second-quantizzation Hamiltonian become
H = / @T(x)aZW b (2) da (4.13)
The Heisenberg equation associated to the Hamiltonian above can be written as

. S WA
09 = —o. (U(:v)ax\lf + 2”\1/) (4.14)
Following the approach described in the chapter 3.1 one can find the associated current
operator . A

J(z) = ev(z)¥ (2)0. ¥ (2) (4.15)
where e is the electron charge.

We consider the stationary solutions of Heisenberg equation that can be expressed in
the form W(z,t) = Wg(z)e PP Substituting it into Eq.(4.14) and multiplying the left
side by o, one can find

~ 0 E ~
0,V = v (x) (—;UUO + ihaz> U (4.16)
which solution can be found by integrating both sides in dz’ over the interval [z, xg| where
xR is a reference point

R 1 r* 0w ., _ Y N
Up(z) = exp [—2 /xR v(x’)dx] X exp [ZEO’Z . hv(x’)} Ug(zg) (4.17)

Taking advantage of 0, In |v(x)| = 0,v/v(x) one can can express the above solution as

‘T’E(fﬂ) = Uv(z;g)

where we defined kg(xz) = E/hv(z). Finally one can introduce the the field operator at
the reference point zp

exp {iaz /; k‘E(x/)dx’} Ug(zg) (4.18)

. u
VUg(rgp) = —————a 4.19

R) = e O (4.19)

where u is a space-independent 2 x 1 spinor and dg the corresponding energy-E mode
operator fulfilling {ay , a}rf,} = 0(E — E’). For each energy value E there are two indepen-
dent solutions, related to two orthogonal choices for the spinor w. In this way Eq.(4.18)

takes the form
~ 1 i, fm kg(z')ds
TR ua

P

from which follows that at any space point-z, including possible discontinuity points of
v(x), the following boundary condition holds

VI H)Wp(a®) = o) [Tp() (4.21)
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4 — The Dirac paradox and its realization with nanowires

where z+ = z + & with £ — 0.

Notably, in the case where the velocities v;, on the left and vg on the right have the
same sign, the velocity profile changes only in magnitude without vanishing in any point.
In this case one can express the Hamiltonian (4.13) in equivalent form

H= /@T(x)az\/@ [pr\/@} U () da (4.22)

The solution of this model has been discussed in Ref.[41], where those authors have found
a perfect transmission independently on the values of the velocity on the left /right.

However, in the case of the Dirac paradox, the velocity profile v(z) vanishes at some
point x( in order to allow the sign change of the Fermi velocity. This significantly compli-
cates the problem. In particular one can observe that kg(x) — oo for x — x¢, in this way
the phase of the Eq.(4.20) is well defined only if the integral [ kp(2)dz’ is finite, that
corresponds to |v(z)| = O(|z — xo|*) with 0 < a < 1. Moreover the field operator (4.20)
is expected to diverge as Uy ~ 1/+/[o(z)] for 2 — 2. Nevertheless the current Eq.(4.15)
is still finite due to the boundary conditions (4.21). Indeed using the stationary solution
for the field operator (4.20) one can write

Jp(z) = Sgn(v(m))%tﬁazu ihap (4.23)
Notably, at the point xg where the velocity profile changes the sign, the current fulfills
Je(zg) = —Jg(xd). Since a discontinuity is incompatible with the continuity equation,
which implies that for a stationary state the average current is spatially homogeneous (see
chapter 3.1). One concludes that the only way to achieve it with Eq.(4.23) is jE(x) =0Vx
and therefore ufo,u = 0. In this way one can immediately identify two candidate for the
spinor part of the eigenstate with u, = (1,¢")T/v/2 and u_ = (e7**, —1)"/\/2, where
¢ is an arbitrary phase. Since each spinor eigenvector consists of both spin-1 and spin-|
components, one may conclude that on each interface side both an incoming and an out-
going bulk states must be present. In this way one cannot assign a separate weights to
this modes, and it is impossible to construct a scattering state solution.

In conclusion, this model characterized by a spatially dependent velocity profile, implies
that there is no solution to the Dirac paradox, since it is impossible to build a scattering
state that would satisfy the continuity equation. The only physically available solution
must involve the modes injected from both sides. Furthermore one may notice that the
model (4.13) involves only of the o,-component of spin and the velocity profile only affects
its magnitude and sign. In this sense this model is purely scalar.

Model 2: spin-active interface

The alternative model of the Dirac paradox is given by the Hamiltonian

H=uvp / Ut(z) (e*w(z)"wﬂpmaz e”e(w)‘”ﬂ) U (z) da (4.24)
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where the crossover between the regions is achieved by rotation of the o, spin around the
z-axis, rather then the direct inversion of the Fermi velocity as in the case of previous
model. In particular the space-dependent phase 6(z) is expected to span from 67, = 0 for
T — —00 to g = w for x — +o0.

Note that, in contrast to the scalar model (4.13), the model (4.24) involves the full
SU(2) spin structure. Thus the Hamiltonian terms at two different space points do not
commute in general. As previously shown, using Hamiltonian (4.24), one can derive the
Heisenberg equation

O (z) = —vpo,e?@o=/2g, (eie(m)am/z\il(x)) (4.25)
and the current operator

j(x) = evp\iﬁ(a:) (6—1‘9(3:)%/2% e“a(“’)‘”m) \f/(x) =

= cvpUT(2) [0, cosb(z) — oy sin0(z)] ¥ (z) (4.26)

Integrating the Heisenberg equation around any point x, one can obtain the boundary

condition
ei@(m*)az/2@<x+> _ 6ie(x*)aw/2@(x*) (4.27)

that, indeed, implies the continuity of the current operator (4.26). Furthermore in the
case of a step-like profile of the phase 0(z), i.e. §(z < 0) = 0 and f(x > 0) = 7 with an
interface at xg = 0, the boundary conditions become

By(0%) =ity (0°)
{\fu(o*) — i (0) (429

One can notice that the spin-flip has been introduced at the interface. This effect can be
seen explicitly by considering the scattering states solution of Heisenberg equation (4.25)

( 1 >€iEx/pr &%L) + ( 0 )eim/mp gg) <0

0 1
Ya(z) = (4.29)
0 ) N 1 )
( ) ) ezE'a:/hvp b(ER) 4 ( 0 ) e—zE'a:/h’UF &(ER) x>0

where dg), IA)(EZ) are respectively the incident/reflected energy-E mode operators on the left
(L) or right (R) side of the interface at xy = 0. Substituting the scattering state (4.29)

into boundary conditions (4.28) one finds

~(R (L
?g) = ibj;) (4.30)
b = 5t

from which scattering matrix (2.29) can be derived

S:G ?) (4.31)
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4 — The Dirac paradox and its realization with nanowires

and it is straightforward to see that the transmission is perfect for any energy and Fermi
velocity.

We thus deduce that the spin-flip processes at the interface, introduced by the model 2,
give a trivial solution of the Dirac paradox.

4.2 Dirac Heterojunctions with massless and massive
modes

So far we have discussed two models that realize the Dirac paradox with purely massless
Dirac modes. Depending on the specific way the crossover between regions with different
helicity is modelled, we have obtained somewhat opposite results. While Model 1 predicts
that the only physical solution is not a scattering state (it describes particle injection
from both sides) and carries no current, Model 2 does allow a perfect transmission across
the interface through the introduction of spin-flip processes on the interface. Here we
introduce an essentially different model to answer the Dirac paradox, which involves both
massless and massive Dirac modes. As we shall see, such model does allow to obtain a
tunable transmission coefficient without involving any spin-flip processes at the interface.

Figure 4.2: The band structure of the massless+massive Dirac model implementing the Dirac
paradox. In analogy with the Fig.4.1 red and blue lines represent the massless modes, while
green curves represent massive bands with gap 2A at k = 0.

Let us thus assume that that, each side of the interface is characterized by massive
and massless Dirac fermions, as sketched in Fig.4.2. The two bulks of each interface side
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4.2 — Dirac Heterojunctions with massless and massive modes

is thus modelled with the following Hamiltonians
(L) i i A [t
H = tup [ V' (2)T0.p. ¥ (x) dv — 5 U(x) (19 — 72)0, V(z)dx  (4.32)
N A o A ~
1B = / ¥ (@)rope B (a) dr - 5 / B (2) (70 — )00 U () dz (4.33)

where U = (Cy, ¢y, i, My)T. Here og is the 2 x 2 identity matrix, whereas o = (0, 0y,02)
are the Pauli matrices acting on the spin space, whereas 79 and 7 = (7,7, 7,) are the
corresponding matrices acting on the massless-massive degree of freedom, which we can
dub pseudospin. The second term in Eqs.(4.32)-(4.33) introduces a gap term only for
modes 7y and 7). Thus, @, f 1 and 7y, 7 correspond to the massless and massive fields,
respectively. In particular, later we shall be interested in the energy range inside the mass
gap |E| < A where the massive modes are gapped and do not carry any current, so that
only massless modes are propagating. The different sign in the first terms of Eqgs.(4.32)-
(4.33) corresponds to the opposite helicity for both component of the pseudospin \i/, and
thus in particular on the massless modes.

In order to model the crossover between the two bulks (4.32) and (4.33) across the
interface, we introduce a 4 x 4 spatially varying matrix U(x), which acts on the W-spinor
and takes two constant values in the bulk of the two regions

(L) ;
Ulr) — {U for z € bulk of the left side (4.34)

U for = € bulk of the right side

The model adopted for the entire Dirac-heterojunction is thus

= vp / V(@)U (@)re02p, (U(2) ¥ () do — % / T (2)(r0 — 7)o, U(z)dz  (4.35)
where requirements

UOtr o U0 = 1. (4.36)
UBIr o UB = 15, (4.37)

on the U®/1) matrices implement the different helicity sign on the first term of Eq.(4.35),
in order to recover Eqs.(4.32)-(4.33) in the bulks. For example, it can be observed that
a possible choice for a U(x)-matrix fulfilling Eqs.(4.36)-(4.37) is U(z) = exp[if(z)T:00/2]
with the space dependent phase 0(x) that varies from 6, = 0 to g = m. With this choice,
the model (4.35) describes the interface in an analogous way as a spin-active model (4.24),
but this is now done by rotating the pseudo spin (instead of the actual spin), around z-
axis. Below we shall discuss more general expressions for the U and U®) matrices, and
we shall discuss how they can be linked to realistic systems, such as nanowire with RSOC
in low energy deep Rashba-dominated regime.

For simplicity, we shall assume a piecewise constant profile for the transformation U (x)

{U(L) T < Io
xTr) =

4.38
UBR 2> ( )
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4 — The Dirac paradox and its realization with nanowires

We can consider the Heisenberg equation associated with the model (4.35)

A

ih0 ¥ (2, 1) = —ihwpU' (2)7.0.0, (U ()P (2, 1)) (4.39)
and its conjugate
iho, V! (2,1) = —ihwpd, (U1 (z, U1 (2)) 720U (2) (4.40)

By adding Eq.(4.39) multiplied by UT on the left to Eq.(4.40) multiplied by ¥ on the
right, we obtain the continuity equation for the density p = Wi and the current operator

J(z) = evpUt (2) Ut (2) 0, U(z)U(x) (4.41)

Furthermore, by integrating the Heisenberg Eq(4.39) over an infinitesimal interval around
interface located at xg, we obtain

U (2f) = UDT(2p) (4.42)

or equivalently A A
o) = M) (4.43)

where M = (U)~1 W) is the transfer matrix. As consequence of Eqs.(4.36)-(4.37) the
transfer matrix M must fulfill

Mir,o.M = —1,0, (Requirement #1) (4.44)

Importantly, here we want to avoid trivial solutions of the Dirac paradox like in the case
of the model (4.24). Thus, in order to rule out the possibility of a spin active interface, we
introduce a second constraint that ensures the transfer matrix M to be diagonal in spin
space, i.e.

M must involve

only o and o (Requirement #2) . (4.45)

We conclude this section with a remark. Taking the limit 2 — 23 of the current (4.41)
and recalling the conditions (4.36)-(4.37) one finds an opposite sign for the expressions
J(xF) = FevpUt(zF) 7,0, ¥ (2) obtained from the two interface sides. At first, this might
look like a discontinuity of the current, which is physically not allowed by the continuity
equation in the stationary regime. However, such discontinuity is only seeming. Indeed
from Eq.(4.43) we observe that the field U is itself discontinuous. Such discontinuity is
due to a §(z)-term arising from p,U(x) in the Heisenberg Equation (4.39), applied to U(z)
in Eq.(4.38). The discontinuity of the field compensates for such sign change and returns
a continuous current, as can also be seen by inserting Eq.(4.42) into Eq.(4.41).

4.2.1 Derivation of the transfer matrix

In the previous section we have determined the requirements (4.44)-(4.45) that the transfer
matrix M must fulfilll in order to model the Dirac paradox in a setup without spin-flip
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4.2 — Dirac Heterojunctions with massless and massive modes

process at the interface. Let us now discuss the general form of the transfer matrix that
would fulfill such constraints. It is straightforward to see that M should be expressed as
a combination of o4 = (0¢ +0,)/2, 0| = (69 — 0,)/2 only and therefore can be expressed
as

M= Mo + Mo, (4.46)

where My | are 2 x 2 matrices that operate on the massless-massive pseudospin space.
In particular one can observe that with help of the properties 0f | = oy, and o0 =
oy, 0.] = [o),0.] = 0, the condition Eq.(4.44) can be rewritten for each pseudo spin
transfer matrix My | as

MiTM, = —7, o="m1 (4.47)

that, in turn, for each spin sector ¢ =7, ] can be fulfilled by a generic 2 x 2 complex matrix

_[(as b
M, — (CG dg) (4.48)
the entries of which satisfy |c,|? — |as|? = 1, |bs|* — |ds|* = 1 and a’b, = cid, and
therefore one obtains

= e iBge™" (1 —if,)exe
Mo = ((1 +ify) e X —if,eNr ; (4.49)

Notably, for each spin sector ¢ =7,], the matrix M, depends of 4 real parameters
Xos Vo Bos Vo We thus have 8 parameters as a whole. Furthermore one has the prop-
erties M>1(B,, Xo» Vo, Vo) = Mo (Bs, Xo, —Ve, —7Yo) and det(M,) = — exp[2iv,]. The full
transfer matrix M is obtained by substituting Eq.(4.49) into Eq.(4.46) and in general can
be written as

i3y efvr=1) 0 (1— Z'/BT)ei(VT"‘XT) 0
M — 0 i3 e’ 0 (1 —iB))eitstx)
(14 iﬁT)eZ(”T_XT) 0 —zﬂTel(”T"‘VT) 0
0 (14iB))ettx) 0 —iBettutn)

(4.50)
Consistently with the constrain (4.45), the entries of the transfer matrix (4.50) that are
responsible for direct spin-flip, i.e. coupling of different spin components, are vanishing.
Finally it is also possible to derive the explicit expresson for U%) and U . First of all we
observe that the requirement (4.36) is satisfied with U = 1509 and U = M~ that
in turn can be easily find by recalling the property M=(8,x, v,v) = M(B,x, —v, —) of
the transfer matrix, where each bold symbols labels the pair of related parameters, e.g.

B = (51, 8.).

4.2.2 Scattering states

Since we have found the general expression (4.50) of the transfer matrix, we can now
focus on the scattering state solution. We recall that the 4 x 1 spinor ¥ of the model
(4.35) consists of both massless ¢, (| and massive 7y, 7, modes. Inside the gap (|E| < A),
massless modes are propagating, while massive modes are evanescent. In particular, at
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4 — The Dirac paradox and its realization with nanowires

E =0, i.e. in the middle of the massive energy gap, one can construct the scattering state

1 0

aL) 0 eikor 4 p(L) L e~ikoz 4 &2 err < xg
0 0 V2ol
0 0 1

Up(z) = (4.51)

1 0 0

a®) 8 e~ikoz 4 p(R) (1) ethor % _Oi e T 1 > x
0 0 1

where kg = 0, ko = A/hvp. Following the notation used in chapter 2, we have introduced
the incoming and outgoing operators a7 and b on the left side (v = L) and right side
(v = R) of the interface. Notably, the massless propagating states C}, é 1 (the upper two
components of 0 E), have opposite helicity on the two sides of the interface: On the left
side right-moving and left-moving states have spin-1 and spin-|, respectively, whereas the
opposite occurs on the right side. This indeed corresponds to the premises of the Dirac
paradox. The ¢() and é) operators are associated with evanescent massive modes i

(the lower two components of Wp).
By plugging Eq.(4.51) into Eq.(4.43) and by exploiting Eq.(4.50), one can find the

following relations
(L) a@)
| = S N (4.52)

and " "
etk - alk
( &R ) =5 ( 4P > (4.53)
Here
ie—itx e 4 eT BB, B, i(eln= g, — el ;)
5= ~ » (4.54)
(1= ifp)(1+135,) i) p — =) 8y) gAY 4 (iBYB.3

is the Scattering Matrix returning the outgoing propagating modes in terms of the incom-
ing propagating modes, with Ax = x4+ — xy, Av =14 — v and Ay = 4 — 7, whereas

S = _
L—=ify \ ;i Brei

(4.55)

is the matrix yielding the evanescent modes in terms of the incoming propagating modes.
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4.2 — Dirac Heterojunctions with massless and massive modes

Let us now emphasize the differences with respect to the models 1 and 2 that are purely
based on massless modes and that we have discussed in Sec.4.1.1. Just like Model 1 [see
Eq.(4.13)], the massless+massive model (4.35) does not involve any spin-active interface.
However, while Model 1 has no scattering state solution to the paradox and exhibits a
vanishing transmission, the massless+massive model (4.35) admits a solution in terms of
scattering states. In particular, from the scattering matrix (4.54) it is straightforward to
obtain the transmission coefficient as

8%+ 87 — 2648, cos
(L+ 81+ 57)

which depends on the 3 parameters 34, 8, and ¢ = Ay + Av. Furthermore, differently
from Model 2 [see Eq.(4.24)], which directly introduces a spin-flip process at the interface,
in model (4.35) transmission of an incoming state with spin-1 to an outgoing state with
spin-| is possible because of the mediation of the massive evanescent states, as will be
highlighted here below.

T =|S12|* = |S2.]* = (4.56)

The role of the evanescent modes

In order to highlight the role of the massive modes in the transmission process, one can
focus on the state with a mode incident only from the left side, by setting a¥) — 0.
Assuming v, = x» = Vs = 0 and an interface position at xg = 0, we insert the scattering
state (4.51) into the transfer matrix equation (4.43), obtaining

. , ~ (L
A(I)% iBy 0 (1—1ipBy) 0 E‘(L)
bt 0 iy 0 (1—1if,) o)
iR | T (14 0 . 0 =i p(L) (4.57)
73 (1+1iBt) _ iBy . 72
N 0 (1+1B,) 0 —if, e
Let us start by analyzing the case 3+ = 0. In this case the above system becomes
0 0 0 1 0 a't)
b 0 B 0 1-if i)
E LN el FE S | RS C (4:58)
%@(R) 0 1+:¢3, 0 —if %@(L)

M

This configuration is schematically represented in Fig.4.3(a). In particular, the left panel
pictures the scattering wavefunction, where wavy lines correspond to the propagating
modes and the green solid line represents an evanescent mode, with the blue and red
color indicating spin-1 and spin-| components, respectively. The right panel illustrates
how the transfer matrix connects the modes across the interface (black lines). One can
observe that a spin-T particle incoming form the left (&(L), blue wiggy line) is connected by
transfer matrix M only with a massive state ¢®) on the right through the entry Ms; = 1.
However, since this evanescent mode (green box) is characterized by a spinor with both
spin components, it is linked back to the outgoing spin-]/ massless mode b L) on the left
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4 — The Dirac paradox and its realization with nanowires

by the matrix entry My = 14 i3;. In turn, the latter is also coupled, through the entry
Moy = if3|, to the spin-| transmitted mode b™® on the right. In this way the presence
of the evanescent massive mode with the spin orthogonal to spin of propagating modes
mediates and indirectly allows an effective spin-flip transmission between propagating
massless states with opposite helicity.

Next, let us consider the the opposite configuration, namely the case 5, = 0. In this
case Eq.(4.57) reduces to

0 By 0 1—ip oy [ @Y
b 0 0 0 1 B
—17 A = . . —1 A 459
o I a1 b B
ek Vv2©

M

This configuration is pictured in Fig.4.3(b). Similarly to the previous case, the mode a(*)
incoming from the left side is connected with the evanescent mode &) on the right side
through the Mgy = 1 + 43, which in turn gives rise to the outgoing mode b on the left
through the connection Myy = 1. However, in contrast with the case of 8y = 0, the path
for the outgoing mode on the right is completely different. Indeed, due to the Mgz = —i3;
entry, a connection between massive modes on opposite sides of the interface opens up.
Moreover, the outgoing mode b®) on the right is connected to the massive mode on the left
with Myo = 1. Despite these differences, the transmission between massless propagating
states with opposite helicity again occurs due to the presence of the evanescent modes on
both sides of the interface.

In the most general case, one has that both 8; and 3, are finite and the transmission
coefficient (4.56) results from a combination of the two previous cases. Finally we observe
that, if both 8y and 3, vanish, one finds a zero transmission. In this case the mechanism
that suppresses the transmission can be explained by observing that the transfer matrix
(4.50) becomes M = 7,00 and therefore the boundary conditions can be written as

{5"(0+) B o =11 (4.60)

flo (O+) =

Each incoming massless mode of a given spin is coupled uniquely to the massive evanescent
mode with the same spin component on the other side of the interface.

In conclusion, we have obtained that, although in energy range inside the gap the
massive evanescent modes carry no current directly, they are crucial in the inhomogeneous
setup such as the Dirac paradox. Indeed massive modes are localized at the interface
and indirectly couple the two spin channels. This is what enables an effective spin-flip
transmission between propagating states with opposite helicity. Moreover, the resulting
transmission coefficient is tunable from 0 to 1 through the 3 parameters f;, 5, and ¢ [see
Eq.(4.56)].
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Figure 4.3: The left-hand side of each panel depicts the scattering state wavefunction of a
particle injected from the left. The blue and red colors correspond to the spin-1 and spin-|
components of the spinor eigenstate, respectively. Wavy lines are associated with propagating
states, in particular the incoming modes are always characterized by spin- while outgoing
modes by spin-). The solid green lines corresponds the evanescent wave of the massive mode.
The right side of each panel illustrates the transmission process described correspondingly with
Eq.(4.58)-(4.59). The black lines are associated with entries of the transfer matrix that connect
non vanishing contribution to the scattering state. Panel (a) refers to the case 83 = 0: The
evanescent mode appears only on the right side of the interface. Here M3y =1, Myy =1 + 15,
and Mgy = 3. Panel (b) describes the case 5 = 0: The evanescent modes arise on both sides
of the junction. Here M3; = 14484, M3z = —i; and Mgy = Mgy = 1. In this way, although
the transfer matrix presents the direct connection only between the states with the same spin,
the evanescent modes of the massive field indirectly allow a spin-flip transmission between the
propagating modes.
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4 — The Dirac paradox and its realization with nanowires

4.3 Realization with spin-orbit nanowires

In the previous section we have discussed the massless+massive model that admits non
trivial solutions to the Dirac paradox in 1D. Here we present its possible implementation.
First of all it worth recalling that the 1D helical Dirac states can be found at the edges of a
quantum spin Hall system[28, 34, 35, 50, 69]. However, in that case the interface between
two regions would be a line that in principle could provide the electrons with a way to
escape the paradox, like in the case of 3D Topological insulators. In this section I show
that a genuinely 1D Dirac paradox can be realized with a Rashba NW in the presence
of the Zeeman splitting. As has been shown in chapter 3.1.3, a NW in the deep Rashba-
dominated regime (Ez < 2FEgo) exhibits massless helical states, whose helicity can be
controlled by the sign of the RSOC. However, as shown in Section 3.1.3, the low-energy
Physics of NWs actually involves both the massless helical modes near k ~ +2kso and
the massive modes near k ~ 0, which both enter in the low-energy electron field operator
Eq.(3.64). Remarkably, the NW low energy Hamiltonian (3.61) has precisely the same
structure as the Hamiltonians (4.32) and (4.33) of the massless+massive model describing
the bulk of the two sides of the Dirac paradox problem, upon identifying vgop — vp,
Ez — A and & — 0. Note that the sign s, of the RSOC in Eq. (3.61) determines the
sign of the velocity on each interface side. In the literature about low energy transport
properties in NWs, a uniform RSOC is typically assumed and the massive modes are
neglected, since they simply carry no current. However, as we have discussed above,
massive modes become important in inhomogeneous RSOC problems.

Let us revisit the “magnetic barrier” setup discussed in the previous chapter (see
Fig.3.15) and focus in particular on the case where the RSOC in the two outer regions is
equal in magnitude but opposite in sign. In a physically realistic setup, this two regions
are separated by a region with negligible RSOC, so that

+a >0 for x < —d/2 (region 1)
a(z) =<%0 for|x| < d/2 (region 2) (4.61)
—a <0 for x > +d/2 (region 3)

with a > 0. Furthermore we assume that the outer regions 1 and 3 are in deep Rashba-
dominated regime (2Ego > E7), while the internal regions 2 is obviously in the strongly
Zeeman dominated regime.

Following the discussion of the inhomogeneous NW in Sec.3.2, the matching condition
Eq.(3.90) can be written explicitly for the left interface at xy = —d/2 as

U(ag,t) = V(g 1)
A N 4.62
(008 —1 k:gocrg> U (xg,t) = 000,V (2], t) ( )
and for right interface at z; = d/2 as
W(ay.t) = U(af, 1)
N 4.63
000, W (27, t) = <005 +Zk5003>‘1’($1, t) (463)
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4.3 — Realization with spin-orbit nanowires

As we have seen in the Section 3.2.4 in general the transmission coefficient can be computed
numerically. However for the energy window |E| < Ez < 2Fgo one can use the low
energy model in order to find analytical results. Indeed using the low energy expression
for the field (3.64), the stationary field operator Ansatz can be written in each region as

< e2iks0r () + my ()
e2hsor( () 4y (x)

> r < —d/2

~ : 1 . - 1 . 5 1 ; 1
Up(z) = h—\/% ( ) ) etke.BT 4 97% ( ) > e thapT 4 dj‘% ( . ) efBET % ( . ) e Bt | < d/2

< e2FsOT () 4 my ()
e2hsoT( (1) + 1y (x)

> x>d/2
(4.64)

where hp, JE, dp and fE are mode operators and ko p = kz/1+ E/Ez, ko g = kz\/1 — E/E5.
This field operator can be used in matching conditions (4.62)-(4.63), which in turn can
be rewritten for the interface at zop = —d/2 as

e hs00Cy(~d/2) + i (~d/2) = Fiy(~d/2)
¥hs0dCy(~d/2) + i (~d/2) = Fp,(~d/2)

+ikso [e7 0l (—d/2) — in(—d/2)| = 0¥ pr(—d/2) (4.65)
ikso [er sty (—dj2) — iy(—d/2)| = 0, p(—d/2)
and for the interface r1 = +d/2 as
Wy (4/2) = =0 (4/2) + in(d/2)
iy (d/2) = H5509G,(/2) + 7, (/2 )
0:Vpt(d/2) = —ikso e~ oG (d/2) — i (d/2) '
0:Wpy(d/2) = +ikso |etiksod{ (d/2) — A (d/2)

To be consistent with the limit of low energy physics, we have neglected the derivatives
815 and 0,7 of the slowly varying fields with respect to the term proportional to kgo,
since they involve wavevectors |q| < kgo. The boundary conditions can be reformulated
in a matrix form as

GH(—d/2) h
Q(=d/2) | _v_ 9
= F ) V(—d/2) i (4.67)
n(—d/2) f
h Gid/2)
91 = Cu(d/2)
V(d/2) i Q /) , (4.68)
f u(d/2)
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with

e~ thsod 0 1 0
0 etksod 0 1
P = . 4.69
ksoe—zksod 0 _kSO 0 ) ( )
0 —kgoeiksod 0 kso
e~ tksod 0 1 0
0 ethsod () 1
_ } 4.70
Q _ksoefzksod 0 kSO O ( )
0 ksoelksod 0 —kso
and
e““?,Eff e_ik'ZE‘/E €K27EI e—.‘ig)E:E
1 eikg,Ex e—ikz,Ex _el2,BT — @ K2,ET
V(iz)=—= x| . ; . ; 4.71
( ) \/ﬁ Zszezkz,Ex _Zk27E€72k2,Ex KQ,EeKZQ.Em —/4327E67ﬁ2’Ex ( )

iko pet2BT  _jky peTtheBT g peR2ET g peTK2ET

The correspondence of the low energy fields in the outer regions can be found by rewriting
the boundary conditions Eq.(4.65)-(4.65) in a transfer matrix form (4.43)

|
S
\
S

(4.72)

A
A~ NN N
S
~—
[\
|
<
>_@>>@>Q>
NN TN N
|
QL
~
[\
S N N N

=
|
QL
~
V)

where Mg = Q7'V(d/2)V~1(—d/2)P is a transfer matrix that depend on energy E and
the length of the central region d through two dimensionless parameters kzd and kgod.

We consider for simplicity the middle of the gap, £ = 0, which turns out to be a
representative value for the entire low energy range |E| < Ez. Notably in the case of
deep Rashba dominated regime kzd < ksod, we can treat kzd as a small parameter,
while retaining a finite value for ksod. One can thus expand the transfer matrix Mg—g in
powers of kzd, up to O((kzd)?*) and find

ikSOd/Q A (1 - iksod/Q)eiksod B
A* —iksod/2 B* (1 + ikgod/2)e—iksod
MO ~
(14 ikgod/2)eksod -B —iksod/2 A+ 2idkso
-B* (1 — iksod/2)esod Ae%iksod iksod/2
(4.73)
where
—6 + kgod(ksod + 61) o,
A—i + kso ( soad + Z) e2zdkso(kzd)2 (474)
12kgod
(ksod)® +6 o 2
B = —i—————e"%kzd 4.75
T okgod ¢ (kzd) (4.75)
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4.3 — Realization with spin-orbit nanowires

Notably the entries that couple spin-1 to spin-| components are proportional to A, B
and therefore are of the order O((kzd)?). Thus, these terms can be neglected in the limit
kzd < 1 with respect to other entries, which order is O(1). Therefore the transfer matrix
can be approximated as

,L'ks2od 0 (1 _ iksgd)eiksod 0
_;ksod i ksod\ ,—iksod
Mo =~ k (21 ' ' e 19 d (L% )e
(1+ Z%)e—u’fsod 0 —ihsod 0
‘ksod\ iksod ‘ksod
0 (1 —i759%)etso 0 i50¢

(4.76)
One can immediately recognize the similarity between Eq.(4.76) and the transfer matrix
of the massless+massive Dirac model Eq.(4.50), discussed above. The correspondence
can be explicitly highlight by identifying 8y = —8; = ksod/2, x4 = —xy = ksod and
" =7 = v = v, = 0. In this way, whenever the central region can be considered
much shorter compared to the Zeeman wavelength Iy = k; characterising locally the
wavefunction therein, the transfer matrix My does not couple the spin components of
outer regions and becomes independent of the Zeeman energy E;. However it still couples
massless and massive modes and still depends on kgod. This parameter represents the
ratio between the crossover region length d and the spin-orbit length lgo = k:gé, and may
be finite because of the deep Rashba-dominated regime kz < kso.

Ty
1.0+ i

0.57 i

0.0 i

0 1 2 3 4 5 6 7 8 9 10
ksod

Figure 4.4: The transmission coefficient (4.77), plotted as a function of kgpd, covers the entire
range Ty € [0,1].

In analogy with the Eq.(4.56) one obtains the transmission coefficient related to the
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4 — The Dirac paradox and its realization with nanowires

transfer matrix (4.76) as
(ksod)?
(1+ (ksod/2)?)”

As a function of kgod, Ty varies over the full range Ty € [0,1], as shown in Fig.4.4. For
small values ksod < 1 the transmission is low, Ty ~ (ksod)?, whereas for finite values
of ksod we note from Fig.4.4 that T increases, and a perfect transmission Ty = 1 is
obtained for ksod = 2. Then, for large values of ksod the transmission decreases again
as Ty ~ 16/ (ksod)?.

D = , (4.77)

4.3.1 Transmission coeflficient in the case of InSb

Let us now consider the particular implementation of the Rashba NW with InSb, where the
effective electron mass is m* = 0.015m.. Two NW regions are coupled with two different
metallic gates, which induce opposite RSOC signs, and are separated by a crossover
region with length d = 100nm and with a negligible RSOC. The numerical results of
the conductance G /Gy at midgap (E = 0) is shown, in units of the conductance quantum
Go = e?/h, as a function of the spin-orbit energy Eso in Fig.4.4(a) Each solid lines
corresponds to a different value of the Zemman energy £;. The dashed curve corresponds
to the analytical solution (4.77) found in the low-energy limit, where external regions are
effectively described by the massless+massive Dirac model. In particular for Ego — 0 the
exact transmission coefficient tends to 1. This is because in this limit all three NW regions
are characterized by exactly same regime, i.e. Zeeman dominated regime. However, as
soon as spin orbit energy becomes sufficiently large to make the outer regions enter the
deep Rashba dominated regime (2Ego > E7) all the curves converge to the low-energy
limit Eq.(4.77), independently on the particular value of Zeeman energy. This is indeed a
hallmark of the Dirac paradox regime. As we have discussed, in this case the transmission
takes place even without the spin-flip processes at the interface by the mediation of the
massive modes localized at the interface. In Fig.4.4(b) we display the same plot, zoomed
to a realistic range of spin orbit energy values, i.e. up to Ego = 0.5meV. We fix the
maximum Zeeman energy to be Ez = 0.1meV, so that the Rashba dominated regime in
outer region can be reached. Again, as Fgo increases, all curves merge to the analytical
result obtained with the massless+massive model (dashed curve).

In conclusion, the 1D Dirac paradox configuration can be realized with a spin-orbit
NW that is suitably coupled to two gates, and its linear conductance G can be tuned over
a large range of values by modulating the spin orbit energy. This can be realistically done
via the gate voltage.
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G/Gy
1.0
E7 =0.1meV

050 I —— E;=0.05meV
— E7 =0.0lmeV
," — FE7z =0.005meV
"' ____ massless+massive
[ Dirac model
0 1 2 3 4 5 6 7 8 9 10

EgolmeV]
(b)
G/G,
1.0
E7; =0.1meV
0.5 — FE7 =0.05meV
— FE;=0.0lmeV
— FE; =0.005meV
i ____ massless+massive
/,/ Dirac model
004 ~
0.0 0.1 0.2 0.3 0.4 0.5

Eso[meV]

Figure 4.5: The Dirac paradox configuration realized with a InSb NW setup where two outer
gated regions are characterized by opposite RSOC and the central region has a width d = 100 nm.
The midgap conductance G, obtained from the numerically exact solution with the profile (4.61),
is plotted in units of the conductance quantum G as a function of the spin orbit energy, for

different values of the external magnetic field Ez (solid curves). At each value of Ez, when
the Rashba-dominated regime (2Es0 > E7) is reached, the various solid curves all tend to the
dashed curve describing the result Eq.(4.77), obtained in the low energy limit from the effective
massless+massive Dirac model. Panel (b) is a zoom of panel (a) in the regime of spin-orbit

values that are realistic with present gating techniques.
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Chapter 5

Conclusions

In this thesis I have investigated the coherent electron transport in a nanowire with spin-
orbit coupling. These systems are currently on the spotlight of Condensed matter physics,
in view of their technological versatility and their potential application in various research
areas, ranging from topological systems to quantum information and quantum engines.

In the first chapter I have reviewed the origin of the spin-orbit coupling from the Dirac
Equation, recalling its implications— on atomic physics and on solid state systems. I
have specifically discussed the Rashba spin-orbit coupling (RSOC), which arises from the
structural inversion asymmetry present in various semiconductor heterojunctions, includ-
ing nanowires (NWs) on a substrate.

In the second chapter I have revisited the main aspects of quantum mesoscopic physics,
i.e. the regime where quantum coherence of electron waves is preserved. I have briefly
reviewed the Scattering Matrix formalism developed by Landauer & Biittiker, which allows
to derive a general expression of the current through a mesoscopic system, relating the
conducting properties to its Scattering matrix.

I have then combined the ingredients presented in Chapters 1 and 2 to analyze the
coherent transport in a NW with RSOC exposed to an additional magnetic field applied
along the NW axis. The interplay between the Rashba and Zeeman terms is known to
imply non-trivial spin properties for the energy spectrum and the eigenstates of the NW.
Depending on the value of the spin-orbit energy Fso and the Zeeman splitting energy E,
two relevant regimes can be identified: The Zeeman dominated regime (Fso < 2E7) and
the Rashba dominated regime (2E; < Fgo), as shown in Fig.3.2. In particular, in the
latter regime the propagating states inside the magnetic gap (|E| < Ez) are helical, i.e.
they are characterized by spin-momentum locking, and are described by a massless Dirac
model.

While most theoretical approaches in the literature consider the NW as infinitely long
and with a homogeneous RSOC, in a realistic setup the NW has a finite length, it is con-
tacted to electrodes (reservoirs) and coupled to metallic gates, which enable one to locally
control the RSOC in different NW portions. In order to take these aspects into account, I
have adopted an inhomogeneous RSOC model that was recently used in the group of my
supervisor to predict equilibrium properties of a NW coupled to two metallic electrodes. 1
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have extended the application of this model to investigate the out of equilibrium transport
properties of the NW.

This original research work is illustrated in the second part of Chapter 3 and in Chap-
ter 4. In particular, in Chap.3.2, I have applied the Landauer-Biittiker formalism to
compute the conducting properties of a NW with a piecewise constant RSOC profile.
Specifically, I have combined my analytical calculations of the boundary matrix stemming
from the Heisenberg equation with a numerical code I have written in Python to determine
the Scattering matrix of the inhomogeneous NW. Thereby I could extract the NW con-
ductance and its dependence on the energy, the RSOC and magnetic field. This approach
is quite general and can be applied to analyze various configurations. For definiteness,
I have focussed on a few physically relevant cases. The results can be summarized as
follows:

1) Single Interface between two NW portions with different RSOC. In this case I have
pointed out that the transmission strongly depends on the relative sign of the RSOC in
the two regions. Specifically, for equal RSOC signs the transmission across the interface
is practically perfect, even when the two regions are in opposite regimes (e.g. Zeeman and
Rashba dominated) (see Fig.3.9(a)). This is due to the support of evanescent modes that
allow the wavefunction spin matching at the interface that the propagating modes alone
cannot guarantee. In contrast, when the RSOC takes opposite signs across the interface,
the conductance gets suppressed with increasing the spin-orbit energy (see Fig.3.9(b));

2) Finite length NW contacted to metallic leads. In this case the finite length of the
NW determines an inhomogeneity of the RSOC at the NW/lead contacts, and makes the
NW behave like a sort of spin-dependent Fabry-Pérot interferometer for electron waves
(see Fig.3.13). The conductance thus depends on the constructive/destructive interference
effects of the electron waves, determined by the ratio of the NW length to the electron
wavelength. In particular, when the NW length is comparable or longer than the spin-
orbit length, i.e. for strong RSOC, the transmission coefficients acquires a non monotonic
behavior (see Fig.3.14(b) and (c));

3) “Magnetic barrier configuration”, where two gated NW portions with different RSOC
are separated by a distance d of purely Zeeman coupling (see Fig.3.15). The behavior of
the conductance G significantly depends on the relative sign of the RSOC in the two
regions and on the distance between them.In particular, while for short separation one
recovers the results of the single interface problem, i.e. an almost perfect conductance for
equal RSOC and a conductance suppression for opposite RSOC signs (see Fig.3.16(a)), for
larger separation the electron spin has sufficient spatial room to re-adapt to the different
orientation imposed by the opposite RSOC sign, and the behaviour of the conductance is
energy dependent but almost identical in both cases of equal and opposite RSOC signs,
Fig.3.16(c).

Finally, in Chapter 4 I have investigated the Dirac paradox problem and its imple-
mentation with NWs. The paradox consists in the fact that, at the interface between
two massless Dirac models with opposite helicity, a transversally impinging electron can
seemingly neither be transmitted nor reflected, due to the locking between spin and mo-
mentum (see Fig.4.1). As compared to the higher dimensional cases previously analyzed
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in the literature, the paradox in one spatial dimension is more interesting, since electrons
cannot leak along the interface. Thus, in the first part of Chapter 4 I have discussed this
case on general grounds, analyzing various models for interfaces between Dirac states with
opposite helicity. I have first shown that models involving purely massless Dirac modes
lead to either no solution of the paradox (i.e. it is impossible to construct eigenstates in
the form of a scattering state), or to a trivial solution of the paradox (the interface directly
introduces spin-flip processes). Then, by introducing a model involving both massless and
massive Dirac modes (see Fig.4.2), I have shown that, despite direct spin-flip processes
at the interface are forbidden, one obtains a non-trivial solution of the Dirac paradox,
where properly defined scattering state solutions are possible. Indeed the transmission of
an incoming massless electron impinging with spin-1 into an outgoing electron with spin-|
is accomplished indirectly, assisted by massive modes that, despite carrying no current
for energies inside their gap, guarantee the spin component matching (see Fig.4.3). In
this way the transmission coefficient depends in general on three parameters and is thus
tunable from 0 to 1.

In the second part of Chapter 4, I have then shown that this model for the one-
dimensional Dirac paradox can be realized in NWs. Notably, while the Dirac paradox con-
figuration would be extremely hard to realize with the helical states of a two-dimensional
topological insulator, in NWs this is possible because the helicity of the helical states
emerging in a NW in the strong Rashba-dominated regime is determined by the sign
of the RSOC, which in turn can be controlled by suitable gates in two NW portions.
For definiteness, I have considered the physically realistic parameters for a InSb NW.
I computed numerically the exact transmission coefficient, which in general depends on
the spin-orbit energy Ego, the Zeeman energy E7 and the distance between the two re-
gions with opposite RSOC sign. However, as the spin-orbit energy increases and the NW
reaches the Rashba-dominated regime, the Dirac paradox configuration can be realized.
In this case the dependence on the Zeeman energy is lost and the transmission coefficient
only depends on the spin-orbit energy (solid curves of Fig.4.5) and perfectly agrees with
the result obtained from the massless+massive Dirac model introduced in the first part
of Chapter 4 (dashed curve of Fig.4.5). This result shows that, in contrast to the usual
low-energy model adopted in the literature for NW, which only involves massless helical
modes, in an inhomogenous configuration like the Dirac paradox the actual low-energy
properties are described by both massless and massive Dirac modes, near the NW Fermi
points k ~ +2kgp and k ~ 0, respectively. These results are described in a research article
that is currently under review: L. Gogin et. al “The Dirac paradoz in 1+1 dimensions
and its realization with spin-orbit coupled nanowires”, cond-mat arXiv:2109.07355
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Appendix A

Energy relabelling of
eigenfunctions

The eigenfunctions of the NW with homogeneous RSOC found in section 3.1 are labeled by
a wave vector. To treat the inhomogeneous RSOC case, the eigenfunctions are constructed
by matching the eigenfunctions of the various regions. However, in order to apply the
Scattering Matrix Formalism, we first need to re-express the eigenfunctions in terms of
energy, since this is the quantity that is preserved in the mesoscopic regime. In this
Appendix we provide some details about such relabelling.

Propagating modes

Vi (@) = Xn(k)e™ (A1)
where n = {1, 2} and energy dispersion relation is
Ei(k) =€) — \/E% + 4) Eso (A.2)
Ey(k) =€) ++/E% + 4¢)Eso (A.3)
with €) = gi{f and k € R. The spinor eigenvectors can be written as
o(k) . 0(k)
cos(—52) —sin(552)
k) = 2 k)= A4
v = ( i) ) =ik ) e
where
cos <t9(l<:)> _ 1+ cos(0(k)) (A5)
2 2
0(k 1-— 0(k
sin (”) = sgn(h,) cos(6(k)) (A.6)
2 2
and
egESO



A — Energy relabelling of eigenfunctions

Evanescent modes

These states can be obtained with mapping k£ — —ix and eigenfunction reads

Urn(@) = &n(K)e™ (A.8)

where n = {1,2} and energy dispersion

Eqi(k) = —€) =/ E} — 4elEso0 (A.9)
By (k) = —€2 +\/EZ — 42 Eso (A.10)
h2K?

with € = 5 and x € R. The spinor part of evanescent state may be written as

1 et arctan(sinh(0(k))) 1 —et arctan(sinh(0(k))) A1l
51(’%) - 5 1 §2(K’) - \ﬁ 1 ( : )

) €A Eso
h = | ——E = A12
s (8(6)) = sl 0 (A12)

As pointed out in the chapter 2, in order to investigate the conducting properties the
eigenfunctions should be labeled by energy. In this appendix we present the complete
discussion of the inversion of the dispersion relation for propagating as well as evanescent
modes

A.1 Propagating modes

First of all let us consider the propagating modes. The dispersion relation (A.2- A.3) can

be rewritten as
Ey(k) — 62 = —4/ E% + 4€gESO (A.13)
Ey(k) — €) = \/E% + 469 Eso (A.14)

Raising both side of equation above to the second power, one loose the track of the
correspondent band and for a given energy obtain

9 _2(E +2Es0)ed + B2 — E% =0 (A.15)
that, in turn, can be easily solved and wave vector can be expressed as function of energy

V2
ki (E) = hm\/ E +2Eso + \/4EEso +4E%o + F% (A.16)

with k+(E) € RT, however this condition is not true for all energy ranges and in order to
find the correct domain of validity one have to introduce the constrain for &k (E)

E +2Eso + \[AEEso + 4E%o + E% > 0 (A.17)
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A.1 - Propagating modes

Rashba regime Ez < 2Ego

Zeeman regime 2Fgo < Ey

E < —Eso (1+%)

E2
~Bso (1+ ) < B < —Ez

—E2<E<EZ
E>FEy

No real solutions
k‘i<E) eR

k+(E)eR
ki(E) eR

No real solutions

No real solutions
ky(E) e R
k‘i(E) eR

Table A.1: Real solutions of ki (FE) for each energy range in Rashba dominated and

Zeeman dominated regimes.

and for k_(F)

E +2Eso — \/4EEso + 4B} + E% > 0

the solutions of which can be found on the Table A.1
In this way the wave vector for each fixed energy have been found, however it is still

(A.18)

does not clear which spinor eigenvector should be used. The correspondence of the energy
band and wave vector can be found by substitution of a given wave vector k,(F) in the
the dispersion relation (A.2-A.3) and finding the combination of indices (n,m) such that

satisfy

the summary of the solution can be found in Table A.2

(A.19)

Rashba regime E; < 2Eso | Zeeman regime 2Esp < Ey
B B2 _ k+(E) belong to E4 .
Eso (1 + 74]3%0) <FE<—-FEyz k_(E) belong to Ey No real solutions
|E| < Ez ki (E) belong to Ey ki (E) belong to Ey
Eep k. (F) belong to E; k4 (E) belong to Ey
d k_(FE) belong to Fs k_(E) belong to Es
Table A.2: The real solutions of ki (E) and their corresponding energy bands

Once the expression of the wave vector in function of energy have been found, one
can use this results to express the spinor in term of energy ass well. Indeed taking the
absolute value of Eq.(A.13, A.14) one can find

\/Eg + 4Esoegn &) = ‘ZESO + 77\/ AEFEs, +4F2 + E% (A.20)
in this way Eq.(A.7) can be rewritten as
\/ Eso (E 1 92Eso + \/4EESO +AE2, + E%)
cos(f(xk,(F))) = £2sgn(a) (A.21)

2B + /4B E,, + 4E2, + E|

finally combining Eq.(A.21) with Eq.(A.5) one can obtain the expressions for COS(W)

9(ikn(E)))
2

and sin( reported in Egs.(3.77, 3.78), that in turn can be used for the spinors
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(3.76)

_ gin (2GR (E)

Ok ()
cos(* >> b e, ) (A.22)
2

Xl(ikn(E)) = < sin(w) X2(:i:k’n(E)) = ( COS(

In conclusion let us introduced the group velocity that in general is defined as

(k)= 2 m) = g (1o 2Es0 (A.23)
hok m 1/E% + 4€2E50

valk) = -2 By(k) = g 14 —2E50 (A.24)
hok m VE2 + 4 Ego

that with help of the Eq.(A.16, A.20) can be rewritten in term of energy

. ‘QESO n n\/4EEso +AE2 + E%’ — 92Eso
m* lop, + n\/4EEso +4E2 + E%‘

vi(ky(B)) = £k (E) (A.25)

B [2Bso + n\JABE,e +4E2, + B3| + 2Eg0
m* |ap, + NAEE, + 4E2, + B3|

va(ky (E)) = %k, (E) (A.26)

One can observe that if k, (F) € E; the numerator of Eq.(A.25) can always be simplified
as

‘QESO + \/ 4EEs, + 4E2 + E%| — 2Eso = \/ 4EFEs, +4F2 + E2 (A.27)

on the other hand, for £ < —E; (i.e. k_(E) € Ej), it can be shown that 2E,, —
\/ 4EEs, + 4E2, + E% > 0 and the numerator of Eq.(A.25) can be expressed as

2F,, — \/AEE,, +4E2 + E%2| — 2Eg0 = —\/4FEE,, + 4E2? + E2 A28
so Z so Z

Instead in the case E > Ey (i.e. k_(F) € E5) one finds 2E;, — \/4EESO +4E2 + EZ <0
and the numerator of Eq.(A.26) can be simplified as

‘QESO — \JAEE,, + 4E2, + E| + 2Eso = \/AEE,, + AE2, + E} (A.29)

In conclusion we can summarise the above results by introducing the group velocity as a
function of energy

Wey(E)  \AEEw +4E2, + E}
M 2By, + n\[ABE,, + 4E2, + E3|

px(E) = £sgn((E+Ez)(1—n)+(1+n)) (A.30)

the absolute value of which |v, +(E)| = v,(£) is given in Eq.(3.75).
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A.2 Evanescent modes

In analogy with the propagating modes the dipersion relation of evanescent modes (A.9,
A.10) can be inverted as well and wave vector can be expressed as function of energy

V2
ki (E) = hm\/—(E +2Es0) + \/4EE50 +AE2, + E2 (A.31)

with k1(E), k2(E) € RT and the correct domain is fixed with constrain for k. (F)

—(E +2Es0) + \/4EEso + 4B} + E% > 0 (A.32)

and for k_(E)

—(E +2Es0) — \/4EEso +4E%, + E} > 0 (A.33)

which solution are summarized in Table A.3

E; <2Es0 2Eso < By

E < —FEso (1 + %) No real solutions | No real solutions
—Eso (1 + %) < E < —E7 | No real solutions kt(E) €R
—FEz; < E<Ey ke(E) eR re(E)eR

E > FEy, No real solutions | No real solutions

Table A.3: Real solutions of k4 (F) for each energy range and Regime.

In this way have been found the wave vector for each energy range however it is not
straightforward to which energy band belong each wave vector. This correspondence can
be found analogously with the case of propagation modes, namely for a given x, must be
found a set of indices (n,m) such that satisfy

Eu(km(E)) = E (A.34)

Notably one find a subdivision of Zeeman dominated regime into 2 subranges namely weak
Zeeman dominated regime for 2F,, < E; < 4F,, and strong Zeeman dominated regime
for 4F,, < E, that can be found in Table A.4.
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E; <2Fs0 2FEso < Ez < 4FEgo
2
—Eso (1 + 4EE—§) < E < —Ez | Noreal solutions | x4(E) both belong to F4
SO
—Ez <E- 452?0 k+(F) belong to Es k+(F) belong to Fs
—4520 <E<Ey k+(FE) belong to E4 k+(FE) belong to F4
4FEs0 < By
—Fso (1 + %) < FE< —4;%0 k+(E) both belong to E;
o)
B B k+(E) belong to Ey
o < <Pz k—_(FE) belong to F;
—FE; < E< Ey k+(E) belong to Es

Table A.4: The real solutions of k4 (FE) and their corresponding spinor part of the wave-

function
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Appendix B

Current operator in the
presence of Rashba coupling.

As we have seen in Sec.3.1, in the case of Rashba nanowire the current operator turns
out to consist of 2 terms: the first one is the customary expression and can be called the
kinetic current (3.10), whereas the second term raises from spin orbit coupling

Jso = f%\iﬁ(x)az\i!(:z)) (B.1)

In this way the total current operator can be expressed in term of spectrum as
3= [ 4B (Jun(E) + JsolE)) (B2)

where in analogy with the field operator each term is expressed as piecewise function for
each energy range and involve the square product of corresponding field operator (3.92,
3.93, 3.94) and their complex conjugate[23]

(B)O(Ez — |E|) + I,

kin

(E)O(E — Ez) + J2

Jrin(E) = Ty (E)O(E; —E)  (B.3)

Jso(E) = JSo(E)O(E — Ez) + JS)(E)O(Ez — |E|) + JSy(E)O(E; — E)  (B.4)

For the sake of simplicity we consider the current only in the left lead and in the gap

energy range J,gi)l(E), éZO)(E)

Kinetic term. First of all let us to discuss the kinetic current contribution. Inside the
gap energy range current operator has relatively simple expression since there present only
one conducting channel

(2) ih ik (E)
o) P L
T E) = =5 e, (B)

X (ki (B))xa (kg (B))al payp— (B.5)

— X1 (ke (B)xa (=ke (E)D] ghip|  (B.6)
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observe that

Xi (Fkn(E))x1 (Ekn(E)) = 1 (B.7)
in this way the kinetic term can be simplified as
h  ky(E . o4 p
TN (B) = B 0} pare — b (B-8)

2m* whlvy ()|
SOC term. On the other hand the SOC term can be written

JOE) = - T (B))owxa (b4 (B))al pin ot (B.9)

S
h 2nhjvs(B)]

observe that

Xi (ki (B))ox(£k4 (E)) = + cos (0(ky.(E))) (B.10)
X1 (Fk+(E))oxa(£k (E)) =0 (B.11)

In this way the spin orbit term simplifies as

©) acos (0(k+(E))) . . o
JAE) = ———rn—r>—— 222 — b b B.12
s0(E) h o 2nhlve(B)] [al,Eal,E 1,E 1,.5] ( )

In conclusion the total current can be expressed

kiy (E) — ko cos (0(ky(E))) [AT . A ]

2 2
Tiin(B) + TS0 (B) = T oo (E) al pirp — b ph. (B.13)

with kg, = |a|m*/h?. Recalling that

vy (E) = k+(E)£ (1 - Akso ) (B.14)

m* E2Z + N2k2(E)
e (B
cos(A(k,(E))) = +(B) (B.15)
2+ \2k2(E)
the total current in side the gap can be expressed
1 R
TENE) + IR = 5 |al sine — 8] e (B.16)

It can be noticed that the current operator has exactly the form reported by Biittiker
in Eq.(2.65) in the presence of single channel[14, 16, 17]. Following a similar approach,
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one can also find the current contribution in the other energy ranges. In contrast to
the present case, however, due to the non orthogonality of the spinor components, the
kinetic and spin-orbit current terms alone result to be space dependent due to the mixed
terms lA)L g Gm, g that couple the injected and reflected modes of different channels[23].
Nevertheless summing both terms, off diagonal contributions drop out, and one obtains
the customary Landauer-Biittiker formula. The main difference with the energy range
within the gap is the presence of the an additional channel due to the spin degree of
freedom and therefore one can summarise the result as

N(E)

]

1 o S
[an,Ean,E - bL,EbThE} (B.17)

J(E) = —
(E) 2mh

with N(|E| < Ez) = 1 and N(|E| > Ez) = 2. In this way one can indeed take advantages
of results computed in previous chapter and compute the conducting properties with help
of the scattering matrix only.
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Appendix C

Details about the transfer
matrix.

In this appendix we provide details about boundary matrix M) (z;) from the Eq.(3.97)
of the single interface problem in the NW. The column of the transfer matrix are expected
to be 4-component vectors and are derived from the corresponding eigenfunction. I use
the simplified notation in order to represent aech column: as multiplication of a vector of
2 x 2 matrix which entries are identity matrix oy and A®(z) = zoy — isgn(a(i))kg)oaz in
this way a generic column reads

xpette
00 ike _ Xyt
A(ik) ) X¢ (ik — isgn(a(i))kg()))XTeikm

(ik + isgn(a(i))kg()))xiei“

From the discussion in previous chapter one can conclude that for each regimes must be
used different energies range according to which must be chosen eigenfunctions. However
in general can be identified in total 4 energies ranges nominated I), I1), I1I), IV). In
the case of Rashba dominated regime and Weak Zeeman regime this energy ranges are

2
I) — Eso (1 + E§ ) <E<—Ey (C.2)
1 _E<Ep- % (C.3)
I11) _ B < E< Ey (C.4)
IV) Ez<E (C.5)
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On the other hand for Strong Zeenman regime must be used

I) — Eso (1 + 4%0) <E< —4%0 (C.6)
1) 4E20 <E<-Ey (C.7)
1) —E;<E<Ey (C.8)
IV) Ey;<E (C.9)
Ez <2Es0 QESO < By <4Eg0 4Eso < Ey
D (g e (0 )t D( ai, et
o |2 Cactiny Juteaes o (L0 Jaesaess | a0 Jares
9 (aghy )t (0 )ats 3 (a0 ) aatee s
9 iy Jeiae | 9 (Ll )51("“)@“ I TR L
D (agry Jutoess 0 () putaesr (00 ) e
m 2 () Dtk L2 (4 7 ket |2 (40 Y e(orge
a(eey Yot (e Yoo | () oo
0 (o |0 (4 Jacme | (40 )t
D (g St 0y Putaers (0 Datens
" 2 (4 Ty Jatkae e 2 (7 ket |2 (% alkae e
9 atey >§2(“+)ew 9 ( age) )52(“*>W 9 aey )t
0 (alhy om0 (40 Jacmes Jo( 40 )atner:
D aghy Jutoet 0 () Jatkaet (4@ )atoes
" 2 (g By Dtk L2 (4 7 ket [ 2 () (ke
9 agy )t 19 (4@ Dt (@) D
4)< ACik) )XQ(fk‘)efiM 5 < Ak ) )XQ(*k—)ef“”” 4) < ATk )m(fk_)eﬂk—r

Table C.1: All the column of the transfer matrix (M )(z ))

where the number in each

cell is the column number m and the energy ranges 1), II), IH) IV) are given by equations
(C.2-C.5) for Rashba dominated regime and weak Zemman regime and by equation (C.6-

C.9) for Strong Zeeman regime
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