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ABSTRACT

When otherwise non-superconducting materials are placed in close proximity to a superconductor,
superconducting correlations can leak through their shared boundary. This phenomenon is
known as the proximity effect and when two materials are placed adjacent to each other in this
way it can lead to new physics not seen in either material on their own. The study of these
heterogenic mesoscopic structures offer great opportunities for fundamental as well as applied
research in various fields in physics, including quantum computation, spintronics, interferometry
and superconductivity. Still, much remains unknown and many problems remains unsolved.
This thesis tackles two such problems. The first is regarding the formation of superconducting
vortices in pure triplet-spin odd-frequency superconducting condensates and the latter is about
the formation of vortex loops in superconducting systems.

Quantized vortices can form when ordinary superconductors are exposed to a magnetic
field. This is a basic characteristic of superconductivity, but little is known about if and how
vortices appear in odd-frequency superconductors. Odd-frequency superconductivity has never
been observed to arise spontaneously in a material, but purely odd-frequency superconducting
correlations do in fact occur in diffusive fully-polarized ferromagnets when they are placed in
proximity to conventional superconductors. In this thesis I study such systems and find that
superconducting vortices can also form in purely odd-frequency triplet-spin superconducting
condensates. I find that, compared to vortices in normal proximity systems, the vortices in
half-metals exhibit extra dynamics. This finding can possibly be used to determine interfacial
magnetization angles which are difficult to find directly.

In certain situations these quantized vortices are believed to form closed loops. These
superconducting vortex loops have so far avoided experimental detection despite being the focus
of much theoretical work. In the second part of this thesis I propose a system which host
controllable superconducting vortex loops. Because the size of the loops in this system can be
controlled and be made arbitrary large, they can be tuned so as to hit the surface. This makes
them directly detectable through the method of scanning tunneling microscopy, a method which
has already been used successfully to observe superconducting vortices. The findings in this thesis
also suggest that vortex loops in systems which are less obviously controllable but more easy to
create experimentally can be controlled in a similar fashion.

The findings presented in this thesis has yielded two submissions to the journal Physical
Review Letters. Preprints are attached in the appendix.
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SAMMENDRAG

Selv vanligvis ikke-superledende materialer kan oppfere seg superledende dersom de blir plassert
inntil en superleder. Dette fenometet kalles the proximity effect pa engelsk, og nar to materialer
plasseres inntil hverandre pa denne méten kan det oppsta ny fysikk som ikke finnes i materialene
hver for seg. Studien av slike heterogene mesoskopiske strukturer tilbyr gode muligheter, bade for
grunnleggende og anvendt forskning innen mange ulike felt innen fysikk, slik som kvantedata-
maskiner, spinntronikk, interferometri og superledning. Likevel er det fortsatt mye som ukjent,
og mange problemer er fortsatt ulgste. Denne oppgaven tar for seg to slike problemer. Den fgrste
handler om dannelsen av superledende vortekser i superledende kondensater som er odd-frekvens
og triplett-spinn. Den andre dreier seg om dannelsen av lukkede vortekslgkker i superledende
systemer.

Kvantiserte vortekser kan dannes nar vanlige superledere eksponeres for et magnetfelt. Dette
er et grunnleggende kjennetegn ved superledning, men likevel er lite kjent om hvis og hvordan
vortekser kan oppsta i odd-frekvens superledere. Oddfrekvens superledning har aldri blitt observert
& oppsta i et materiale spontant, men rene odd-frekvente superledende korrelasjoner kan oppsta i
diffusive fullpolariserte ferromagneter dersom de plasseres i naerheten av konvensjonelle superledere.
I denne oppgaven studerer jeg slike systemer og finner at superledende vortekser ogsa kan danne
seg i rene odd-frekvens triplett-spinn superledende kondensater. Jeg finner at vorteksene i
halvmetaller har ekstra dynamikk sammenlignet med vorteksene i normale proksimitetssystemer.
Denne dynamikken kan brukes til & avgjgre magnetiseringsvinkler ved grensesjikt som ellers kan
veere vanskelig a male.

I visse tilfeller antas det at kvantiserte vortkeser kan danne lukkede lgkker. Disse superledende
vortekslgkkene har veert fokus i mye teoretisk arbeid, men hittil har man ikke klart & detektere
dem eksperimentelt. I den andre delen av denne oppgaven studerer jeg et system som jeg viser at
gir vortekslgkker med stgrrelser som enkelt kan kontrolleres. Disse vorteks-lgkkene kan gjgres
vilkarlig store, og kan dermed justeres sa de treffer overflaten. Dette betyr at de kan bli observert
direkte, ettersom skanning-tunnelering-mikroskop allerede har blitt brukt til & se superledende
vortekser pa overflaten av proksimitetssystemer. Resultatene i denne oppgaven antyder ogsa at
man kan kontrollere vorteksslgkker i andre systemer som er det ikke er like &penbart at man kan
kontrollere, men som det er enklere & lage eksperimentelt.

Funnene som presenteres i denne oppgaven har gitt to innsendinger til tidsskriftet Physical
Review Letters. Disse ligger vedlagt.
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CHAPTER

|
I INTRODUCTION

% The interface is the device 99
HERBERT KROEMER, 2000

One important realization which has been essential to much of the technological progress in the
last 50 years is that combining materials with different properties allows for novel phenomena not
seen in the materials separately. This is the key idea behind the transistor, a device for which the
importance can hardly be overstated. It is not the P-doped or N-doped semiconductors themselves
which are important in a transistor, but rather the interface, where the interplay between the
different structures creates a depletion layer. This led Nobel Laureate Herbert Kroemer to coin
the famous phrase introducing this chapter.

Although Kroemer was referring to semiconductors, the same remains true for other mate-
rials. Combining materials with different types of quantum order are showing promise for new
applications and a deeper understanding of how the universe works on the length scales of atoms.
For example, combining semiconductors and superconductors are exciting interest in the field
of quantum computers |1, 2| for being a promising platform for realizing the anyons needed for
topological quantum computers [3]. Another example is systems combining ferromagnetism and
superconductivity, where it is possible to generate Cooper pairs that are, in contrast to conven-
tional Cooper pairs, spin-polarized. The interplay between ferromagnetism and superconductivity
has become the basis for the field of superconducting spintronics [|4], which has as one of its goals
to enable new types of devices utilizing spin-polarized supercurrents [5].

Cooper pair is the name given to a pair of correlated electrons as described by the famous
BCS-theory [6]. Although these correlations originate in superconductors, they can leak through
interfaces to other materials. This leakage of Cooper pairs results in signs of weak superconductivity
being observed in the neighboring material; a phenomenon known as the proximity effect. The
microscopic origin of this effect is known as Andreev reflection |7, 8. Such proximity systems
provide a versatile and rich way of exploring new fundamental physics. One example of this
is in heterogenic structures with superconductors and fully polarized (half-metallic) diffusive
ferromagnets. Interestingly, the proximity of a conventional superconductor induces Cooper pair
correlations even in a half-metallic ferromagnets. The astonishing part about this statement is
that the spin-singlet Cooper pairs which occur in conventional superconductors are impossible in
half-metals. The Cooper pairs in half-metals must be spin-triplets because only one spin band
is conducting. Moreover, if the half-metal is diffusive, the Pauli exclusion principle states that
a temporal interchange of the correlated electrons must give a minus sign to the overal wave
function. When the superconducting condensate is correlated in this unusual manner in time it is
known as odd-frequency superconductivity |9]. For the proximity effect to occur in a half-metal,
there must be a mechanism at the interface which converts the spin-singlet Cooper pairs in the
superconductor to fully polarized spin-triplets which are odd in time.

While fully polarized odd-frequency superconducting states are not known to arise spon-
taneously in a material, it can be induced in a half-metal (H) when placed in proximity to a
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conventional superconductor (S). A possible way to study this exotic state of matter is therefore
provided by SH-heterostructures. One hitherto unsolved problem regarding odd-frequency super-
conductivity is whether superconducting quantum vortices can occur. This problem is addressed
in this thesis and in the accompanying paper which has been submitted to Physical Review
Letters (see appendix [A)).

Vortices are a type of topological defect, also known as a topological excitation. Topology is
the study of properties which are preserved under continuous deformation, and topological defects
have the defining property of being homotopically distinct from a uniform or trivial solution,
meaning that there is no continuous mapping which can transform a topological defect into a
uniform field. Many key properties are defined by topological defects. Dislocations in solids are
important for the hardness of solids, domain walls in ferroics are important for their electric
and magnetic properties and holds promise for nanoelectronics and spintronics applications |10}
11] and cosmological defects such as cosmic strings, textures, domain walls and monopoles are
important for understanding the evolution of the early universe [12].

The topological defects in superconductors are superconducting vortices, which are lines
of quantizes magnetic flux. These lines have non-superconducting cores and a phase-winding
of an integer multiple of 27 in the superconducting order parameter, leading to circulating
supercurrents [13|. In addition to being interesting from a fundamental physics point of view,
understanding the behaviour of vortices is useful on a practical level. Their motion is a source
of non-zero electrical resistance [14], so being able to create structures which discourage vortex
formation or vortex movement is important for high performance superconductors. More recently
it has been proposed that superconducting vortices can be used as a means for long-range spin
transport |15] because their topological nature makes them stable against perturbations.

One natural question regarding superconducting vortices is whether they can form closed loops.
It is allowed topologically, and theoretically they have been predicted to form around strong
magnetic inclusions inside superconductors |16] and through vortex cutting and recombination |17,
18]. Nevertheless, no observation of vortex loops in superconducting systems has been found to
date. This is possibly because they are typically small in conventional superconductors, about the
size of the superconducting coherence length, and difficult to stabilize for an extended period of
time [19]. In the second part of this thesis we will see how controllable and easily detectable vortex
loops can be created in a SNS-junction with an inhomogeneous magnetic field. This work too
resulted in a submission to Physical Review Letters which is also attached here. See appendix [B]

1.1 Structure

Chapter [2] introduces the quasiclassical theory and numerical methods needed for both the
analytics and numerics presented in chapters 3] and [l Chapter [3] treats SHS-junctions with
applied magnetic fields. A linearized version of the resulting equations are solved analytically
and the full non-linear equations are solved numerically. Chapter [] gives a similar treatment to a
SNS-junction with an additional wire which gives rise to controllable vortex loops. The papers
which resulted from these chapters are given in appendices [A] and [B] respectively. Finally, some
concluding remarks is given in chapter

1.2 Conventions

Natural units will be used throughout the work presented here, meaning that c =h = kg =1,
where c is the speed of light, A is the reduced Planck constant and kp is the Boltzmann constant.
In addition, e = —|e| is the electron charge. The imaginary unit is ¢ and complex conjugation
is denoted (a + ib)* = a — ib. The real part of a complex number is denoted by R, and the
imaginary part is denoted by &. That is, if z = a + ib, then R{z} = a and I{z} = b.
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The Pauli matrices are the traceless 2 x 2 Hermitian matrices, namely

L ) R o

and we will also use the 4 x 4 version of the third Pauli matrix,

10 0 0

- lo1 0 o

PP~ 1o 0 -1 o (1.2)
00 0 -1

In this work we will operate with square matrices of size 2, 4 and 8, and for notational
convenience we will use the following convention to interpret equations involving multiple types
of matrices. When two matrices of different sizes are combined in a binary operation, the
dimensionality of the matrix with the smaller dimension is extended through the tensor product
of an appropriate identity matrix. For instance, if A is a scalar, B is a 2 x 2 matrix and C is a
4 x 4 matrix, then

A 0 0 O Bii B2 0 0 Ci1 Ci2 Ciz3 Cuy
|0 A 0 O By1 By 0 0 Co1 Coy Caz Cyy

A+ BC = 00 A4 0| o0 0 B B2 C31 C3p Cs3 Csy|° (13)
0 0 0 A 0 0 DByi Ba Cyn Cio Cuz Cyy

Note that with this convention there is no difference between scalars and 1 x 1 matrices.

In order to distinguish matrices of different sizes, hats (fl) indicate that the matrix is 4 x 4
and checks (A) indicate that the matrix is 8 x 8. Bold letters is used for vectors (u). The elements
of vectors can itself be matrices.

The commutation between two quantities A and B is written
[A, Bl = AB — BA, (1.4)

and anticommutation is written

{A, B} = AB + BA, (1.5)

where = is to be read “is equivalent to”. The symbol := is used to mean “is defined as”. The
transpose of a matrix A is written AT and the adjoint, or Hermitian conjugate, is written
At = (AT)"

The absolute value or modulus of a real of complex number a is |a| = Va*a and when applied
to vectors it is interpreted as the [2-norm,

u| = ‘/Z Jui]?, (1.6)

where the sum runs over the elements of w = (uy,...,u;, ..., u,)7. Integration limits are, unless

otherwise specified, the entire domain over which the variables being integrated over are defined.

For instance, integration over ¢ are always from —oo to oo if other integration limits are not given.
Finally,

if z <0,

ifz =0, (1.7)

if x >0,

0(x) =

= o= O

is the Heaviside step function, d is the delta distribution, defined by
(1) = [ 8 f(@)dz = £(0) (18)

3
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for all functions f, and e, is the unit vector in the direction of w. Note that the distributional
derivative of the Heaviside step function is the delta distribution,

0 = [ 0@ f@)de =~ [ 6)f (@) do = - / T f@)de = f0) = 6(F). (19)



CHAPTER

2
I METHODOLOGY

Although a variety of theoretical techniques have been used to describe proximity-
coupled systems, the quasiclassical theory of superconductivity has proved to
be a remarkably powerful tool in understanding the microscopic basis for the
remarkable effects observed in these systems. 99

VENKAT CHANDRASEKHAR, 2004

The framework used to investigate the physical systems used in this work is the quasiclassical
Green’s function approach. In this chapter I first summarize the relevant theory and how it
can be used to investigate proximity systems. The relevant equations will not be solvable in
the general case, and so when it comes to analytical solutions we must content ourselves with
approximate solutions only valid in certain limits. To show that features such as vortices which
are present in the approximate solutions also exist in the solutions to the full non-linear equations,
I will also solve the equations numerically. This will require a range of numerical algorithms and
mathematical theory which will also be introduced in this chapter.

2.1 Green’s functions

The use of Green’s functions has become a powerful technique to describe microscopic and
mesoscopic systems both in and out of equilibrium. See for instance the textbook by Rammer [20].
Green’s functions are correlation functions, and from them one can extract a range of physical
observables such as charge currents, spin currents and local density of states. One method of
finding these Green’s functions is known as the equation of motion technique [21]. The idea is to
find a closed set of differential equations the Green’s functions must satisfy. Such equations will
be given in section In this section I define the Green’s function which will be used here.
First, define the Nambu bispinors

¥t
by
b= il oh= (vl o] v w), (2.1)
¥
where the field operators 9, (r,t) and @Z)J;(r,t) respectively destroys and creates a particle at

position 7 and time ¢. The retarded, advanced and Keldysh Green’s functions are then respectively
defined as

G (r1, b1, 79, b2) = —ips <{w(r1,t1), w(r2,t2)}> Ot — t2), (2.2a)
GA(r1,t1, 7o, b)) == +ips <{¢(r1,t1) , w(m,tg)}> Oty — t1), (2.2b)
G (11, b1, 72, b)) = —ifs < [1/}(1“1, 1), Wt (s, @)D , (2.2¢)
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where 6 is the Heaviside step function and commutation and anticommutation are defined in
Nambu space as

[aa 6] =af - (BTO‘T)Tv {Oé, B} =af+ (BTaT)T ) (2'3)

These 4 x 4 matrices are then combined to give a 8 X 8 matrix of Greens functions,

SN (ciael
G < ! éA) . (2.4)

Finally, define the quasiclassical Green’s function,
y i <
IR Tpr.) =" [ GRTpo) (2.

where &, = |p|?/2m — p, p is the chemical potential,

G(R,T,p,c) = / dB3rdt G(R, T, r,t)ePT et (2.6)

r =11 — 719 and t = t; — ty are the relative coordinates and R = (71 +7r2)/2 and T = (¢t1 + t2)/2
are the center of mass coordinates.

2.2 Quasiclassical Theory

The underlying assumption needed to treat the system quasiclassically is that the Fermi wavelength
is much shorter than all other relevant length scales. If in addition the system is diffusive, meaning
that the scattering time is small, the isotropic part of the quasiclassical Green’s function dominates
and in equilibrium it solves the Usadel equation |20, 22-24],

DYV - (39g) +i [aﬁg +A, g} —0. (2.7)

Here, D is a diffusion constant, A= antidiag(+A, —A, +A*, —A*) where A is the superconducting
gap parameter, the covariant derivative is

~

V§=Vg—ie [A, g} ) A = Aps, (2.8)

where A is the vector potential, and

. gR QK
= i 2.9
g < 0 gA) (29)
is the spherically symmetric part of the quasiclassical impurity-averaged Green’s function, which

satisfies the normalization condition
gg =1. (2.10)

The derivation of eq. (2.7) comes in section m
In equilibrium, the components of the 8 x 8 Green’s function in eq. (2.4]) are related by the
identities [20|

B

§* = (3" — §") tanh < :

> and g = —psg™ps, (2.11)

which means that it is in general sufficient to solve for the retarded component g% when the
system is in equilibrium. In this thesis I will assume equilibrium.
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The quasiclassical formalism is not applicable across boundaries because the associated length
scale is too short. Equation must therefore be solved in different materials separately, and
the solutions must be connected through boundary conditions. These boundary are obtained
by solving the full microscopic equations at the boundaries and then connecting them to the
quasiclassical Green’s functions 25|, and can be written

GiLien - (9;V§}) = I (959%) (2.12)
where e, is the outward-pointing normal vector for region ¢, G; is the bulk conductance of material

i and L; is the length of material ¢ in the direction of e,,. I (QZR, g;‘) is the matrix current from

material ¢ to material j. The form of I will depend on what kind of boundary is being considered
and will be different in chapters [3| and

The Usadel equation can be made dimensionless by introducing the Thouless energy,
D
=
where L some length scale and D is a diffusion constant. 7 can be interpreted as the time it takes
for a diffusive system with diffusivity constant D to diffuse over the length scale L. To see why,
note that e, is also the constant which makes the normal diffusion equation dimensionless [26].
Doing the substitutions V. — LV, A — LA, ¢ — ¢/er and A — A/er renders all the quantities
in the Usadel equation dimensionless.

In general, the Usadel equation has to be solved together with the Maxwell equation,

V x B = uoj, (214)

Er (2.13)

in a self-consistent manner. However, we are here interested in the case where the junctions are
smaller than the Josephson penetration depth

h
N = S 2.1
17\ 2upcsed’ (2.15)

where j. is the critical current per unit area and
d=L+ X+ X (2.16)

is the effective length of the junction where L is the length of the junction and Ay and A are the
London penetration depths in the superconductors. In eq. it is assumed that the lengths of
the superconductors are large compared to their penetration depths. When the junction is small
compared to the Josephson penetration depths, we can ignore the screening of the magnetic field
by the Josephson currents and the field is equal to the external one |27].

2.2.1 Derivation of the Usadel Equation
The starting point of this derivation is the Green’s function G defined in eq. (2.2) and eq. (2.4).

In order to write down an equation of motion for G, we will use the fact that in the Heisenberg
picture the field operators satisfy the Heisenberg equation [21]

Iy
ot

Assume that the Hamiltonian can be written as a sum of terms consisting of two field operators,

— i [H, ). (2.17)

- [ dgrg{w2<r> 2 (i = A+ o (1) ()

2m

+3 %a«rw;(rwi,(r)+v:,0<r>wa<r>wa,<r>}}. (218
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Using that the field operators satisfy the anticommutation relations

{¥o(r,t), Yo (v, 1)} =0, (2.19a)

{%(n £), ot (1 t)} = §pord (1 — 1), (2.19b)

{ws'trt). vol (' 1)} =0, (2.19¢)

we see that we may choose V,0/ (1) = =757 (7). Additionally, because H is Hermitian, hy,q (1) =

R, (7).
[oanen
To calculate the commutator needed in the Heisenberg equation we first define the part of H
which involve differentiation,

Ho = [ 40 5 vl r)(~i9, — eA(r) o (r). (2:20)
Using the fact that

[AB, C|=A{B,C}—-{A,C} B, (2.21)
I get that

[Ho, Yo(r)] = 53 / & |0l () {(=iV — cA() 00 (), s (1))}

=0

- {TZJ,L (’r‘l)v wa(r)}(_ivr’ - eA(’I"/))21[)a/(’I“/)] = _%(_ivr - EA(T))QQJJU(T)’ (2'22)

=06,1,0(r"—1)

where the first anticommutator is 0 because differentiation with respect to ' commutes with ¢, ()
and can therefore be pulled outside the anticommutator. From the linearity of the commutator,
therefore,
1 ,
(1, o(1)] = =5 —(~iV = cA(r) P (1)

3
+ Z,/ r'{hglg“(’r’) (wl/(’r’) {wml(r’) , wa(r)} _ {wl/(’l"/) : ¢o(’l“)} " (T’))

=0

=0,1,0(r'—7)

1
2

Yoo (1) (wl,<r’> {wh, ), o) = {ub. (), ()} wiwr’))

=01 ,0(r'—7) =0,1,0(r'—7)

Voo (T7) (%/(r') {vor (), Yo (r)} — {10 (r') , P (r) } ?/JU(T‘))] } =

=0 =0

_ Z {6207;/ (—iVr — €A(1))*Pgr (1) + hoo (1) (1) — ’yagf(r)wl,(r)} . (2.23)

Using the fact that
] T
[A, BT} _ (ABT _ BTA> - (BAT _ ATB) _ —([AT, BD , (2.24)
and that the Hamiltonian is Hermitian, I get[]

[, )] = {52 i+ A r) 4 (110, (1) = i ) | (225)

2m

L Another way to achieve this would be to calculate it in the same manner as for ¢ above. If this is the preferred
way to proceed one must be careful with the Dirac delta functions arising from the anticommutations. One must
use partial integration in order to make them go outside the differentiation.

8
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Defining the matrix

hyphyy 00 oy

g | o o w0
0 =g o
= 0 hp hy

(—iVy — eA)? 0 0 0
1 0 (—iVy —eA)? 0 0
T om 0 0 (—iV, + cA)? 0 » (2:26)
0 0 0 (—iVy +eA)?
the time evolution of the bisponors defined in eq. may be written
1532 Z 0 i i
ips 0 t) = H(r)i(r,0), i (rt)ps = =¢! (r, ) H' (7). (2.27)

Differentiating the retarded Greens functions (2.2a), using the product rule and the fact that
the derivative of the Heaviside step function is the Dirac delta functionﬂ

5D st 1) = i s (a0t — s ({wtr 1), (1))

=5(t—1) <{w( ), ¥i(r', 1) }> —if(t —')ps <{i§5ﬁ3¢(7’7t), IZJT(T'J/)}>

=6t —t)o(r —v') + psHpsGR(r,t, 7' 1)), (2.28)

where in the last equality the anitcommutation relations between the field operators at
equal times was used. Further, the linearity of the expectation value was used to extract H from
the expectation value. The time evolution of the advanced and the Keldysh Green’s functions
can be evaluated in the same manner, and the time evolution of the full 8 x 8 Green’s function
matrix reads

( gtp3 - H) G(r,t,r',t) =6t —t")o(r — '), (2.29)
where _
. psHps 0 )
H = I I 2.30
( 0 psHps (2.30)

Equation (2.29) is known as the Gor’kov’s equation |28] 29|.
Similarly, one may differentiate the Green’s functions with respect to the other time variable,
', in which a similar calculation yieldsE|

T
G(r,t, r’,t')( 8875’p3 — p3H(")p > =§(t—t)s(r —1'), (2.31)

where the time differentiation and H acts to the left. Subtracting eq. (2.31)) from eq. (2.29) gives

< c‘?tp?’ — ﬁ(ﬁ) G(r,t, 7' t) — G(r,t,r',t/)( aa,ps — p3H(r")p )T =0. (2.32)

2While the step function is not differentiable when interpreted as a function, it is differentiable in the
distributional sense. The distributional derivative of the step distribution is indeed the Dirac delta distribution |26]
See section
3 N . ’T . . .
Note that the p3 in the expression for H in eq. (2.29) came from the fact that the Hamiltonian was extracted
to the left and had to be moved past a p3 in eq. (2.28). This does not happen in eq. (2.31)) because the Hamiltonian
is extracted to the right.
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Note that the effect of p3 in eq. (2.30) is to change the sign of the upper right and lower left
2 x 2 block of H, and that this is undone by taking the adjoint. Therefore, if we define

- (Hy 0
Hb_.<0 E%)’ (2.33a)
H; = H — H,, (2.33b)
where !
fh:zzig(—ivr——eAﬁgz, (2.34)

we may write eq. (2.35) as

0. RN % I
(53— o)) Gt = Gt (i1 — i)
— Hi(r)G(r,t,r',t) + G(r,t,7 ) H(r") = 0. (2.35)

Next, it will be useful to introduce the notation of the bullet product[Y
Ae B(’Pl, t1, T2, tg) = /d3T3 dt3 A(rl, t1,T3, tg)B(’r'g, t3, T2, tg) (236)

Finally, instead of looking at the Green’s function for a particular system, we are interested in
the impurity averaged Green’s function. In the self-consistent Born approximation the impurity
averaged Green’s function can be found by using the self energy [30]

5 = Simp + 5, (2.37)
where ¥, is the impurity averaged self energy resulting from the impurity potentials and

E(Tl,tl,’l’g,tQ) = 5(7’1 — Tg)é(tl — tQ)H[(’I“l), (2.38)

such that the Gor’kov equations can be written

0. 5 - N R f
i=—p3 — Ho(r1) | G(r1,t1, 72, t2) — G(r1,t1, 72, t2) | i—p3 — Ho(r2)
8t1 8752
— (i ° G)(’l"l,tl,’r’g,tg) + (G’O i)(’l"l,tl,’l"g,tg) =0. (239)

The next step is to go to the Wigner representation, in which we Fourier transform the relative
coordinates.

Wigner Representation
First, define the relative coordinates,
t = tl - tQ, T=7T1 —T9, (2.40)

and the center of mass coordinates,

i+t R_T1+?“2

T ;
2 2

(2.41)

4 In the literature the bullet product is sometimes known as a convolution, although the definition is slightly
different from the standard definition of a convolution product. However, if A and B depend only on the difference
between their two parameters, eq. can be rewritten [dzsA(z1 — 2 — z3)B(xs) = (A * B)(z1 — x2), where x
is the standard convolution product.

10
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If we denote which variable we differentiate with respect to by a subscript, we can rewrite the
differential operators in eq. (2.39) in terms of the relative and center of mass coordinates,

o 9 10

= o 2.42
ot ot 20T (2.422)
0 o 10
- - 4 = 2.42
oty ot 20T (2.42b)
1
Ve =V + §VR (2.42¢)
1
Ve, ==V + §VR (2.42d)
1 2 1 2
Vi, - Vi, = (vr + 2VR> - (—v,, + 2VR) =2V, Vg (2.42€)
With this, the part of eq. |' containing Hy becomes
1\ - . i 1
— Hy R+2 G(R,T,r,t)+ G(R,T,r t)H] R—§r
1 - 1 A 1 - - A 1
- LS, VaG(R T - <A (R ; 27“) (Ve GR.T,r,0)] — [VoG(R, T, 1) - A (R - 2T)>
7 " 1 - 1
~ i (A <R+2r) [VRG(R,T,r,t)] + [VRG(R,T,7,t)] - A(R2r>>
) - 1 « - " 1
i 1 . N 1
- RVR <A <R + 2T> G(R, T, T, t) + G(R, T, T, t)A (R - 27’))
L (A2 (r+ir G(R,T,r,t) - G(R,T,r,t)A’ (R L, (2.43)
2m 2 ) ) ) 2 )

where A = epsA, and the part containing time differentiation becomes

.0 . 0 il 0 0
za—tlng(R, T,r,t) +Za—2G(R JTyr t)ps = [ 8TG(R T,r,t)+ afG(R T,r t)p3:|
.0 - 0 - X
+ |:p38tG(R7 T,’I‘,t) - EG(Ra T,T,t)p3:| (244)

To get the Wigner representation, we Fourier transform in the relative coordinates,
F{ANR,T,p,¢) = / Brdte P AR, T, 7, t). (2.45)

Assuming A and B can be Taylor expanded, one can show that the Fourier transform in the
relative coordinates of a bullet product is given by [30]

F{AeB}= / drdte”PT= (4 ¢ B)(R,T,r,t)
— exp (-5 498 1 ;a;‘aff) exp(;vgvf - ;v3v§>A<R, T,p,e)B(R,T,p,¢), (2.46)

where the superscripts denote which function the differential operators acts on. To lowest order
in gradients, Fourier transforming a bullet product therefore results in

F{Ae B}~ F{AR,T,r,t)F{B(R,T,r,t)} = A(R,T,p,c)B(R,T, p,¢). (2.47)

11
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The explanation for why keeping only the zeroth order in the gradient expansion (2.46) is
reasonable will come when we discuss the quasiclassical approximation below. Note that

A (R + ;7’> G(R, T, t) = [A (R + ;r> (5(r)(5(t)] « (R, T,7.1) (2.48)

and )
F {A <R+ 2r> 5(r)5(t)} —A(R). (2.49)
With eq. 1} and assuming G independent of T, we may write the Gorkov’s equation in

the Wigner representation as

“p- (VRG(R.p.c) —i [A(R), G(R,p,)] )

(R
|:71nA (R) (R D, e ) 5,537 G(R¢p75):|

o (VR{AR), G(R.po) )+ {A(R), VRG(R.p.)}) =0. (250)
Defining the covariant derivative,
@G’(R’pu 8) = VRG(R,I), 5) —1 |:A (R) ’ G(Rv D, 8)] ) (251)

and dropping the function parameters for notational clarity, eq. (2.50|) can be written

%p-?@— %fp—i—i—eﬁs, G} _T(VR{Aa G‘}—i—{fi, VRG}) =0 (2.52)

The Quasiclassical Approximation

In the quasiclassical approximation the Fermi wavelength, Ar, is assumed much smaller than
the other relevant physical length scales. The covariant derivative defines a characteristic length
scale, L, over which the system changes in the center of mass coordinate R. A formal way of
such a definition is shown in definition 2.1l

Definition 2.1. L € R is the characteristic length scale over which the system changes if it is
the greatest real number satisfying

LI|VE| <|IF| (2.53)
for all physical quantities F' of interest. Here ||-|| is some norm on the relevant space of functions.

In the quasiclassical approximation, L > Ar, and since in the quasiclassical approximation
we are assuming the momentum relevant for describing the physical behaviour is at the Fermi
surface, the momentum p is of the order 1/Ap, so

p- VG
is of order 1/(ApL), while
1 ., - o s . .
— A% G (VR{A, G}+{A,VRG})
2m Cdm
is of order 1/L? and is therefore negligible in the quasiclassical approximation. Vp is of the order
Ar, so the right hand side of eq. (2.46) corresponds to an expansion in Ap/L, which justifies

keeping only the zeroth order in the gradient expansion above.

12
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An expression for the impurity averaged self energy iy, in the self consistent Born approxi-
mation has been derived for the quasiclassical limit in |20, [30], and can be written

i
ZiI‘ﬂp(‘Rv PF, 5) = _Egs (Ru PF, 5)7 (254)
where 7 is the scattering time and

dQ2 ) d3p -
Gs(R, T,¢e) = | —2§(R,T,pp,e) = —— G(R,T,p,¢), 2.55
BT = [ TR Tpr) = —= [ G RGR TP (2.59)

is the spherically symmetric part of the quasiclassical Green’s function.
Finally, integrating eq. (2.52)) with respect to energy and using the definition of the quasiclas-
sical Green’s function ([2.5)), we get the Eilenberg equation,

_ 1
Pr G4 {gs +4iY — ieps g] =0, (2.56)
m 2T

where pr is the Fermi momentum. Equation is simpler than the Gorkov equation in
that it has one less degree of freedom because the quasiclassical Green’s function depend only on
the direction of the momentum, not on the magnitude. By going from the Eilenberg equation to
the Usadel equation in the final step of the derivation, we will get rid of the dependence on the
direction of momentum as well. Thus since we have assumed the solution independent of 7', the
only degrees of freedom left will be R and €. To do this, we will consider dirty materials. First,
however, we must address the question of normalization.

Normalization

The Eilenberg equation is homogeneous, which implies that if § is a solution, then so is
cg for all scalars ¢. Hence, eq. does not fully determine §. This indeterminacy is not
present in the original Gorkov equations, eqs. (2.29)) and (2.31)), but came from the fact that the
inhomogeneity was removed when subtracting eq. from eq. . To find g, therefore, we
must employ an additional normalization condition. The normalization condition typically used
in the literature |5, 23, 31] is

gg = 1. (2.57)

Remember that ¢ is an 8 x 8 matrix, and hence it is not a priori given that multiplying g
by a scalar can result in an involutary matrixﬂ However, it can be explicitly shown by starting
from the inhomogeneous Gorkov equations, as was done by Shelankov [32], that eq. is the
correct normalization condition. The derivation by Shalenkov will not be reproduced here, but
can be found for instance in [20].

The Dirty Limit

Dirty materials are those with a large number of impurities such that the scattering time, 7, is
small and the impurity scattering term dominates the Eilenberg equation . When 7 is small
the particles will be frequently scattered, and this has an averaging effect on direction of particle
propagation. Hence, it is reasonable to expand the quasiclassical Green’s function in spherical
harmonics and assume that the lowest order will dominate.

Following Usadel [24] we expand § in a s-wave and a p-wave,

9(R,pr,e) = §s(R,e) + er - g@p(R, €), (2.58)

5An involutary matriz is a matrix that is its own inverse.

13
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where g is the isotropic part and er - gp is the linearized anisotropy with respect to the transport

direction,
. Ppbr
ep ‘= — .
pr|
The anisotropic part is assumed small and by neglecting second order terms in gp, the

normalization condition (2.57)) becomes

(2.59)

Jsgs = 1, ngp + gpgs =0. (260)

Plugging eq. (2.58)) into the Eilenberg equation (2.56|) and performing and angular average in
momentum space, [ d€, /(4r),

VF = r oA .
?Fv Gp—ileps— 2, G =0, (2.61)

where vp = |pp|/m.
By first multiplying the Eilenberg equation (2.56)) with er and then average over angles in
momentum space,
- 1 . .
UFVQS + ; [.gs ) gp] = Oa (262)
where I have used the assumption that the impurity scattering dominates the commutator and
hence neglected the remaining terms. Multiplying eq. (2.62)) from the left with gs; and using the

normalization relation eq. (2.60)),

L=l 1 ... L. 1, .. L. 1.
VpgsVis = o (959sGp — 9s9pTs) = - (GsGsGp + GsGsGp) = ——9p- (2.63)
Plugging this into eq. , we finally get the Usadel equation,
DV - (§sVis) +ileps — %, §s] =0, (2.64)
where )
D= WTF (2.65)

is the diffusion coefficient.
In the BCS theory, superconductivity comes from an effective attractive interaction between
electrons of opposite spin and momentum |33} 34]. The Hamiltonian can be written

H =ty + [ vl rr) (2.66)
where Hj is given by eq. (2.34) and V' < 0. In order to get it on the form of eq. (2.18)) we can do

a mean field approximation by defining
A(r) = V(r) (@ (r)de(r)) . (2.67)

Inserting this into the Hamiltonian, removing the resulting constant term and neglecting terms
proportional to (1 (r)i(r) — (¢, (r)4(r)))?, 1 get

1= o+ [ & (Amwleu]e) + A" ). (269

which is of the form of eq. (2.18) with v4; = A. Hence, the self energy in a conventional
superconductor is

~

Y =-A, (2.69)
where
0 0 0 A(r)
A 0 0 —A(r) 0
A = 0 A*(r) 0 0 , (2.70)
—A*(r) 0 0 0

which concludes the derivation of the Usadel equation on the form it is used in this thesis.

14
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2.2.2 Parametrization

When solving the Usadel equation numerically, we will use the Ricatti parametrization. By
parametrizing g% in a way that takes advantage of the symmetries and normalization §j = 1,
the equations can be rewritten to a set of fewer, unconstrained equations. In the Ricatti
parametrization, the parameter is the 2 x 2 matrix v and the retarded Green’s function is written

. N 0 1+~5 2y
R = ~
9= <0 —N)( 2y 1+4v)’ 271)

where N := (1 —~%) " and tilde conjugation is 7(¢) = v*(—¢). Inserting eq. (2.71) into eq. (2.7)
I get the following equations for the Ricatti parameters:

V2y = —2Vy - N3Vy — 2iey — Aoy + yA* oy + 4@2]A|27]\7 (14+47)

+2icA - [(1+97)NVy + VAN (1+7)| +2i7eV - 4, (2.72a)
V24 = —2V4 - NyVA — 2iey — A*oh + A0S + 4€| APAN (14 7)
%A - [(1 +37)NV7 + VAN (1 + w)} — 2i7eV - A. (2.72b)

2.2.3 Bulk BCS Solution

In the systems considered in this thesis superconductors will enter through boundary conditions.
It is therefore necessary to know what the quasiclassical impurity-averaged Greens functions are
in conventional superconductors. If the superconductors are assumed large in comparison to the
center material, the Greens function will be the same as for a bulk superconductor. This is a
commonly used approximation when the center material is a normal metal, and in chapters
and [4] I show why it is a reasonable approximation and that it is true also for a half-metal.

In a bulk superconductor all the derivatives in eq. vanish and when A = 0 the equations
decouple,

0 = —2iey — Aoy + vA%097, (2.73a)
0 = —2iey — A*oh + YA, (2.73b)

Observe that v must be written on the form v = antidiag(b, —b) in order to solve eq. (2.73)).
Inserting this I get after some algebra that

b= = . (2.74)

et+iy/|A]F — &2

To determine which of these solutions are correct one could insert them in the Gor’kov equations,
which would involve a Fourier transform. The solution is

A <Al
€+ iVAZ — g2 '

b= Asgn(e) (2.75)
if [e| > |A],

le| + Ve? — A?

as can be verified by inserting it in the Gor’kov equation and using that the retarded Green’s
function must vanish at negative relative times. Plugging this into eq. (2.71)) yields

A 0 (52 - yAE) 9 (\AF . 52)

B RV ERY JIAZ -2

sgn(e) — i (5,63 + A) . (2.76)

15



2.3. OBSERVABLES CHAPTER 2. METHODOLOGY

2.2.4 Strongly Polarized Ferromagnets

Notice that the matrix structure of the Ricatti parameter in a bulk conventional superconductor

1S
0 ’YN)
_ 2.77

! (—'m 0 (277)

and the same is true for proximity systems involving only superconductors and normal metals, as
will be showed in chapter [l However, adding an exchange field, as would be necessary to capture
the physics of a ferromagnet, would induce triplet correlations. Consequently, it would require
considering all four elements of the Ricatti parameter,

_ W)
o , (2.78)
<7¢T o

For the case of very strong ferromagnets, the exchange field is so large that the associated
energy is not negligible compared to the Fermi energy [35]. This invalidates the assumption
behind the quasiclassical treatment, stating that all energies should be small compared to the
Fermi energy. The redemption comes from the realization that the spin-splitting in such system
is so severe that there is effectively no interaction between different spin bands. We can then
continue to use the quasiclassical theory if we, instead of including an exchange field, treat the
spin-bands as non-interacting and with different diffusion constants, Dy and D|. Doing this we
must require that the off-diagonal elements of « is zero, such that

_ ([ 0> 2.79
! <0 g 279)

Inserting the two different diffusion constant into the Usadel equation gives |36]
D{Vny +2Vy - N3Vy — 2ieA - [(1 +~v3)NVy + VN (1 + W)]
—4*|APYN (1 + 77) — 2iveV - A} = —2ielly, (2.80)

and similarly for 4. Here, D = (Dy + D;)/2 and
2/(1+p) 0 >
M= : 2.81
C s 250

where p = (Dy — Dy)/(Dy + D). In a fully polarized (half-metallic) ferromagnet p = 1. Hence,
vy = 0 and

2aVa-Va  4(1+aa)eA - (aeA +iVa)

1—aa 1—aa

Via + + 2iaeV - A — 2ica, (2.82)

where I have made the equation dimensionless and set a = 4.

2.3 Observables

A range of physical observables can be extracted from the quasiclassical Green’s function. In the
following it will be useful to write
R g f )
g = ~ _ . 2.83
<—f -9 (2.83)
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2.3.1 Local Density of States
The local density of states for spin o at energy ¢ and location r can be written
Ny(g,r) = NoR{gos(e,7)}, (2.84)

where Ny is the normal state density of state at the Fermi surface.

To derive eq. , we will use the assumption that the system is in thermal equilibrium,
meaning that the density operator is given by the grand canonical ensemble. That is, the
expectation value of some operator O is

(0) = % S e (n]Oln) (2.85)
nel
where {|n)}ner and {e,}ner are the eigenvectors and eigenvalues of the Hamiltonian in the
grand canonical ensembleﬂ We assume that the Hamiltonian is a single-particle Hamiltonian.
Single-particle Hamiltonians are separable in the single-particle operators, so their eigenvectors
are tensor products of the single-particle eigenstates and the corresponding eigenvalues are the
sum of the respective single-particle eigenvalues.
The local density of states is the number of single-particle states at a certain position and for
a certain energy, that is,

No(R,e) =Y |(R,oln)[*5 (e — &n). (2.86)
neJ

where {|n)}nes and {e,}nes are the eigenvectors and eigenvalues of the single-particle Hamilto-
nian.
We want to rewrite eq. (2.86) in terms of the retarded Greens function,ﬂ

GR_(r t,r 1) = —ib(t — 1) <{¢U(r7 £), ot (0, t’)}> . (2.87)
Setting ¢’ = o, ¥’ = r and assuming the Hamiltonian does not explicitly depend on time, we may
writd®]
GE (r t,r, 1)
= —ib(t — 1) (T (r, e HO 0 (1 1) 4 g () g (1) )

= =50 =) 2 [l () m) P et (o oo ) (2.88)

nmel

In the last equality we inserted eq. and the identity 1 =3 _;|m) (m|. Because we are
considering equilibrium, the system is time-translationally invariant and the Green’s function
should only depend on the relative coordinate t — t'. We may therefore set ¢’ = 0 such that ¢
becomes the relative coordinate. Fourier transforming in terms of the relative coordinate ¢, we get

] 4 —t(em—€ —Be —Be
Giolr2) = [ atc™ | = 0(6) 3 |(nlisa(r,0) e Cnmen)t (e 4o

n,mel

R R O L
— lim ) en Pem) . (2.89
ni%h anéls(emen)Jrin (e te ) ( )

)

S“Hamiltonian in the grand canonical ensemble” means that the chemical potential is included. The eigenvalues
of this Hamiltonian, ¢,, is related to the “normal” Hamiltonian, E,, by &, = E,, — Nu, where N is the number of
particles and p is the chemical potential.

7 Note that this Green’s function is the upper left 2 x 2 block of G*.

8The fact that 9, (r,t) = e”'“t*t/)ng(1°7 t')e”H“*t') comes directly from solving the Heisenberg equation
under the assumption that the Hamiltonian H does not depend explicitly on time ¢.
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Using the relation

Jim L <€_(51) S S (2.90)

n—0t € — (€m — €n) +1in m — €n)

we therefore get

S{G%, (r,e)} = —w% > [ nlipe(r,0)|m)[* (efﬁen +e*5€m) S(e—(em—en)).  (2.91)

n,mel
Next, using that
bo(r,0) = (r,0lk) ax, (2.92)
keJ
we get that
(n|e (r,0)[m) = > (r,0lk) (n|ax|m). (2.93)
keJ

ay, annihilates a single-particle eigenstate with energy ey, so the terms in eq. are nonzero
only if |n) and |m) differs by one particle in state |k), in which case ¢, — &, = skﬂ That is,
(n|ax|m) = 1 only if |n) does not have a particle in the state |k) and |m), otherwise (n|ag|m) = 0.
For each state |n) that satisfies this, there is only one |m) which gives a nonzero contribution. In
other words, if {|n)}nex is the subset of {|n)},c; which does not include a particle in state |k),

=Z

S{GE, = —’]TZ’ r, o|k)? Z e fen ( —i—e_ﬁa’“) 6 (e —ek) = —mNy(r,e). (2.94)

keJ nGI\K

To relate the density of states to the quasiclassical Green’s function, we must Fourier transform
also in terms of the relative spatial coordinates,

No(R) = ~23 (Gl (Rer =0} = ~2a { [ B w6y (e
. —jro{”NOg;‘w (R.< } NoR{g00 (R,€)}. (2.95)

In the penultimate equality I used the definition of the quasiclassical Green’s function,

IR, T, pp. ) = / dé, G(R, T, p.e), (2.96)
and d3 dQ N
10 0

where &, = p?/2m — p, with p being the chemical potential and d€, is the differential solid angle
in momentum space and mp
F
Ny = 52 (2.98)
is the density of states per spin and per volume evaluated at the Fermi surface of a free electron
gas.
From the previous computation of the quasiclassical retarded Green’s in a bulk conventional

superconductor we can with eq. (2.84)) find an expression for the density of states averaged over

In order to avoid confusion, I note here that ey, is the eigenvalue of the single-particle operator while €, and
€m are eigenvalues of the full Hamiltonian.
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Figure 2.1: The density of states for a bulk superconductor.

spin in a bulk superconductor by taking the trace over the upper left block of §zcs and extracting
the real part. This yields

e
NCEINE

which is shown in figure 2.1} Observe that the density of states is independent of spin, so that
Ny = N = N, that A will not contribute in the upper left block, and that the real part is 0
when € < |A].

N(r,e) = Ny 0(c2 — |AP), (2.99)

2.3.2 Current

An expression for the charge current density is

NO:D / Tr (ps [§Vg]") de. (2.100)

j=

To derive eq. (2.100) we may start from the expression for the charge density in the second
quantization formalism,

p(r,t)=e <1/1T(r,t),53w(r,t)> , (2.101)
and use that the current density must satisfy the continuity equation,
9 +V.-3=0 (2.102)
at” J=0 '

Here, ¢ and 9T are the Nambu bispinors defined in eq. and p3 comes from the fact that
holes contribute with a charge —e = |e| to the charge density.

Applying the Heisenberg equation and assuming the Hamiltonian is given by eq. ,
I get, using eqs. (2.22)) and (2.25)), that

gtp = o ([~ + e Aps ] s — s [(~iV — eAps)*])
= V2 ([(V+ieAps)t] psw — vlas[(V —ieApsu] ). (2109
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Hence,

;;<[(V+Z6AP3W pavo — s | (V — ieApg)v] ) (2.104)

satisfies the continuity equation. This way of determining the charge current only specifies the
current up to a field with zero divergence, of course, but we can argue that eq. is indeed
correct. We can relate the field operators 1(r) and () to the operators which create and
annihilate particles and holes with specific momentum states, v(p) and vf(p) [21],

vir) = - Il S N > uip) (2.105)

] =

where V' is the system volume and the sum goes over possible momenta. Inserting this in

eq. (2.104) yields

j= ez —cA) (Vo ‘)/V(p», (2.106)

which is exactly what we would expect from the classical expression j = env, where n is the
electron density and v is velocity.

In order to relate eq. to Green’s functions, it is advantageous to extract the differential
operators out of the expectation value. One way of doing this is to use different coordinates
for the different field operators and then, after the differentiations are done, let the different
coordinates approach the same value, that is

J(R) = lim ——[Vy — Vi, + 2iepsA(R))] <¢T(r1,t)ﬁ3¢(r2,t)>. (2.107)
r1,72—R 2
This procedure requires one word of caution. Taking the differential operators out of the
expectation value is only possible as long as r1 # r2. Hence, while both 7y and rs approach
R, they must do so without being equal. Since r; # 719, we can use the anticommutation
relations (2.19) to write

(01, D pso(rat)) = 7%' Te[ps G (r1, £, 72, 1)]. (2.108)

Writing the Keldysh Green’s function in terms of its Fourier transform in the relative
coordinates yields

) =t [aene ([ 22 ip+ iepsA(R) G (Rotp.0)

o NoeD N062

/ds Tr {(gV9)<} + o

where in the last equality I used eq. (2.63]). Now it remains only to show that the second integral
does not contribute. Using eqgs. (2.11]) and (2.83]), we see from the fact that tanh(e3/2) introduces

an extra sign change under energy reversal that we can write

. gj( fK
g —(Jm §K> (2.110)

/deATr A/dsTr )zQi%{/deATr(gK)}. (2.111)

As the contribution is imaginary it can not contribute to the current, and we are left with the
anticipated result in eq. (2.100]).

/ de ATr (§%), (2.109)

Hence,
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2.4. COOPER PAIR CORRELATION FUNCTION

Using egs. (2.11) and (2.83]) and

/B(g) tanh (%) de = —/h*(a) tanh (%) de,

eq. (2.100) can be rewritten

2 2

NoeD /tanh (68> Tr(Re [fTVfT - fVﬂ + 2eAIm [ff— JETfTDdE'

(2.112)

(2.113)

Deriving expressions for the spin currents can be done in a similar way by replacing the
electron charge e in eq. by the electron spin amplitude 1/2 and multiplying p3 by the
Pauli matrix corresponding to the spin direction in question. The same derivation as above will
then give, for the spin currents in the x-, y- and z-direction, respectively,

NoD _ ok

s = ‘; / Tr (013 [§V§]") de, (2.114a)
NoD _

S = ‘; / Tr (023 [§V§]") de, (2.114b)

3= NgD / Tr (033 [gVg]") de. (2.114c)

For a half metal considered in chapter [3] the spin current in the direction of the spin-conducting
band is proportional to the electric current while the remaining spin currents vanish. In the
normal metal considered in chapter (4, g7 = gy =32 = 0.

2.4 Cooper Pair Correlation Function

The anomalous Greens function, f, is central in characterizing superconducting order and hence
the strength of the proximity effect. In the BCS theory, a superconductor is characterized by
having a non-zero gap parameter

A(r) =V (r) (1) (r,0)01(r, 0)) (2.115)

where V is the phonon-mediated attractive interaction potential. A = 0 outside a superconductor
because V = 0, but we can still have (¢ (r,0)¢4(r,0)) # 0, as is the case in normal proximity
systems. Written in terms of Green’s functions, the superconducting order parameter, or Cooper
pair correlation function, reads
_No / °°
8 J

In order to rewrite the Cooper pair correlation function in terms of the anomalous Green’s
function as given in eq. (2.83)), we write f in terms of the spin-singlet correlation, fs, and the
triplet correlations f3, f; and f,

f t f s f 1

In a normal spin-singlet superconductor, all but f; are zero, while in a half metal, only f; is
nonzero. With this, eq. (2.116)) can be written

_M /Oo de {fs(r,e) — fs(r, —€)} tanh <B2€>

4 —00

(¥ (r, 0)¢py(r,0)) de (5.5 — 914) - (2.116)

(2.117)

U(r) = (¢, (r,0)11(r,0)) (2.118)
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The analogous correlation function in diffusive half metals is

(rtr. s r0) = [ e 2+ (e peann () <o (2.119)

so it does not work as an order parameter. One alternative which is often used in the Bogoliubov-
deGennes formalism [37] is to keep a nonzero time difference between the field operators. That is,

4

Uy (rst) = (o (, )0 (, 0)) = 20 /OO de {f+(r,€) + fr(r, —2)} tanh (i“‘) it (2.120)

Another strategy sometimes used [38] is to make the order parameter even in time by differentiation.
That is,

_ O (r, ) (1, 0))

\I’Q(’I") . ot

—iNy [
. _ 14 0 /_OO de {f+(r,e) + f4(r, —€)} tanh (%) e. (2.121)

One characteristic of vortices is that their cores are non-superconducting, so it is important for
our discussion to have an order parameter which can be used to identify vortices. It is not obvious
that eqs. (2.120) and (2.121f) works equally well to identify vortices. For instance, there are some
times ¢ for which the normal superconducting order parameter (¢ (7,t)i4(r,0)) = 0 even in a
bulk superconductor because of the cancellations coming from the exponential in eq. . It
could be that some locations have vanishing order parameters for some relative times ¢ but not for
others, which would mean that using the wrong order parameter could give the wrong impression
of there being extra vortices. Vortices are associated with other observables as well, such as a
circulating supercurrent, and comparing the position of roots of different order parameters with
these observables can give a good indication of whether the order parameters work to identify the
existence and location of vortices. This will be further discussed in chapter

2.5 Numerics

In order to solve the Usadel equation numerically, I employ a finite element scheme. In this
section I will briefly highlight how this procedure works, and then I will show how we can use a
clever trick to numerically differentiate any function accurately. This trick has allowed me to
write a program which can solve any nonlinear second order partial differential equation. This
will be useful because the equations we want to solve differs when considering half-metals in two
dimensions and normal metals in three dimensions.

2.5.1 Weak Formulation of Differential Equations

The first step in the finite element scheme is to write the equations on weak form. To illustrate
how this works we will rewrite the following the set of differential equations:

V2u(x) = F(z,u, Vu), (2.122a)
en - vu(g:)‘xeaﬂ = B(z,u), (2.122b)

where u is a function of z € ), F and B are arbitrary functions, 0f2 is the boundary of {2 and e,
is a outward pointing normal vector. From eq. (2.122a)) it is clear that

/ dz (vW?u —vF) =0 (2.123)
Q
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for all functions v. Using Green’s first identity [26],

/dvaQU—/ dxv(Vu-en)—/diU-Vu—/ dva—/dev-Vu, (2.124)
Q o0 Q o0 Q

eq. (|2.123)) can be rewritten

/dx(Vv-Vu+vF)—/ dzvB =0. (2.125)
Q o0

Equation (2.125)) is known as the weak form of eq. (2.122)).
Any function w which satisfies eq. (2.122)) must satisfy eq. (2.125)) for all v, but the inverse is

not true. That is, even if a function u satisfies eq. (2.125)) for every function v, it is not necessarily
true that it must also satisfy eq. (2.122)). It could for instance be the case that the v is not twice
differentiable. It is in this sense that eq. (2.125)) is a weaker form than eq. (2.122)).

2.5.2 The Finite Element Method
In the finite element method one looks for solution to eq. (2.125)) of the form

N
u(@) =3 xigi(®), (2.126)

where {¢;}icq,...n] is a set of finitely many basis functions. The objective of the finite element
method is to find the unknown coefficients {x;}icq1,2,..n}- It will in general not be possible to
find a solution to eq. on this form for any finite NV, and this is the reason for introducing
the weak formulation. In fact, it is necessary to use an even weaker form. Instead of requiring
eq. to hold for every v, we require only that it holds for all v € {Soi}ie{LQ?._.,N}. To find
an approximate solution to eq. in the finite element method, one solves the system

N
/dx{Z(Xngoi-chj) —i—gojF} —/ dz p;B =0, Vi e{l,2,...,N}, (2.127)
Q P a0

which is a set of N equations for N unknowns. The Usadel equation, which is what we want to
solve here, is itself a set of equations, and the way of converting a single differential equations to
a set of algebraic equations generalizes to a set of coupled differential equations. For a set of k
differential equations, convert each to the form eq. and solve the resulting set of k x N
algebraic equations.

The name finite element comes from how the set of functions {Spi}z‘e[l,..., N is determined.
First, the domain 2 is divided up into cells, or elements. Then, each cell is assigned a set of
nodes, and each node is assigned a function. Hence, N is equal to the number of nodes. The
functions are such that they are nonzero only in the cells which are closest. That is, if a node
is placed in the center of a cell, then the corresponding function is nonzero only in that cell.
Similarly, if it is placed on the edge between two cells, then the function is nonzero only in those
two cells. In this work we will work with two and three dimensional rectangular domains, so the
cells can be chosen to be equally sized rectangular cuboids. However, one of the great advantages
of the finite element method is that the cells need not be equal in size and can be chosen such
that they fill rather complex shapes. Various kinds of cell types exists, but in this work I will use
quadratic quadrilateral elements in the two-dimensional case and linear hexahedral elements in
the three-dimensional case.

If the original differential equation is linear, then the resulting set of algebraic
equations will also be linear, meaning that it can be written on the form Ax = b. Solving
can be done efficiently on a computer, especially if one can take advantage of symmetries of the
matrix A. However, the Usadel equation is not linear, and to solve it we must use a method such
as the Newton-Rhapson method.
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2.5.3 The Newton-Rhapson Method

A strategy for solving nonlinear problems is to search for a solution as limit of an infinite sequence
of solutions to linear problems [39]. Finding an approximate solution can then be done by
performing the computation of only a finite number of steps in this sequence and terminate when
the deviation from the true solution is sufficiently small. In this way, one can solve a difficult
nonlinear problem by instead solving many easier linear problems. One approach to formulate a
nonlinear problem as a sequence of linear problems is the so-called Newton-Rhapson method.

A nonlinear set of N equations, such as eq. , may be written

R(u) =0, (2.128)

where R is a vector-valued function taking the vector uw as parameter. We assume wu solves
eq. (2.128)) and R is differentiable in a neighborhood around w. Further, assume u,, is close to u
such that R is differentiable also close to u,. Then,

R(v) = R(uy) + J(upn)(v — uy), (2.129)

for v close to u,. Here, J(u,) is the Jacobian of R evaluated at u,. Solving eq. (2.129)) for
R(v) = 0 yields
v =1, —J (un)R(uy,). (2.130)

Equation is only approximate and therefore we typically have that v # u. However, as
will be shown below, |[v — u| < |u,, — u| in general. Hence, v is a better approximation to w than
u,. Plugging v into the right hand side of eq. one gets an even better approximation
to u. This is the idea behind the Newton-Rhapson method. First, let ug be some initial guess.
Subsequent iterations is then found by

Uni1 = Up — J (un)R(uy,). (2.131)

If this sequence converges and J(u) # 0, then lim,,_,~ u, solves eq. . To verify this, set
Uny1 = U, in eq. ([2.131).

The mathematical treatment of when and how fast the Newton-Rhapson method converges
is covered by the Newton-Kantorovich theorem [40]. The Newton-Kantorovich theorem states
that if the Jacobian is Lipschitz continuous and it inverse, J~! exists and is bounded, the
Newton-Rhapson method converges if the initial guess is sufficiently close to a zero of R, and
that the rate of convergence is quadratic [40]. I will not go into the details or proof of the
Newton-Kantorovich theorem in the general case, which is formulated in terms of Banach spaces
and Fréchet derivatives, but refer instead to [40H42| for discussion on the topic. A proof of the
quadratic convergence for the specific situation of when R is real or complex-valued and how the
method can be implemented in the programming language Julia will be given in the remainder of
this section.

Consider the vector-valued function R : FN — FN where I is either the complex or real
numbers. Let u be a root of R. That is, R(u) = 0. Further, consider u,, € F¥ and let

X = B‘u_un‘(u) (2132)

be the closed ball of radius |u — u,| with center in u.
Assume the Jacobian of R, J, is Lipschitz continuous in X with Lipschitz constant L, that is,
Ve,y € X,
17(z) = J(Y)llp < Llz —yl, (2.133)

where ||-|| > is the Frobenius norm,

1T ()l = (2.134)
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Assume further that the Jacobian is invertible in X, and that the inverse satisfies, V& € X

|77 @) o < o, (2.135)
where p € R.
From the fundamental theorem of calculus,
1

—R(u,) = R(u) — R(u,) = / dt J (up +t[u — uy)) (u — uy,), (2.136)

0

1

—R(u,) — J(un) (v —uy,) = /0 dt {J (up + t{u — uy)) — J(un)} (u — uy). (2.137)

Multiplying from the left by J~!(u,) and using eq. (2.131]), we get

et — U= J_l(un)/o At {7 (wn + ¢ [ — wn]) — T (wn)} (1 — ). (2.138)

Using eqs. (E133) and (Z135),
1
|Upt1 —u| = ‘Jl(un)/ dt{J (up +t{u —uy,)) — J(up)} (u —uy)
0
1
< HJl(“n)HF/ dt Llu, +t(u — uy) — up||u — uy|
0
L
gg\u—uny? (2.139)

Hence, if Lp|u — u,|/2 < 1, doing one iteration of the Newton-Rhapson method result in a better
approximation for the solution, u, and the convergence is quadratic. Moreover, since u,1 is also
inside X, the same argument shows that the w,,; will be even closer to u.

Whether or not the Newton-Rhapson method converge depend on how good the initial guess,
ug, is as well as the properties of R. For instance, if R is linear, then J is constant and L = 0,
so |u; — u| = 0 regardless of the choice of uy.

In practice we do not determine bounds on L and p when using the Newton-Rhapson method.
Instead, for each u,, we calculate R(u,) and terminate when |R(w,,)| is less than some threshold,
in which case we take u,, as the approximate solution for w. Conversely, we throw an error if
|R(w)| or the number of iterations has reached an upper bound. An example of how this can
be implemented numerically in the programming language Julia is shown in listing 2.1] and an
example of how this is run to solve

<\/171—2> =0 (2.140)

3UQ — U1

with ug = (1,1) is given in listing

Listing 2.1: An implentation of the Newton-Rhapson method in Julia.

1 using LinearAlgebra

2 function NewtonRhapson(uy, R, J)
3 # Setting up parameters

4 N = length(ug)

5 newtonTol = 1le-8

6 newtonItr = -1

7 maxItr = 100

8 maxError = 1e8
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9 u, = Ug

10

11 while true; newtonItr += 1

12 # Computing new iteration

13 Res = R(u,)

14 Jac = J(u,)

15 u, -= Jac\Res

16

17 # Checking termination conditions
18 normRes = norm(Res)

19 if normRes < newtonTol

20 break

21 elseif normRes > maxError

22 error ("\nError threshold reached: Error ", normRes," Aborting...\n")
23 break

24 elseif newtonItr > maxItr

25 error ("\nMaximum Newton iterations reached at residual norm ", normRes, ". Aborting...\n")
26 break

27 end

28 end

29 return u,, newtonItr

30 end

Listing 2.2: An example execution of the Newton-Rhapson method implemented in lz'sting used to
find to solve (v/u; —2,3us —uy) = 0. The solution was correctly found after 4 iterations.

1 > julia

2 julia> include("filename.jl")

3 NewtonRhapson (generic function with 1 method)
4

5 julia> R(u) = [u[1]1°2 - 2, 3*u[2] - u[1]]

6 R (generic function with 1 method)

7

8 julia> J(u) = [2%u[1] 0; -1 3]

9 J (generic function with 1 method)

10

11  julia> NewtonRhapson([1.0, 1.0], R, J)

12 ([1.4142135623730951, 0.47140452079103173], 4)
13

14  julia> [sqrt(2) , (1.0/3.0)*sqrt(2)] .- ans[1]
15 2-element Array{Float64,1}:

16 0.0
17 -5.551115123125783e-17

2.5.4 Forward Mode Automatic Differentiation

Solving a nonlinear problem such as the Usadel equation involves computing the Jacobian,
therefore it is necessary to differentiate efficiently. For small problems, the analytical expression
for the Jacobian can be efficiently evaluated directly. For larger systems, such as the Usadel
equations, which in its most general form is a system of 8 complex-valued second order partial
differential equations, the analytical expression for the Jacobian can become long and numerical
differentiation can be advantageous. In this section we will use automatic differentiation [43|
to produce a Julia function which, in only a few lines of code, computes the Jacobian of any
function.

Forward mode automatic differentiation automatically computes the derivative of a function
f(x) by passing a dual number as a parameter. This has some advantages over other numerical
differentiation schemes such as finite difference methods and symbolic differentiation. Firstly,
the result is exact, in contrast to finite difference which introduces discritization and truncation
errors. Secondly, it only requires doing arithmetic, not symbolic manipulations, so it can be
implemented efficiently and works for complicated functions defined using structures not
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easily translatable to symbols, such as while-loops.

Dual numbers is an extension of the real or complex numbers achieved by adding a nilpotent
variable. For one-dimensional dual numbers, the nilpotent variable is the same as a one-dimensional
Grassmann variable. That is, x is a dual number if it can be written

x=a+be, wheree? =0. (2.141)

Here, a € I¥ is the principal parﬂ of x and b = dual(z) € F is the dual part of z. I is some
field, which in this context is either the real numbers, R, or the complex numbers, C.

To understand how dual numbers can extract the derivative, we express an arbitrary function
f(x) in terms of its Taylor series,

© r(n)(g
fa) =3 T D ey, (2.142)
n=0

where £ is the n’th derivative of f. Let a,b € T, then

() (g
f ‘( )(b&“)n — f(a) + f’(a)bs. (2.143)

n

fla+be) = Z
n=0

Setting b = 1 we therefore get the derivative of f as the dual part.
As an example, consider f(x) = 1/x. To extract f'(z) = —1/22, we can evaluate f in z + ¢,

that is
1 Tr—& 1 1

it+e (x+e)w—c) =z 225
and f'(x) = dual(f(z +¢)) = —1/2%
Extending this to the Jacobian of a function F' : I — F” where I is either C or R, we get
that

OF;
a.%'j

We are now ready to implement a Julia function which uses automatic differentiation to
determine the Jacobian of any function. Listing [2.3] shows an implementation of a function which
uses the dual number implementation DualNumbers.jl which defines the dual number type and
rules for how to add, subtract, multiply and divide dual numbers in Julia, as well as how to
apply other functions, such as trigonometric functions [43|. Note that this function calculates
the Jacobian of function as long as it does not call non-Julia code. Because of Julia’s multiple
dispatch it will automatically compile code for evaluating the function F' for dual numbers. The
only requirement is that F' takes as input a number or array of the same type as x. That is,
listing [2.3] works for both real and complex numbers and for arbitrary large vectors.

JZ']' =

= dual (F; (z1,...,zj+¢&,...,2)) (2.144)

Listing 2.3: autoJac! determines the Jacobian of a function F at x, saving it to a preallocated matriz J.

1 using DualNumbers
2 function autoJac!(J, F, x)
3 for i € 1:length(x)
4 X = Dual. (x)
5 X[i] += 1e
6 J[:,i] = dualpart.(F(X))
7 end
8 end

104 is called the real part of z in the literature, but that is confusing when talking about complex dual numbers,

so in this thesis I call it the principal part.

27



2.5. NUMERICS CHAPTER 2. METHODOLOGY

2.5.5 Romberg Integration and Gaussian Quadratures

Numerical integration is important when solving finite element problems in general, as one must
integrate over every cell. Efficient numerical integration is particularly important when solving
the Usadel equation . This is because to extract quantities such as currents or the Cooper
pair correlation function from the Green’s function, one must integrate the solution over energy
at every point in space. That is, one must evaluate an integral such as

fi(e)
I—/da F2le) E/dsf(a), (2.145)

fn(e)

where f; is some function of the Green’s function evaluated at some point r;.

In order to ensure that the numerical integration scheme gives the correct result within the
desired accuracy, it is beneficial to have several different methods implemented for comparison. In
this section, I will introduce two adaptive integration schemes, GK715 and Romberg integration,
and implement them in Julia.

The most costly part of evaluating eq. is the evaluation of f;(e) because it requires
solving the Usadel equation, and as discussed above. It is therefore preferable to use a scheme
which minimize the number of evaluations of f. Three features are preferable in this regard. Firstly,
the integration scheme should be adaptive. An adaptive scheme is iterative and estimates the
error while performing the integration. In this way, one avoids doing excess function evaluations
when an adequate estimate has already been obtained. Of course, if a reasonable estimate for
how many evaluations is needed can be obtained beforehand, it could be more efficient not to use
an adaptive scheme. The second feature is that the integration scheme should be able to reuse
function evaluations when iterating. Finally, the scheme should be of high order.

Numerical integration schemes approximate an integral by a linear combination of the function

values at N points. That is,
N

1
/1 dz f(x) = szf(:cl) (2.146)
i=1

The weights, {w;}i<n, and the points, {x;}i<n, differ for different schemes. If the interval is not
(—=1,1) one can still use eq. (2.146|) by first doing a substitution. That is,

b b—a (' [b—a a+b\ b—a b—a  a+b
/ dz f(z) = 5 / f( 5 x+ 5 > N — E wif< 5 x; + 5 > (2.147)
a =1

-1

In Newton-Cotes schemes, the points are chosen to be equidistant and the weight are chosen
such that the approximation is exact for a polynomial of degree N — 1 which interpolates the
points [44]. Examples are the trapezoid rule (N = 2), Simpson’s rule (N = 3) and Boole’s rule
(N = 5). For Newton-Cotes methods it can be an advantage to use a method with N odd because,
from the symmetry of the interval, odd polynomials do not contribute to the integral. Hence,
Simpson’s rule is in fact exact for polynomials of degree 3, even though it is only constructed
from interpolating a polynomial of degree 2.

One way of using Newton-Cotes formulas adaptively is to what is known as the Romberg’s
method [45], which is an example of Richardson extrapolation. Richardson extrapolation is a
method for accelerating the convergence of a sequence. Before going into Romberg’s method, it is
constructive to see how Richardson extrapolation works.

First, assume a sequence can be written in terms of some function

{uitien = {u(hi)bien (2.148)
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where u is some function such that «(0) = @ and the sequence {h;};ew with A € R is such that
h; — 0 as ¢ — oo. Further, assume

u(h) =@+ Ch™ + O (h™*1) (2.149)
for some constant C. Now, let t € R be some number and define

_ t"u(h/t) —u(h)

R(h) = P (2.150)
then,
t" i+ C (h/t)" + O ([h/A]"T") | — @ — Ch™ — O (h"*)
"] ()
O ([n/t]" ) — O (Rt
:a+t <[ /1 ) (") (2.151)
tn—1
—O(hnt1)

Hence, {R (h;)},;ci is a sequence which converges faster than {u(h;)};cy to @.
In Romberg’s method, u; is the numerical approximation to an integral obtained performing
the trapezoid rule on 2¢ subintervals. Hence, if the integral is that on the left hand side of

eq. ([2.147)),
1
h; = 5 (b—a). (2.152)
In Romberg’s method, ¢t = 2, such that
4 1
R(hi) = gu(hit1) = gu(hi). (2.153)

Note how no new calculations of u is needed to compute R. This is, however, only the first
iteration in Romberg’s method, because now that the Richardson extrapolation is calculated, it
is possible to do the same procedure again. Putting R(h;) into the right hand side of eq.
increases the rate of convergence even further.

From eq. one can see that in order to the i’th term in the first extrapolated sequence
requires ¢ + 1 terms in the first sequence. Similarly, one needs ¢ + 1 terms of the first extrapolated
sequence to calculate the i'th terms in the second extrapolated sequence. Having the calculated
n terms of u, therefore, one may extrapolate using Richardson extrapolation n — 1 times.

We are now ready to define the Romberg’s method explicitly. This can be done inductively.
Let n be the number of subintervals and m be the number of Richardson extrapolations, then

R(0,0) = Ry (f(b) — f(a)), (2.154)
277.—1

R(n,0) = %R(n —1,0) e S flat (2K — 1)k, (2.155)
k=1

R(n,m) = T [4"R(n,m —1)— R(n—1,m —1)]. (2.156)

Note that all function evaluations are reused at every iteration of m.

The difference between R(n,m) and the integral it approximates is of order O (h2™2) [39].
Hence, an estimate for the absolute error of R(n, m—1) can be obtained from R(n,m)—R(n,m—1).
By continuing the iterations until R(n,m) — R(n, m — 1) is less than the tolerance wanted for the
approximation, one can terminate the computation without doing unnecessarily many function
evaluations.
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An implementation of Romberg’s method in Julia is shown in listing and an example of
how the implemented function can be used to integrate

[ (o) = (Gnta)) 215

numerically is shown in listing 2.5] erf is the error function.

Listing 2.4: Implemention of Romberg’s method in Julia.

1 using Printf
2 function Romberg(func, start, stop, tol=le-4, maxIter = 10)
3 n=1
4 m=1
5 h = (stop - start)/2.0
6 R_init = h.*(func(start) .+ func(stop))
7 R = Array{typeof (R_init)}(undef, maxIter, maxIter)
8 R[1, 1] = R_init
9 error = Inf
10 h *x= 2.0
11 while error > tol
12 n +=1
13 m += 1
14 h /= 2.0
15 R[n, 1] = (0.5) .* R[n-1, 1]
16 for k € 1:27(n-2)
17 R[n, 1] = R[n, 1] .+ h.*func(start + (2k-1)*h)
18 end
19 for i € 1:m-1
20 Rln, i+1] = (1.0/(4"i - 1.0)).*((4"1i).*#R[n, il .- R[n-1, il)
21 end
22 error = max((map(x -> max(abs.(x)...), (R[n, m] .- R[n, m-1]1)))...)
23 end
24 return R[n, m]
25 end

Listing 2.5: An example execution of Romberg’s method implemented in listing used to find to
evaluate the integral in eq. (2.145)). The solution was correctly found within the given tolerance of 1076
after 7 iterations.

1 > julia

2 julia> using SpecialFunctions; include("filename.jl")
3 Romberg (generic function with 3 methods)
4

5 julia> f(x) = [exp(-x~2), cos(x)]

6 f (generic function with 1 method)

7

8 julia> Romberg(f, -10.0, 10.0, le-6)

9 2-element Array{Float64,1}:

10 1.7724520422287362

11 -1.0880422225974014
12
13 julia> ans .- [sqrt(m)*erf(10), 2*sin(10)]
14 2-element Array{Float64,1}:

15 -1.8086767796798853e-6
16 -8.186618050132211e-10

One important point worth noting is that, while it is true that R(n,0), R(n,1) and R(n,2) are
equivalent to Newton-Cotes rules (trapezoid rule, Simpson’s rule and Boole’s rule, respectively),
it is not true that it is equivalent to Newton-Cotes formulas for higher m. The reason for why
this is important is that it makes Romberg less susceptible to the so-called Runge’s phenomenon.
Runge’s phenomenon, restricts the usefulness of high order Newton-Cotes formulas. It is the
phenomenon that interpolating a high order polynomial through equidistant points tend to create
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large oscillations near the end of the interval [46]. Another approach to circumvent Runge’s
phenomenon is to instead use Gaussian quadrature rules.

Gaussian quadrature rules requires function evaluations which are not equally spaced, but
instead chosen as the roots of a polynomial in an orthogonal set of polynomials [44]. The Gaussian
quadrature rule I have implemented here uses the Legendre polynomials to choose weights and
points. The advantage of doing this instead of a Newton-Cotes rules is that, in addition to not
be susceptible to the Runge’s phenomenon, the approximation is exact for polynomials of degree
2N —1.

To implement an adaptive scheme from Gaussian quadrature, we will use two different schemes
of different order, assume that the one of higher order is more accurate and estimate the error by
the difference between the two schemes. It is preferable to choose the lower order scheme such
that it can be computed from the same function evaluations as the higher order scheme. This
was easily incorporated in the Romberg’s method because the points were equidistant, but in
the Gaussian quadrature scheme this is not possible. That is, if we were to do this using purely
Gaussian quadrature, it would require us to find two Legendre polynomials with common roots.

Kronrod [|47] found in 1964 that by using the zeros of Steltjes polynomials, one can add an
additional n 4+ 1 points to a n-point Gaussian quadrature rule and get a scheme which is exact
for polynomials of degree at most 3n + 1 [48]. That is, one can find a set of 2n + 1 points and
corresponding weights such that the scheme is exact for polynomials of degree up to 3n + 1 and
such that n points correspond to a Gaussian quadrature rule of order n.

In listing [2.6] I implement GK715 which uses a Gaussian quadrature rule with 7 points and
the corresponding Kronrod rule with 15 points. The scheme goes as follows: First the points and
weights are obtained from the QuadGK package in Julia. Second, the Gaussian and Kronrod
quadratures are computed and the error is estimated as the difference between the two schemes.
Finally, if the error is bigger than the requested tolerance, the interval is divided equally in two,
and GKT715 is called recursively in each interval with half the tolerance. An example of how
GKT715 can be used to evaluate the integral in eq. is shown in listing

One advantage of GK715 over Romberg’s method is that the recursive nature of GK715 allows
it to adjust the number of required iterations locally, doing more function evaluations in the
subintervals where the function is most difficult to integrate. Romberg’s method, on the other
hand, splits every subinterval on each iteration. However, each time GK715 iterates it disregards
the 15 previous function evaluations and requires 30 new ones. In contrast, Romberg’s method
always reuses each function evaluation.

Listing 2.6: Implemention of GK715 in Julia.

1 wusing QuadGK, Printf

2 function GK715(func, start, stop, tol=le-6, iter::Int = O, maxIter::Int = 10)
3 X, w, wg = kronrod(7) # [quadpoints (kronrod)], [weights (kronrod)], [weights (gauss)]
4 x .*= (stop - start)/2.0

5 xo = (start + stop)/2.0

6 X~ = x9 .+ x[1:end-1]

7 xt = x9 .+ (-).(x[1:end-1]) # note: from big x to small x

8 fxo = func(xg)

9 fx = func.(x) .+ func.(x")

10 IK = fxq.*wlend] # Kronrod integral

11 I¢ = fx,.*wglend] # Gaussian integral

12 for i € 1:7

13 I = IK .+ (£x[i].*w[il)

14 end

15 for i € 1:3

16 I¢ = I¢ .+ (fx[2i].*wgli])

17 end

18 I¥ = 1K % ((stop - start)/2)

19 I¢ = I¢.%((stop - start)/2)

20 error = max((map(x -> max(abs.(x)...), (I¥ .- I9))...)
21 if error > tol

22 if iter >= maxIter
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23 @printf ("Max num of iterations (%i) reached. Returning with error %g\n", maxIter, error)
24 return IX

25 end

26 IX = GK715(func, start, xo, tol/2, iter+l) .+ GK715(func, x,, stop, tol/2, iter+1)

27 end

28 return IX

29 end

Listing 2.7: An example execution of GK715 implemented in listz’ng used to find to evaluate the
integral in eq. (2.145). The solution was correctly found within the given tolerance of 10~% after 7 iterations.

1 julia> using SpecialFunctions; include("filename.jl")
2 GK715 (generic function with 4 methods)
3

4 julia> £(x) = [exp(-x~2), cos(x)]

5 f (generic function with 1 method)

6

7 julia> GK715(f, -10.0, 10.0, 1le-6)

8 2-element Array{Float64,1}:

9 1.772453850905516

10 -1.0880422217787404

11

12 julia> ans .- [yrkerf(10), 2*sin(10)]
13 2-element Array{Float64,1}:

14 2.220446049250313e-16
15 -8.881784197001252e-16

2.5.6 The Final Program

The theory presented in this chapter has been put together in the computer program showed
in appendix [C] From this theory it is clear that an important part of the resulting program is
numerical differentiation and integration. Numerical differentiation is needed in order to compute
the Jacobian needed for the Newton-Rhapson method and numerical integration is required in
the finite element method when integrating over each cell. In the quasiclassical Green’s function
approach, numerical integration is needed in order to extract observables such as current densities
an Cooper pair correlation functions. I have implemented forward mode automatic differentiation
for the numerical differentiation and adaptive Gaussian quadrature schemes and the Romberg
method for numerical integration. Gaussian quadratures are used to integrate over each cell and
Romberg integration and GK715 are used to integrate over energy.

The final program is quite general in that it takes as input an arbitrary number of real
or complex coupled nonlinear second order partial differential equations with Robin boundary
conditions (boundary conditions of the form of eq. (2.122b)) in two or three dimensions. The
shape is restricted to be rectangular because of how the elements are generated, but this restriction
could be relaxed if the elements are created in a different way. I am considering two different
systems in this work, and their parametrized Usadel equation and boundary conditions looks
different. For this reason it is convenient to be able to specify the equations as the program is
called. Additionally, specifying the equations on the user level makes the code versatile, and it
is no additional work to include other effects such as spin-orbit coupling and exchange fields.
What made this possible was the combination of multiple dispatch in the Julia Programming
language [49] and forward-mode automatic differentiation [43], which allows for efficient evaluation
of Jacobians for general vector-valued functions, as long as they are written in Julia.
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3
ISUPERCONDUCTING VORTICES IN
HALF-METALS

( We have entered a new stage of studying new phases of matter previously out
of our reach, and of merging the hitherto disparate fields of superconductivity
and spintronics to a new research direction: super-spintronics. 99

MATTHIAS ESCHRIG, 2015

Since the discovery of the Meissner effect in 1933 by Meissner and Ochsenfeld |50], it has been
known that superconductors expel magnetic fields from its interior. Nevertheless, a synergy
between magnetic and superconducting order is possible at the interface between a superconductor
and a ferromagnet. Interestingly, it is even possible for a half-metallic ferromagnet. The
superconducting condensate in a normal superconductor consists of spin-singlet electron pairs,
meaning that they have opposite spin and their combined wavefunction is odd in the interchange
of these spins. Half-metals, on the other hand, are 100 % spin-polarized, meaning that only
one spin-band is conducting, and hence no spin-singlet Cooper pairs are possible. Nevertheless,
supercurrents has been observed in half-metals [51].

Any supercurrent through half-metals are necessarily spin-polarized mediated by spin-triplet
Cooper pairs of equal spin. This makes them especially interesting to study in order to understand
the interplay between ferromagnetic and superconducting order. An understanding of spin-triplet
superconducting order is of importance in the field of superconducting spintronics, which has as
one of its goals to enable new types of devices utilizing spin-polarized supercurrents [4, |5]. This
is now an active field of research and much experimental and theoretical work has recently been
conducted in order to understand the behaviour of hybrid structures involving superconductors
(S) and half metals (H) [9, 25, |36, |51-57].

A characterizing feature of Cooper pairs in diffusive half-metals is that they must be non-local
in time. This follows from the Pauli exclusion principle. The wavefunction must be odd in the
combined interchange of positions, time and spin. In the dirty limit we are assuming that the
quasiclassical Green’s function is dominated by the s-wave component because the system, so the
wavefunction is even in position. Consequently, the wavefunction is odd in either spin or time
but not both. Conventional Cooper pairs are spin-singlet and therefore even in time. Cooper
pairs in half-metallic ferromagnets, in contrast, are spin-triplet and hence odd in time.

The proximity effect in half-metals is more complicated than in normal SNS-junctions because
it requires a mechanism which converts the spinless (singlet) Cooper pairs to spin-polarized (triplet)
pairs. The theorized mechanism to produce such correlations involve spin mixing and spin-flip
scattering at the interface [56]. Spin mixing introduces triplet correlations at the superconducting
side, and spin-flip scattering mediates these correlations to the half-metallic side. What has
allowed me to investigate SH-heterostructures in the presence of an external magnetic field is the
recent derivation of general spin-active boundary conditions for the quasiclassical theory applied
to diffusive systems [25| 36]. This means that it is possible to apply the quasiclassical Usadel
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Figure 3.1: Sketch of a SHS junction. m is the magnetization direction in the halt-metal and m; and m,
are the magnetization directions at the left and right interface, respectively. 6; and 6, are the associated
polar angles and oy and o, are the associated azimuthal angles. L and W are the length and width of the
half metal, respectively.

theory in such a way that the Cooper pair conversion mechanism described above is included.

One hitherto unsolved problem is whether superconducting quantum vortices will form in half
metallic hybrid structures. These topological excitations can form when ordinary superconductors
are exposed to a magnetic field. This is a basic characteristic of superconductivity, but yet little
is known about if and how vortices appear in odd-frequency superconductors. Odd-frequency
superconductivity has never been observed to arise spontaneously in a material, but the fact that
purely odd-frequency superconducting correlations occur in SH-heterostructures gives us a way
to determine if vortices can occur despite the complete absence of conventional superconducting
correlations. To investigate this problem I apply the quasiclassical theory both analytically
and numerically to a two-dimensional SHS-junction as depicted in figure [3.1] under a constant
perpendicular magnetic field.

3.1 System

Chapter [2 introduced the Usadel equation (2.7). The system we consider here is shown in
figure and is a two-dimensional SHS-junction with length L and width W. That is, (z,y) €
[0, L] x [-W/2,W/2] inside the half-metal. Superconductors are located at x < 0 and > L
and have lengths which are large compared to L. The interfaces between the half-metal and
superconductors are spin-active tunneling boundaries, meaning that they discriminate between
particles of different spin. The magnetization of the half-metallic ferromagnet, m, is taken
to be along the z-axis. The direction of the magnetization of the interfaces, m; and m,., are
kept arbitrary and we will look at how different choices for these angles affect the outcome.
Crucially, we will see that the strength of the proximity effect in the half-metal is proportional
to the in-plane component of the interfacial magnetization directions, meaning that in order
to get superconducting correlations in the half-metal, at least one of of the polar angles, 6; or
0, must be nonzero. These effective interfacial magnetization directions can come from either
artificially inserted thin ferromagnetic layers or from magnetic disorder at the interfaces [53].
That is, natural misalignment of magnetic dipoles arising from the conjunction of different atomic
structures meeting at the interface can possibly lead to an effective magnetization direction at
the interface which is not collinear with the magnetization direction of the half-metal. Finally,
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the superconductors are assumed to be equal, such that the amplitude of the gap parameters 4;
and A, are equal, although the phases may differ.

3.1.1 Gauge Field

It is important to clearly state what gauge is being used when working with systems such
as that presented here. The reason is that superconductivity spontaneously breaks the U(1)
gauge symmetry. A consequence of this is that the superconducting order parameter and the
electromagnetic vector potential are intimately connected. Changing the vector potential or
the order parameter by themselves changes the physical situation. Hence, if one wants to use
another gauge while preserving the physical situation, one must change both the vector potential
and the order parameter simultaneously. As we will see, certain observables, such as the vortex
location, will depend on the phase difference between the order parameters in the superconductors.
However, because of the relation mentioned above, giving a relation between a physical observable
and the superconducting phase difference is meaningless without also specifying what gauge is
used.

The magnetic field considered here is constant and parallel to the z-axis in the half-metal
and zero in the superconductors. That is, B = —Be,[0(x) — §(x — L)]. We shall use the vector
potential

Y
LeA = T [0(x) —0(x — L)] ey, (3.1)

where n = BLW/(7/|e|]) = ®/® is the total magnetic flux ® divided by the flux quantum
&y = 7/|e|. Equation has the advantage of being in the Coulomb-gauge inside the half-metal.
Additionally, the fact that it is nonzero only in the x-direction will allow us to convert the Usadel
equation to an ordinary differential equation in the wide junction limit described below. Finally,
it is zero inside the superconductors, which allows for the superconducting phase to be constant.

3.2 Boundary conditions

The reason that superconductivity can exist in the half-metal in the first place is that supercon-
ducting correlation can leak through the interface with the superconductors. This phenomenon
must in the quasiclassical theory be entirely captured by the boundary conditions, as the relevant
length scales are too small to be treated quasiclassically. Boundary conditions are therefore of
crucial importance for describing proximity effects in heterogenic structures.

The interface between a conventional superconductor and a diffusive half-metallic ferromagnetic
is special because the superconducting correlations that exist in the superconductor, spin-singlet
and even-frequency, are impossible in a half-metal. Hence, in order for any proximity effect in
the half-metal there must be some mechanism that converts the Cooper pairs into spin-triplet
odd-frequency Cooper pairs as they make their way into the half-metal. As mentioned above, the
proposed mechanism involve spin mixing and spin-flip scattering at the interface |56]. Spin mixing
introduces triplet correlations at the superconducting side, and spin-flip scattering mediates these
correlations to the half-metallic side. Although this mechanism has been known since 2003, it
took more than a decade before the relevant boundary conditions was developed for the diffusive
limit |25]. These boundary conditions must distinguish between spins, and we therefore call them
spin-active boundary conditions.

It is not immediately obvious that a general spin-active quasiclassical boundary condition is
even possible. The quasiclassical Green’s functions are typically discontinuous across boundaries,
even if the microscopic Gor’kov Green’s functions are not. Some information about the microscopic
Green’s function is lost when integrating over energy to produce the quasiclassical Green’s function,
and the quasiclassical treatment itself is not applicable at the boundary. Determining quasiclassical
boundary conditions means to calculate the jump in the energy-integrated Green’s function despite
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not knowing the full microscopic Green’s function. This difficult task has been proven possible,
and in 2015 it was found for general spin-active boundaries between diffusive materials by Eschrig
et al. [25].

The expressions for the boundary conditions in found in [25] was simplified in 2017 by Ouassou
et al. |36], making them easier to implement and more efficient to compute. To second order in
transmission probabilities and spin-mixing angles the boundary conditions are

.. Gho . iGL Gy
GiLien - (G:V§) = 70 G, F(3)] — 7“" [Gi, ] + fF(gj)giF(gj)
Gl . . . Gl o
+ e [Gi » M gim] + e (Gi s F(G5) Gimi + 119 F (§5)]
iGL .
+ T;X [9i, F (9570595 — my)] (3.2)

where ey, is the outward-pointing normal vector for region ¢, G; is the bulk conductance of material
i and L; is the length of material ¢ in the direction of e,. For a half-metallic ferromagnet,

F(0) = 04 {0, m} + mom (3.3)

and my, = diag(my, - o, my, - 0*). Here o = (0;,02,03)T is the vector of Pauli matrices and my, is
a unit vector in the direction of the magnetization experienced by a particle being reflected in
material k. Similarly, m = diag(m - o, m - 6*) where m is the unit vector in the direction of the
magnetization being felt by a particle which is transmitted. The interface conductances are 36|

BZGqZwa GEpZQGqZ‘PZm
n=1 n=1
b=Gyy (T1)", Gy=Gqy T, (3.4)
n=1 n=1
. N . 2
G?p? = 2Gq Z ((P:’L) )
n=1

where T and ¢!, are respectively the transmission probability and spin mixing angle for tunneling
channel n from material i to material j. G, = /7 is the conductance quantum (remember,

h =1). The boundary condition across the boundaries with vacuum at y = +W/2 is e, - Vg = 0.

3.3 Superconducting Order Parameter

Looking at superconducting vortices in odd-frequency superconducting condensates naturally
poses an interesting question regarding how to identify such vortices. Superconducting vortices
are characterized by a root in the superconducting order parameter in its core and a phase
winding of 27 in the superconducting order parameter along a trajectory circulating the vortex.
The superconducting order parameter, (1| (7, 0)y4(r,0)), is normally used to identify vortices
in conventional superconductors and normal proximity systems. However, as was mentioned
in section , the analogous quantity in odd-frequency superconductors, (¢4(r,0)14(r,0)), is
identically equal to zero.

What makes this an interesting challenge is that it is not obvious that other choices of order
parameters work equally well. One type of order parameter which one could use, and which is
often used in the Bogoliubov deGennes formalism [37], is to keep a nonzero time between the
order parameters,

Wi (r,t) = (P (r, )34 (r, 0)) - (3.5)

36



CHAPTER 3. SUPERCONDUCTING VORTICES IN HALF-METALS 3.4. ANALYTICS

However, it is not obvious that eq. should work better than the analogous (¢ (r, )y (r,0))
works in the normal case. Plugging in the bulk BCS solution I find that there are certain relative
times ¢t where this order parameter vanishes even for conventional superconductors. Additionally,
using this order parameter in normal SNS-junctions, I find that there are sometimes additional
roots with phase windings which are not present in the normal order parameter. Moreover, these
additional roots do not correspond to circulating supercurrents and do not have cores where
the density of states is equal to that of the normal state. Hence, these additional roots do not
correspond to superconducting vortices, which means that (¢ (r,t)14(r,0)) can be misleading
when used to identify vortices.

One possibility as that Wy (7, t) works better when ¢ approaches 0. Alternatively, one can use
the order parameter
_ 0 <¢T(T7 t)%(?% 0)>

Uy (r) : 5

(3.6)

t=0
When it comes to locating vortices by the roots of an order parameter, Wo(r) is equivalent to
using Wi (r,t) with an infinitesimally small ¢, since W1 (r,t) ~ tW¥s(r) as t — 0.

Numerically, it could be beneficial to simply use W1 with a small value of ¢ rather than Ws.
Written in terms of the anomalous Green’s function f;, the order parameters are

Uy (1) = _ZVO / de f1(r,) tanh </325> sin(ct) (3.7)

and . i ge
ao(r) = 5 /deff(r,e) tanh 5 )€ (3.8)

The integrand in eq. (3.7)) goes more quickly to 0 than the integrand in eq. (3.8) and numerically
it is therefore expected to be easier to integrate as long as ¢ is small.
In this chapter we will compare the location of the roots of these order parameters to the

location of vortices as revealed by other observables in order to determine which order parameters
work to locate superconducting vortices in odd-frequency superconducting condensates.

3.4 Analytics

3.4.1 Analytic Solution in the Superconductors

Before writing the boundary condition in the Ricatti parametrization, we must determine the
solution in the superconductors. I shall show that it suffices to use the bulk solution

9 (52 - yAE) 9 (\AF . 52)

when assuming that the superconductors are long compared to the half metal.
First, let

sgn(e) — i (5,63 + A) , (3.9)

f] = chs + 5?] (3-10)

be the solution of the Usadel equation,
DsoV - (§V§) + i [Eﬁg +A, g} =0 (3.11)
in the superconductor at x < 0. This gives an equation for §g,

DoV - ([Gnes + 64] V6§) + i [5,33 +A, 59} —0, (3.12)
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where I have used that gzcs solves the eq. (3.11]) for a bulk superconductor. Next, assume the
inverse proximity effect to be weak, such that 6§ < ggcs. Using that gpcsgres = 1, this yields

Dso V23§ + idincs [5,33 A, 59] —0. (3.13)
Jscs + 09 must also satisfy the normalization condition ([2.10)), so
(QBCS + 5@)2 =1 = {QBCSa 5@} =0. (3-14)

Hence, using that [Eﬁg +A, QBCS} =0,

s |3 + A, 8] = (203 + A)ncsd + 09(eps + D)gncs = {09, (ebs + A)jncs } - (3.15)
Finally, from
(é‘ﬁg + A)2 =2 A2 (3.16)
I get that §g is an eigenvector of the Laplacian,
V255 = \%5g (3.17)

where

N
o2 [sgn@me (2= 1Aa1) +iy/|Af - c2 (Ws?)]. (3.18)
SC

We can choose the sign of A to be such that R(\) > 0.
Let Lgc be the length of the superconductor in multiples of the length of the half metal. Using

the boundary condition
Vg

e =0, (3.19)

where 2 is the boundary not interfacing the half metal, I get
0g(e,z,y)=C [e_)‘lx‘ — e_QALSC'Mlx‘] , (3.20)

where C' is some a function of y and ¢ to be determined by the final boundary condition. If the
matrix current across this boundary is Igo, then

chsIsc

C = )
AGscLgo (1 — e=2Msc)

(3.21)

Ie depends implicitly on Lgg, but only through terms which are second order or more in
transmission probabilities and spin-mixing angles. Hence, the contribution from the correction to
the Green’s function in the superconductor scales inversely proportionally with the length of the
superconductor to second order in transmission probabilities and spin-mixing angles. Assuming
Lsc > L we are therefore justified in setting g = 0. The same calculation shows that we can use
Jscs also in the superconductor at x > L.

3.4.2 Ricatti-Parametrized Equations

We are now in a position to write down the full set of equations for the half-metal. The
dimensionless Usadel equations with the Ricatti were introduced in chapter [2] and are

2aVa-Va 4(1+aa)eA - (aeA+iVa)

) .

_ -9 .22

V2q + - T i€a, (3.22a)

V2 4 2aVa - ~Va _ 4(1 +aa)eA - (afA —iVa) _ %ica. (3.22b)
1—aa 1 —aa
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Plugging in the Ricatti-parametrized bulk BCS Green’s function in eq. (3.2)) I get

Gumen - Va = 2iGyyae, - Ae + 4Gy BCa — GSMBZC’Qa(ad +3)

- 3.23a
4—22’G§CCBC’2 (b [m1 —ima] — b[mq + ima] a2) , ( )

Guven - Vi = —2iGuyde, - Ae + 4GI™MBCa — G B?C?(ad + 3)
(3.23b)

—2iGE° BC? (5 [m1 + ima] — bmy — ima) zﬂ) ,

where B=1bb—1, C' =1 /(1 + blNJ) and my and mg are the z- and y-components of the effective
magnetization direction at the boundary. b is the Ricatti parameter in the superconductor, that

is
0 b 0 |b] i
e (—b 0) <—|b| 0 ) ¢ (3.24)

my + imgy = sin fe'®, (3.25)

In the following we write

with the angles 6 and « as shown in figure For the interfaces with vacuum, e, - Va =0

3.4.3 Analytic Solution

In order to solve these equations we must make some simplifying assumptions. If we assume the
proximity to be weak, we can keep only terms which are linear in ¢ and a and their gradients. In

this case the Usadel equation (3.22a)) decouples:

V2a =4A - (aA +iVa) — 2ica, (3.26a)
V%a =4A - (@A — iVa) — 2ica. (3.26D)

and so does the boundary conditions,

D PN G S Py GX pe2i i puile—a)
e, -Va= {4GHM BC SGHMB C* + 2ie,, - Ae} a+ 2ZGHM BC?|b| sin fe ,  (3.27a)
HM GEM GS¢ - .
e, - Vi = {4 G BC = 355 BIC? = 2ien Ae} @ = 2i s BO? b sin fe~i¥7e) (3.27b)

Equation can be further simplified in the so-called wide junction limit, where n/W < 1.
If A =0, the solution of eq. is constant in the y-direction. Assuming this is approximately
true also for small A, we neglect the term 8§a. Equation can now be solved exactly, as
it is a second order ordinary differential equation with constant coefficients. The solution of
eq. is

a = Crethz 4 Chelu=h)z (3.28)

where u = —2miny /W, k = v/—2ie and C; and C3 are independent of z.

Determining C'y and Cs requires the boundary conditions, which can be written

gz » = —¢sin 0P — (d — u)a, (3.29a)
Ga = csin 6" P =) 4 (d + u)a, (3.29Db)
O =1
where
GY po Go™ G3" 52 e
c= QZGHM BC*|b| and d= 4GHM BC — 3GHMB C=. (3.30)
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After some algebra, the solution can be written

Cei(‘»ol —ay)tuw

— _ : —k(1—x) : W0p—u, —kx
a = d)2cF — (h 7 )2t {(k d) (sm ;e + sinf,e e ) (331)
+(k+d) (sin 0,e"1=7) 4 gin Hrei‘sso_“ek”) },
where
do = pr —ay — @1 + Q. (3.32)

Note that the wide junction approximation is not applicable at small energies. This is because
the solution will be slowly varying in the x-direction and therefore 8§a is no longer negligible
compared to d2a.

When sin 6; = sin,., a vanishes at x = 1/2 and

y _1/1 or—op —p1t+ o
2L = (Z4N- 3.33
w n<2+ 27 )’ (3:33)

where IV is any integer. This means that f; and hence also the order parameters ¥; and Wo
vanishes at these points. a is holomorphic, so from Cauchy’s argument principle |58| there is a
27 phase winding in the order parameters around these points because the multiplicity of the
roots are 1. These n rootsﬂ are the only ones for Wy, but for ¥ there are relative times t for
which additional roots exist. Since each vortex is associated with a quantum of magnetic flux,
®(, there should be at most n vortices when the flux is n®g. This suggests that ¥y is less suited
for finding vortices than s if we identify vortices by the roots of the order parameter. Using Wo
suggests that when sin 8; = sin 6, and the magnetic flux is n®q, there will in the wide-junction
limit be n vortices whose location is determined by the difference in the superconducting phases
and the magnetization angles.

The situation is more complicated when sin 6; # sin,. In this case the roots of eq.
depend on €, and I will leave the discussion for how this affects the order parameter to the
numerical investigation. However, some insight can still be had from the analysis. Scaling
sin 6 in the boundary condition is equivalent to scaling the conductance G5°. That is, if
sin 6, < sin 6}, the proximity effect should be weaker at the right side, meaning that the vortices
should be pushed to the right. This is indeed what I find numerically.

3.5 Numerics

We now proceed to the numerical results in the full (non-linear) proximity effect regime. The
parameters |A| = 4er, Guy = 3G, GY° = 0.01GH™, Gy = 0.002GH™, sin ) = 1 and ¢; = a; = 0
are set common for all the numerical calculations, but I obtain qualitatively similar results for
other choices of the conductance parameters G?M/ ¢ T include the effect of inelastic scattering by
doing the substitution £ — € 4 i§ where § = 0.001|A| in order to avoid the divergence of gges at

e =|A| [59).

3.5.1 Local Density of States

In the symmetric case (sin#, = 1.0), we suspect from the analysis above that for all energies, the
local density of states is equal to that of the normal state, that is N = Ny, in about n points
along the line z = 0.5, where n is the number of magnetic flux quanta. Using the expression
for the local density of states derived in section and which is implemented numerically in
appendix [C] I find that this is indeed the case. Figure [3.2] shows the local density of states at

IStrictly speaking there not always exactly n roots. For instance, when n = 1 and ¢ = 0 the order parameters
vanish at y = W/2. Any nonzero value of ¢ will result in a single vortex.
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Figure 3.2: The normalized difference between the local density of states and the normal-state density of
states, (N — Ny)/No, for various energies. Contour lines of constant values are added. These lines are
red for the values close to zero, at £0.01 x S, where S is the number at the top of the respective colorbars.
Heren =2, ¢, = a, =0 and sinf, = 1.

various energies for the symmetric case with n = 2 with red lines close to where it is equal to
the normal state density of states. We see that there are indeed 2 locations where the difference
between the local density of states and the normal state density of states vanish for all energies,
and that the locations of these points are exactly those predicted by the analysis.

The situation is slightly different for the asymmetric case (sinf, # 1), as can be seen in
figure [3.:3] There is no longer a single point where N = Nj for all energies. Instead, the locations
where N = Nj is slightly dependent on energy. For n = 2, as can be seen in figure the
location closest to # = 1/2 where N = Ny occurs at y = £W/4, which is also the y-values where
the vortices are in the symmetric case. The place closest to x = 1/2 where N = Ny moves only
slightly, but the general behaviour is to move towards the central line as the energy increases.

One could be led to believe that this energy-dependence on the position where N = Ny is a
peculiarity only present in the special case of an SHS-junction, but that is not true. The same
phenomenon occurs in normal SNS-junctions if the conductances at the interfaces are unequal,
and the underlying reason is the same in that case. As mentioned above, changing sin 6 is the
same as changing the conductance G5°. One does not even need a magnetic field to see this
energy-dependence. In fact, removing the magnetic field will remove the y-dependence, and so
make the explanation more intuitive. Because the phenomenon is the same for an asymmetric
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Figure 3.3: The normalized difference between the local density of states and the normal-state density of
states, (N — Ny)/No, for various energies. Contour lines of constant values are added. These lines are
red for the values close to zero, at £0.01 x S, where S is the number at the top of the respective colorbars.
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SNS-junction and the proximity effect in this case is more straight-forward, I will consider a
SNS-junction in the following explanation.

Consider a SNS-junction with a superconducting phase difference of m and where the supercon-
ducting gap parameter in the two superconductors are equal. If the conductances across the two
superconductors are equal, then the anomalous Green’s function f vanish exactly midway between
the superconductors for all energies. Consequently, N = Ny along this line for all energies. In
a simplified model we can think of this as being because superconducting correlations leak in
from the two boundaries and interfere destructively along the central line. This picture is what is
suggested by the analytic solution in the weak proximity effect regime. The anomalous Green’s
function in the normal metal can in this regime be written?]

f(x) = Gie"th(z) + Gre“rh(L — z), (3.34)

where (G; and G, are the conductances across the boundaries with the left and right super-
conductors, respectively, and ¢; and ¢, are the superconducting phases in the left and right
superconductors, respectively. L is the length of the normal metal. As the correlations propagate,
they change in amplitude and phase in a manner given by the function h. Along x = L/2 the
contribution from the left superconductor is Gye*¥*h(L/2) and the contribution from the right
superconductor is G,e*h(L/2). Thus, there is a complete destructive interference if G; = G,
and @, — @ = £

If, on the other hand, the conductances differ, then numerically I find that there will still
usually be a line where the anomalous Green’s function vanish, but this line will be closer
to the side where the conductance is smaller, and it will not be at the same location for all
energies. The reason for why the anomalous Green’s function no longer vanish midway between
the superconductors is that the amplitude of the contributions from the different superconductors
are no longer the same, so there is no longer complete destructive interference at x = L/2. To give
a possible reason for why the destructive interference occur closer to the interface with the smaller
conductance, consider only the amplitude. If we assume that the there is destructive interference
where the two amplitudes are equal and that the contributions from each superconductor diminish
as a function of distance from the superconductors, then we can say two things. First, because
the amplitude starts out smaller at the side where the conductance is the smallest, the destructive
interference will occur on this half of the normal metal. Secondly, the destructive interference
will occur closer to the central line the faster the decay is.

The last prediction fits well with what we observe. The destructive interference occur closer
to x = L/2 for higher energies, except for a jump at ¢ = A, both for the SNS-case and for the
SHS-case. From the theory of Andreev reflection we expect that the decay is faster for higher
energies, at least as long as the energy is smaller than the superconducting energy gap [5]. The
reason is the following. When a Cooper pair is transmitted from the superconductor into the
normal metal, it must be converted into a pair of electrons whose energies are 4+ ¢ and pu — €,
where p is the chemical potential and ¢ is some energy. This is because the energy of the Cooper
pair is 2u. Therefore, the higher the energy e, the more different the wavelength of the two
correlated electrons and the faster do they become decoherent.

This being said, the point where with y-value given by eq. and N = Ny changes only
very slightly with e, at least as long as the asymmetry is moderate. A more noticeable difference
between the symmetric and asymmetric case is that N = Ny in an isolated point for most energies
in the symmetric case, while in the asymmetric case there is a larger elongated area where N is
close to or equal to Ny. This feature is recognizable also in the supercurrents.

2See for instance [30].
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Figure 3.4: Amplitude and direction of the fully spin-polarized supercurrent j for the symmetric case
(sinf,. = 1) and the asymmetric case (sinf, # 1). Here n =2 and ¢, = o, = 0. The values are given for
the dimensionless supercurrent j x (L/NoeDey).

3.5.2 Supercurrent

Figure [3.4] shows the current amplitude and direction for the same two cases as was discussed in
the previous section. That is, the symmetric case with n = 2, ¢, = o, = 0 and sin #,, = 1 and the
asymmetric case with n = 2, ¢, = o, = 0 and sin 6, = 0.5. In both cases there are exactly two
points where the supercurrents vanish and where the supercurrent circles around. This indicates
the existence of two superconducting vortices, which is in accordance with the analysis, local
density of states and the fact that the system is experiencing two quanta of magnetic flux.

The y-value of the points with circulating supercurrents are the same as what is expected by
the analysis, given by eq. (3.33]). In the symmetric case these points are midway between the
superconductors, i.e. at x = L/2, while in the asymmetric case they are moved slightly toward
the side where sin # is smaller. Hence, the vortex locations as given by the supercurrents agrees
with the analysis as well as the results from the local density of states.

One feature of the asymmetric case worth noting is that the supercurrent is suppressed to the
right of the vortex, which is towards the side where sin @ is smaller. This is in agreement with
the fact that this region had a local density of states which was closer to the normal state value,
as shown in section [3.5.9]

Finally, note that the currents are fully spin-polarized because the half-metal is fully spin-
polarized. This is an important realization, as one goal of the field of superconducting spintronics
is to be able manipulate spin-polarized supercurrents . The topological nature of vortices
means that they are stable, and using vortices as a means for transporting spin information has
recently been proposed by coupling superconductors to magnetic insulators [15].
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Figure 3.5: Plots of log(|¥1(r,t)| x 2/Noer) for various values of t in the symmetric case (sinf, = 1)
with n =2 and ¢, = a,, = 0.

3.5.3 Cooper Pair Correlation Function

Investigating vortices in odd-frequency superconductors gives rise to the problem of choosing
what order parameter to use. The Cooper pair correlation function which is normally used is not
applicable as it is identically equal to zero. The two must obvious remaining choices are

Wi (r,t) = (Yr(r,t)¢4(r, 0)) (3.35)

and

_ 9 <¢T(r7 t)¢¢(’l", O)>
ot —o

as mentioned above. From looking at the local density of states and the supercurrent we already
know that we expect vortices and that their location should have y-value given by eq.
and be at = L/2 in the symmetric case and closer to the side where sin @ is smaller in the
asymmetric case. Comparing the position of the roots of ¥; and ¥y with the position of the
vortices as predicted by the local density of states and the supercurrent can be used to give an
identification of how good the order parameters are as means to find vortices.

Figures and shows Wy with various values of ¢ for the two same cases which was shown
in sections [3.5.1] and [3.5.2] Figure [3.5| shows the symmetric case with n = 2, ¢, = o, = 0 and

Wy(r) (3.36)
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sin 0, = 1, while figure shows the asymmetric case with n = 2, ¢, = a,, = 0 and sin 6, = 0.5.
Wy (r) looks identical to Wy (r,0.01/er), which is shown in the figures, but is a factor 100 larger
in magnitude. Wy is therefore not shown. In both cases, there are exactly two roots in o and ¥y
for small ¢, and the position are the same as those given for the vortices by the local density of
states and supercurrent. Around these two roots are a phase winding of 2.

For larger values of ¢, W (r,t) seems to be less suited for finding vortices. In the symmetric
case there are additional roots which appear. These additional roots also has a corresponding
phase winding of 27, but does not correspond to vortices when compared to the local density of
states or supercurrent. The situation is even worse for large t in the asymmetric case. In addition
to having extra roots, the original roots which correspond to vortices are either moved or not
present. This is also the case for other choices of n, ¢, o, and sin,.

Thus, I conclude that using Wo seems best suited as order parameter for the numerical investi-
gation of quantum vortices in an purely odd-frequency superconducting condensate. Alternatively,
one could use ¥ with ert <« 1 which will give the same result since W, ~ Uyt as ¢t — 0.

Figures [3.7] and [3.§ shows the phase of Wy, in addition to the supercurrent and amplitude of
Uy, for a magnetic flux of 4®y and with sinf, =1, ¢, = o, = 0 and sin 6, = 0.5, p, — a,, = 7/2,
respectively. Note that there is indeed a phase winding of 27, as mentioned above.

3.5.4 Vortex Position

So far we have seen only at the case with ¢, = o, = 0. Choosing a nonzero value for ¢, — a,
moves the vortices along the y-axis, and the locations correspond to those predicted by the
analysis and given in eq. Figures and shows the amplitude and phase of ¥y as well
as the supercurrent j for a wide junction subjected to a magnetic flux of 4®q, with sinf, = 1,
or —a, =0 and sinf, = 0.5, ¢, — a, = 7/2, respectively. In figure the vortices are shifted
W/16 down along the y-axis, which is exactly what is predicted by eq. . Note that also
that the vortices are moved towards the side where sin  is smaller also in figure [3.8

The dependence of the vortex position on both « and 6 suggests an experimental method
to determine the effective magnetization angles describing disorder in the form of interfacial
misaligned moments or artificially inserted misaligned magnetic layers in half-metallic hybrid
structures. For a fixed value of the magnetic flux and phase difference ¢, — ¢; (which is tunable
by the applied current), the y-coordinates of the vortices gives information about the azimuthal
angles oy and «,, while the z-coordinates gives information about the polar angles #; and 0,.
This approach could possibly be easier than trying to measure the magnetization angles directly,
especially if the non-collinear magnetization angle at the interface is produced by the natural
misalignment of magnetic dipoles arising from the conjunction of different atomic structures at
the interface.
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Figure 3.7: Amplitude and phase of the order parameter Vo and amplitude and direction of the fully
spin-polarized supercurrent j. Here n =4, ¢, = o, =0 and sinf, = 1.
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0 0.5 1

Figure 3.8: Amplitude and phase of the order parameter Vo and amplitude and direction of the fully
spin-polarized supercurrent j. Here n =4, ¢, — . = /2 and sinf, = 0.5.
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CHAPTER

4
I CONTROLLABLE VORTEX LOOPS IN
SNS-JUNCTIONS

( Looking back at how this new field of topological quantum matter has developed
since the initial discoveries in about 1980, I am struck by how important the
use of stripped down “toy models” has been in discovering new physics. 99

DuNcAN HALDANE, 2016

Superconducting vortices have a great influence on the properties and application of super-
conducting systems [13H15]. Even so, much is still yet to be discovered about these topological
excitations. One aspect of superconducting vortices which are so far not verified by experiment
is the formation of closed loop. The formation of superconducting vortex loops is topologically
allowed, and has theoretically been predicted to form around strong magnetic inclusions inside
the superconductor [16] or through vortex cutting and recombination [17, [18]. However, no
observation of vortex loops in superconducting systems has been found to date. This is possibly
because they are typically small in conventional superconductors and difficult to stabilize for an
extended period of time [19].

Recently it has been shown that these obstacles can be overcome by considering superconduct-
ing condensates in proximity systems rather than in ordinary superconductors |18]. Berdiyorov
et al. |18] achieved stable vortex loops in an SNS-junction by inserting physical superconducting
barriers. The vortices would then be formed in the normal metal, initially as open lines, because
of the applied magnetic field. Applying a current moves these vortex lines, and as they wrap
around the cylindrical barriers they are cut and recombine into closed loops. Berdiyorov et al.
provide suggestions for how these so-called Josephson vortex loops can be detected experimentally,
including muon-spin rotation measurement [60] and changes of transport properties resulting
from the vortex-loops. However, the radius of these vortex loops are fixed by the size of the
nanostructured barriers.

Here I present a system which generate vortex loops with controllable radii. This means that
one can tune the vortices such that they intersect the surface. Josephson vortices has recently
been directly observed on surfaces by the use of scanning tunneling spectroscopy [61], which means
that these vortex loops can be directly observed. The system considered is the three-dimensional
SNS junction depicted in figure with a current-carrying wire which creates the inhomogeneous
magnetic field responsible for the vortex loops. In planar SNS-junctions with uniform applied
magnetic field, changing the superconducting phase difference between the two superconductors
shifts the vortex lines in the vertical direction [62]. As was revealed in chapter [3] this is also
the case in planar SHS-junctions. For the system depicted in figure we shall see that the
corresponding effect on vortex loops in three dimensions is to change their size. Thus, these
vortex loops are easily tunable.

Vortex loops in superconducting systems has previously been predicted using the phenomeno-
logical Ginzburg-Landau theory [16-18|. Here, in contrast, I use the microscopic Usadel theory.
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Figure 4.1: Sketch of a SNS junction with an insulating wire piercing it. The lengths of the normal
metal in the x-, y- and z-direction are L, H and W, respectively. Contours of the vortezx loops are shown
to indicate how the vortices form around the wire.

By showing that vortex loop formation occurs also in the microscopic theory, this result also gives
valuable support to the earlier proposed mechanisms for superconducting vortex loops.

4.1 System

The system we will consider is shown in figure 4.1 A normal metal of length L, height H and
width W is placed between two superconductors and pierced by a conducting and isolated wire.
The domain of the normal metal will be [-L/2,L/2] x [-H/2,H/2] x [-W/2,W/2] and the
superconductors are located and x < —L/2 and « > L/2. The superconductors are assumed
to be identical, meaning that quantities, such as the interface resistance, are identical. The
superconducting gap parameters are identical in amplitude but may differ in phase. We will
approximate this wire to be infinitely thin, meaning that it gives rise to a current density

J(r) = I5(y)5(2)e, (4.1)

where [ is the total current running though the wire. The wire is assumed to be insulated so that
the current does not leak out into the rest of the system. I will in section [£.6] discuss precisely
how such an experimental setup can be realized.

4.1.1 Gauge field

Next, we determine the vector potential A. As before, it is important to fully specify what gauge
is being used, as the vector potential is intimately related to the superconducting phase difference.

The part of the wire which is inside the superconductor will be assumed screened and hence
not contribute to the vector potential inside the normal metal. The magnetic field vanish inside
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the superconductors, and inside the normal metal we can use the effective current density
J(r)=10(y)é(z) [0(x+ L/2) — 0(x — L/2)] e,. (4.2)

With this current density, the Biot-Savart law gives that the magnetic field B is

() X (r=1')

v’

W
B= —[0(z+L/2)~0(z - L/2)]/

_oul L/2+x N L2~z
Cdmp \ L2+ 22+ 2 JIL2—3) + 2

where 1 is the permeability, p = \/y? + 22 and e, = (ye, — ze,)/p. Using that J || e, and

) 0(z + L/2) — 0(z — L/2)] ey, (4.3)

J')x(r—7r") " J(r')
|r—r’]3 |r — /|

: (4.4)

we see that a choice of A which satisfies B =V x A is

u J(r') ,
A= 47r[0(x+L/2)—9(:n—L/2)]/ I

_nl VIL/2-2)2+p2+L/2—x
4m V(IL/2+2)?2+p2-L/2-x

) 0z + L/2) — 0(x — L/2)] €. (4.5)

The vector potential gotten from the Biot-Savart law in the way done in eq. (4.11)) usually
satisfies V- A = 0, but here

A \ \/p? + (x + L/2)? - Vp?+ (x—L/2)

. The reason for this discrepancy is that our effective current density does not satisfy V - J = 0.
Taking the divergence of eq. (4.11)) and using

v.oa=t < ! L 2) 0@+ L/2) — 6z — L/2)].  (4.6)

1 1

=—-Vp— 4.
|r — 7| Vr |r — /| (4.7)
and partial integration I get
- ﬂ o . Vr’ : J(T’) 3./
V-A= pp O(x+ L/2) —0(x L/2)]/|r — ] d°r’, (4.8)
which, by using from eq. (4.2) that
V- J=1[0(x+L/2)—d(x— L/2)], (4.9)

reproduces eq. (4.6)).

Another consequence of using an effective current density that is not divergence free is that
V x B # pJ. Taking the curl of eq. (4.3)) I get

Vo - J(r'
VXB:/LJ—FMV/T(T)d:sr’. (4.10)
4 |r — /|
Using the effective current density (4.2) is in fact incompatible the Ampere’s law. If B were to
satisfy Ampere’s law, integrating B along a closed loop would, through Stokes’ theorem, be equal

to p times the current which penetrates the surface enclosed by the closed loop. Depending on
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how this surface is taken, this would mean that the magnetic field would be either equal to a 0 or
equal to the magnetic field of an infinitely long wire, neither of which would be correct.

In order to get a magnetic field which satisfies Ampere’s law and a vector potential which is
divergence free we would need to use a more sophisticated model for the screening currents close to
where the wire enters the superconductors. However, the contribution from this screening current
is expected to be negligible far away from these points, which is where we will do the analysis.
This expectation is strengthened by the fact that it is only close to the points » = (—L/2,0,0)
and r = (L/2,0,0) where the deviations from V x B = uJ and V- A = 0 is significant. Therefore,
adding the complications which comes from the screening current will not change any of the
conclusions drawn in this chapter.

In order to simplify the analytical expressions we will write n = eLul /472, such that

VIL/2—2)2+p2+L)2—x .
VIR - L2—x)

(4.11)

eLA = —nmln (

4.2 Boundary Conditions

The Usadel equation in the normal metal does not make any reference to the superconducting
gap parameter. Just as in the half-metallic case, it only enters the normal metal through the
boundary conditions. Although deriving quasiclassical boundary conditions for diffusive systems
is easier for normal spin-symmetric boundaries than for the spin-active boundaries needed in
chapter [3], it is still complicated by the fact the quasiclassical assumption is invalid near the
boundary.

A way to derive boundary conditions is to define an isotropization zone on either side of the
boundary which extend far enough into the material to overlap with the diffusive zone where the
quasiclassical region is satisfied. Then, one solves the full Gor’kov equations (2.35)) in this region
and connect this solution with the quasiclassical Green’s function in the diffusive zone [25] 63].
After doing the explicit calculations one gets, in the spin-inactive case, the Nazarov boundary
condition |64]. If the transmission coefficients are small, we can use the Kupriyanov-Lukichev
boundary condition [65],

%

S Gy .. .
GiLiey - (4;V§i) = 70 G35 4] - (4.12)

Note that eq. (4.12)) could also have been arrived at from the more general boundary condition ((3.2))
used in chapter [3] by setting the spin-mixing angles and magnetization vectors equal to zero. As
usual, e, - Vg = 0 across the boundaries with vacuum.

4.3 Analytics

4.3.1 Analytical Solution in the Superconductors

Calculating the quasiclassical impurity averaged Green’s function in the superconductors can be
done in a similar way as was done in section That is, if we let

g = chs + 5g (4~13)
be the solution in the superconductor at = < —L/2, where
0 (<2~ |aP) 0 (1a7 - e2)

gBCS = Y Sgn( ) - 1
YRS N

(sﬁg + A) , (4.14)
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is the bulk solution, then solving the Usadel equation in the same manner as in section [3.4.1] gives

54(e,z,y,2) = C [e—)\|x+L/2| _ e—2>\Lsc+/\|a:+L/2q 7 (4.15)

where Lgc is the length of the superconductor in the z-direction,

A2 = —;i [sgn(f;)\/éa YNE (52 - yAP) Fiy/|A2 — €20 (|A\2 - 52)] , (4.16)

SC

with ®(\) > 0 and

C — G?)OgBCS [QBCS + 5,@) gN]
2)\GSCLSC (]. - 6_2)‘1’50)7

with gy being the solution in the normal metal. Thus, if we assume Lgc > L, we can neglect §4.

(4.17)

4.3.2 Ricatti-Parametrized Equations

Because we can neglect the corrections to the bulk solution in the superconductors, the Ricatti
parameter in the superconductors can be written

(0 b _ [0 [b]\ 4y
(5 (5 )

where b is given by eq. (2.73]). Since the superconducting correlations in our system are spin-singlet,
we may write vy = antidiag(a, —a). Putting this into the Usadel equation and boundary condition
yields

~2aVa-Va  4(1 —aa)eA- (aeA +iVa)

2 e(V - —9
Via = T+ aa I + 2ie(V - A)a — 2iea, (4.19a)
20Va-Va 41— ad)eA - (deA — iVa
v = 20Va-Va | Al zad)ed (@A =iVE) o G 4y, 9 (4.19b)
1+aa 14 aa
and
N .
1 —
e, -Va= Goll + Cib)(b %) + 2iae, - Ae, (4.20a)
Gu(bb + 1)
N(1+ab)(b—a
e, va— GOUFANO=D) o 4, (4.20D)
Gy(bb+1)

respectively, where x, y and z is measured relative to L and energies are measured relative to the
Thouless energy e = D/L?, such that the equations are dimensionless.

4.3.3 Analytical Solution

We can not solve the full Usadel equation analytically, and so must settle for an approximate
solution valid only in certain limits. Moreover, in contrast to the situation in chapter [3 we
will not even find a global solution valid for the whole domain, but will instead solve only for a
subdomain far away from the wire.

In order to solve egs. (4.19) and (4.20) we will assume that the proximity effect is weak and
that the junction is wide, i.e. L < W, H. By assuming that the proximity effect is weak, we can
linearize the equations, such that

V2a = 4eA - (aeA +iVa) + 2¢(V - A)a — 2ica, (4.21a)
V2a = 4eA - (GeA —iVa) + 2¢(V - A)a — 2ica, (4.21b)
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and

_ Gy(b+afpb —1])

e, Va = + 2iae, - Ae, (4.22a)
Gy(bb+ 1)

e Vo= QOCHAOL) o A (4.22b)
Gy (bb+ 1)

In section [3.4) we could assume that a varies slowly with y throughout the domain because A
varied slowly with y. This does not work here, as A changes rapidly when p — 0. Thus, we can
not get an ODE which is valid in all of 2 by assuming that the junction is wide. Nevertheless, by
restricting the analysis to regions where p > L, we can neglect 85@ and 9%2a. We can simplify the
calculations further by Taylor expanding the vector potential,

LeA = —n7r£ex + O(L?/p?)ex, (4.23)
P

Thus, we get a solvable second order ordinary differential equation with solution

Cei(gol —aq)+u(x—0.5)

— k—d k(z—0.5) ido—u —k(z+0.5)
“ (k — d)2ek — (k + d)2e~F {( ) (e e ¢ ) (4.24)
—}—(/{7 + d) (ek(O.S—:B) + ei5<p—uek(a:+0.5)) }’
where
0o = @r — @1, (4.25)
N N(hh
= CGolPl , q= G0l 1), (4.26)
Gy(bb+ 1) Gn(bb+1)

u= —2minL/p and k = V—2ie. (4.27)

From eq. (4.24]) I get that a vanishes when 2z = 0 and

2

p z (4.28)

L~ 1+ 2N —dp/n’

where N is any integer. As was the case in the discussion in chapter [3] this implies that the
superconducting order parameters is also zero. That is, there are loops of constant radii where
the order parameter vanishes. Additionally, Cauchy’s argument principle [58] implies that there
is a 27 phase winding in the order parameters around these loops, and hence we expect there to
be a circulating supercurrent. One remarkable thing about eq. is that the loops can be
made arbitrary large by letting dy approach w. Hence, the size of the larges vortex can always be
tuned to touch the surface simply by changing dp, making them directly detectable by methods
which has already been successfully used to detect vortices.

4.3.4 Vortex Loop Radii

When the superconducting phase difference is increased in normal SNS-junctions, and also in a
SHS-junction, as we have seen in chapter [3] with constant applied magnetic field, the vortices
respond by moving in unison in a certain direction. Here, I will give an argument for why it is
natural that the corresponding behaviour for vortex loops is to shrink or grow.

Take the expression for the vortex position in the two-dimensional case with constant magnetic

field, as was found in chapter [3]
Yy 1/1 dp
= =—(=4+N-—F7). 4.2
W n <2 * 27r) (429)
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When n > 0, increasing dp will move the vortices down, that is to smaller y. Conversely, if n < 0,
increasing d¢ will move the vortices up, that is to larger y. The magnetic field going through two
opposing points on the vortex loops are opposite in direction, meaning that it is as if n < 0 at one
side of the loop and n > 0 at the opposite side. Hence, if increasing ¢ moves the upper part of
upwards, the lower part should simultaneously move downwards, increasing the size of the loop.

A more physical explanation for why changing the superconducting phase difference alters
the position of superconducting vortices can be given in terms of the supercurrent related to the
phase difference. Changing the superconducting phase difference changes the amount of current
going between the superconductors. A current is also circulating around the vortices, and as a
result the added current will be deflected by the circulating current in a direction transverse to
the direction of the applied current. The deflection of the current around the vortex produces a
reaction force on the vortex which pushes it in a direction transverse to the added current, much
like how a spinning ball traversing through air is deflected through the Magnus effect. Unlike a
spinning ball which is accelerating towards the side where the ball is moving in the same direction
as the air, the vortex is pushed towards the side where the circulating current is moving against
the applied current. This, of course, is because the current is mediated by negatively charged
electrons moving oppositely to the current direction. For a more in-depth review of how vortices
are affected by applied current, see for instance [66|E| When the vortices are closed loops, the
deflected current will either be all inwards or all outwards, and the resulting force on the vortex
loop will either increase or decrease the radius.

The discussion above may indicate that the relationship between the radii of vortex loops and
superconducting phase difference in proximity systems is a general feature and not specific to the
system considered here. This could be important as it opens the possibility of controlling vortices
in system that are less obviously controllable but easier to create in a laboratory. One possibility
is to grow the normal metal around a magnetic dipole. The magnetic field from a dipole can,
unlike the magnetic field from a wire, not be altered in strength. However, in our system the
vortex can be made arbitrarily large regardless of field strength. Hence, it is possible that if the
field from the magnetic dipole is strong enough to produce vortices, altering the superconducting
phase difference could be a way to increase the size of the vortex to the point where it touches
the surface and becomes directly observable.

4.4 Numerics

We now proceed to show numerical results in the full (non-linear) proximity effect regime. I
have set the parameters |A| = 4e, Gyu = 3GH™, W = H = 6L and ¢; = 0 common for all
the numerical calculations. The effect of inelastic scattering is included as before by doing the
substitution € — €44 where 6 = 0.001|A| in order to avoid the divergence of gucs at € = |A] [59).

4.4.1 Supercurrent and Local Density of States

Figure shows the supercurrent for n = 1 and ¢, = 0. From the analysis we expect there to
be a loop at around p = 2 where the current circulates, and this is also what we observe from
figure As can be seen from the streamlines in figure there is a tube of circulating current
at around p = 2, indicating the existence of a superconducting vortex loop at that location.
One point which can be observed from figure is that there is a net current in the z-direction,
even at zero superconducting phase difference. This is a consequence of the gauge choice. Doing

ncidentally, the fact that applied current moves vortices is one of the major reasons for why understanding
the dynamics of vortices is of great technological interest. The movement of vortices have an associated energy
cost. The existence of vortices is therefore a cause of resistance in superconductors, and in order to create
high-performing superconductors it is advantageous to use a geometry where vortices are pinned, meaning that
their movement is restricted |14].
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Figure 4.2: Plot of the three different components of the supercurrent, e, - j (upper left), e, - j (lower
left) and e, - j (lower right). The lower half shows the value of the current on the surface in color and the
upper half shows streamlines of the current with the current strength indicated by the same color. Here
n=1and ¢, = 0.
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the substitution eA — eA + C[0(z + L/2) — 0(x — L/2)]e, for some constant C' is equivalent
to doing the substitutions a — ae~2C@+L/2) and b, — be~2CL. This can be seen by observing
that that the Usadel equation (4.19) and the boundary conditions (4.20)) are invariant under the

transformations

eA — eA+ VA(r), (4.30a)
a(r,e) — a(r,)e? ), (4.30D)
a(r,e) — a(r,e)e A, (4.30c)
b(r,e) — b(r,e)e? ), (4.30d)
b(r,e) — b(r,e)e 2T, (4.30e)

where A is some function of position r.

It is also transparent that the Usadel equation must be invariant under the transformations
eq. by realizing that the anomalous Green’s function f = 2N+ and the normal Green’s
function g = N (1 + +7) are the expectation value of two field operators. The anomalous Green’s
function is the expectation value of two annihilation operators, f,, x ({¢,, ¥,}) and should
therefore transform like a charged particle with charge equal to twice that of an electron, 2e,
under a gauge transformation, just like how a transforms in eq. . The normal Green’s
function, on the other hand, should stay invariant under gauge transformations as it is composed
of on creation operator and one annihilation operator. Since v « a and 4 « @, we obtain the
correct transformation rules for f and g when a transforms as in eq. . This illustrates
the point that specifying the superconducting gauge difference is meaningful only if the vector
potential is also specified.

When the SNS-junction is studied in the laboratory, one must tune the phase difference
indirectly through the applied current. In the two-dimensional case we used a gauge which
correspond to no applied current when the phase difference is zero, and this is typically what has
been used in the literature as well |67, 68]. Here, on the other hand, the situation is different and
it is therefore perhaps especially important to stress that zero phase difference does not mean
zero applied current when the vector potential is nonzero.

If the lines around which the supercurrent in figure [£.2] circulates are in fact superconducting
vortices, this should be reflected also in the local density of states. Figures and [£.4] shows
the local density of states at energies ¢ = 0.5|A] and € = 1.5|A| respectively, where A is the
superconducting gap parameter. In both figures [£.3] and [.4] we see that the local density of states
is indeed equal to the normal state density inside loops of radius around p = 2, which coincides
with where we expect the vortex loop from looking at the supercurrent in figure [4.2}

4.4.2 Cooper Pair Correlation Function

Figures and shows the amplitude and phase, respectively, of the Cooper pair correlation
function. As can be seen from these figures there are indeed a vortex loop with radius p &~ 2 where
the superconducting correlation function vanishes and has a 27 phase winding, in agreement with
the supercurrent and local density of states shown in the previous section. There also seems to be
a smaller vortex loop at a smaller radius which was more difficult to see from the supercurrent, as
the supercurrent is weak so close to the wire where the magnetic field is strong. Figure shows
a contour plot of |¥|, together with the phase of ¥ and the circulating supercurrent j, showing
how circulating supercurrent, phase winding and vanishing order parameter are related.

Figures [1.7 and [£.8 shows how the vortex loops changes with superconducting phase difference,
r, and magnetic field strength, n, respectively. The radii of the largest vortices agrees well with
the analytical expression . As can be seen from eq. , increasing ¢, can make the
vortex radius arbitrary large, but will only change the number of vortices by at most one, as the
size of each vortex increases continuously with ¢, and at ¢, = 27 the situation is the same as for
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Figure 4.3: Local density of states N relative to the normal state density of states Ny at energy e = 0.5|A|,
where A is the superconducting gap parameter. Here n = 1 and the superconducting phase difference is @,
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Figure 4.4: Local density of states N relative to the normal state density of states Ny at energy e = 1.5|A|,
where A is the superconducting gap parameter. Here n = 1 and the superconducting phase difference is @,
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Figure 4.5: Amplitude of the superconducting order parameter ¥ for magnetic field strength n =1 and
superconducting phase difference ¢, = 0.
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Figure 4.6: Amplitude of the superconducting order parameter U for magnetic field strength n =1 and
superconducting phase difference ¢, = 0.
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Figure 4.7: Contour plot of the amplitude of the superconducting order parameter ¥ for magnetic field
strength n = 1 and various values of the superconducting phase difference ..
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Figure 4.8: Contour plot of the amplitude of the superconducting order parameter ¥ for superconducting
phase difference @, = 0 and various values of magnetic field strength n.

wr = 0. Hence, each vortex at ¢, = 0 will take the position of the vortex above it when increasing
@, to 2m. At some interval there can be one less vortex if the outermost vortex escapes out of
the system before a new one is created, or there can be one more if a new one is created before
the outermost escapes, but changing ¢, will not change the number of vortices by more than
one. Increasing n, on the other hand, also increase the number of vortices, as can be seen from
figure [A.8] but the sizes grow only linearly with n. In conclusion, then, changing ¢, can make
the vortices arbitrary large but can not change the number of vortices by more than one, and
changing n will also change the number of vortices but the size will scale only linearly with n.

Note from figures [£.7] and that as the vortex loops hit the surface, they curve so as to hit
normally to the surface. This is because there should be no current component normal to the
surface. If the vortices hit the surface at an angle, the circulating current would have to have a
component normal to the surface. Thus, because the current at the surface must be tangential to
that surface, the vortices must hit surfaces at right angles. This result of vortices hitting surfaces
normally is consistent with previous results , .

4.5 Possible Model Improvements

As was mentioned in section the effective current density from the nanowire used here has
some limitations. The effective current density is that of an infinitely thin wire which is finite in
length. This current density is not compatible with Ampere’s law because it does not correspond
to a complete physical current. The current is supposed to be steady, yet V- j # 0. In reality, the
screening currents in the superconductors will not simply fully cancel the magnetic field produced
from the part of the wire which is inside the superconductors. They will produce their own fields,
and while the main effect of this field is to cancel the field from the wire, close to where the wire
enters the superconductors, which is where Ampere’s law is broken, this cancellation will not be
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Figure 4.9: Plot of the phase of the superconducting order parameter ¥ on a surface of a diagonally cut
part of the normal metal, contour plot of its amplitude, |¥|, and streamlines of the supercurrent j. Here
n=1and ¢, =0.

exact.

There are at least two possible ways to remedy the problem of screening currents. Firstly, one
could develop some model for the screening currents. One possible way of doing this is to use the
London equation,

1

A2
where A is the London penetration depth . Having found the magnetic field one can
extract the current density by Ampere’s law,

V’B = =B, (4.31)

J= iV x B. (4.32)
Ho
From this one can find the full magnetic field in the normal metal by combining the screening
current and the current from the wire.

The other possibility is to solve the Usadel equation inside the superconductors as well as in
the normal metal and do it self-consistently with Ampere’s law. This would require significantly
more computational power. Not only must the Usadel equation then be solved self-consistently
with Ampere’s equation, but it must be solved also self-consistently with the equation for the
superconducting gap parameter A which enters the Usadel equation in the superconductors. Both
A and 7 would in this setup depend on the solution of the Usadel equation integrated over energy,
so in order to solve the equations one would have to integrate the Usadel equation many times.
This is because one would first have to make a guess for 57 and A, then solve the full Usadel
equation with the boundary condition in both superconductors and in the normal metal for many
different energies. These results would then have to be integrated at each position in space and
combined in order to make new improved guesses for 7 and A. This scheme would have to be
repeated until the self-consistency equations for A and Ampere’s law are satisfied within some
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tolerance. Integrating the solution once already takes several days in the current implementation,
and this scheme will be much more computationally intensive.

The two methods above will give a physically more correct solution, although the difference
from the solution presented here is likely limited in space to the locations where the wires enters
the superconductors, as this is where the screening currents are located. In this chapter we have
specifically looked at the parts of the normal metal which is far away from this region. This is
because this is the region which is most easily treated analytically and because this is the region
which will determine when the vortex loops are observable on the surface. More importantly
for the current discussion, however, it is because this is the region which is the least affected
by the details of how the magnetic field from the wire is implemented. That is, doing the extra
work of determining the details of how the currents induced in the superconductors screens the
current from the wire will not significantly alter the solution far away from the wire. Hence, the
analytical considerations presented here will remain largely unaffected and the existence and
behaviour of the superconducting vortex loops will not change.

Another aspect which would improve the physicality of the setup presented here, but which
impact is also restricted to small radii p is that the wire will not, in reality, be infinitely thin.
In order to have a finite thickness of the wire, the finite element implementation would have
to be changed. Instead of being a simple rectangular prism, the domain would have to have
cylindrically shaped hole. This would mean that the boundary conditions would have to be
implemented at the resulting surface and the cells used in the finite element computation would
have to be more complex. Although this would require some work in rewriting the program and
adding the extra functionality associated with the more complicated cell structure, it would not
lead to significantly more computationally intensive code.

4.6 Experimental Realization

Normal SNS junctions are created by vertically growing first a superconducting material such as
niobium, then a normal metal such as copper and finally the same superconducting material. The
layers are grown for instance by a sputter deposition technique such as direct current sputtering [70]
or radio frequency sputtering [71]. The setup presented here adds an extra complication by
requiring an isolated conducting nanowire to penetrate the system. One possible way to achieve
this could be to first grow a vertical insulated nanowire and then grow the superconductor and
normal metal around it in a layerwise fashion.

Growing a wire is more complicated than growing a plane because one must localize the
growth to happen at the tip at the wire, even though most of the surface area will be on the
sides. Nevertheless, growing vertical nanowires has successfully been done by methods such as
the vapor-liquid-solid method [72-74] and template-directed synthesis |75]. The vapor-liquid-solid
method works by using droplets of, for instance, gold which are a few angstroms in width to
localize the growth |73], and temple-directed synthesis works by having the wire grow inside a
premade template which can later be removed |75]|. The vapor-liquid-solid method has already
been used to produce vertical surround-gate field-effect transistors with a precision exceeding
what should be necessary for the system presented here [73].

Schmidt et al. |73] made nanowires using the vapor-liquid-solid method which were 40 nm is
diameter and 400 nm in length. This should be on the same length scale as would be necessary
for the system considered in this chapter. The superconducting energy gap of niobium is
|A| = 30.5 x 10~*eV [76], which is equivalent to about 2.46 mm~! in natural units. The Fermi
velocity and scattering time for copper are about 3.70 x 10~2 and 10.8 im, respectively [77]. From
eq. I get that the diffusion coefficient for copper is about D = 49.2 pm. In the numerics I
have used

4D

|A| = 45T = ﬁ’

(4.33)
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SO
L = 283nm, (4.34)

which is on the same scale as what has been made with the vapor-liquid-solid method. Of course,
other metals and superconductors could be used, giving different physical lengths corresponding
to the values being used in the numerics here. Moreover, from the analysis it seems vortex
loops would form also for other values of |A|/er. The calculation above is merely to show that
the length scales used in this thesis is not unreasonable compared to what has already been
experimentally achieved.
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5
I CONCLUSION AND OUTLOOK

% The interface is still the device 99
JOCHEN MANNHART, 2012

Nobel Laureate Kroemer |78| coined the phrase “the interface is the device” in the year
2000 specifically in the context of semiconductors. However, in the years since it has become
clear that fascinating phenomena also arise when other types of materials are combined. For
instance, combining two different types of oxide insulators can produce a layer which is highly
conducting [79] and the combination of ferromagnetism and superconductivity can create super-
conducting correlations in the ferromagnet which are spin-triplet and non-local in time. The
study of heterogenic mesoscopic structures offer opportunities for fundamental as well as applied
research in various fields in physics, including quantum computation |1}-3|, spintronics |4} |5l |80,
81], interferometry [82), 83| and superconductivity [18, 84]. Still, much remains unknown and
many problems remains unsolved. This thesis has had as its goal to shed light on two such
problems. The first is regarding the formation of superconducting vortices in pure triplet-spin
odd-frequency superconducting condensates and the latter is about the formation of vortex loops
in superconducting systems.

Quantized vortices can form when ordinary superconductors are exposed to a magnetic field.
Even though this is a basic characteristic of superconductivity, little is known about if and
how vortices appear in odd-frequency superconductors. Odd-frequency superconductivity has
never been observed to arise spontaneously in a material, but using the fact that purely odd-
frequency superconducting correlations occur in SH-heterostructures we have seen in chapter 3| that
superconducting vortices can occur despite the complete absence of conventional superconducting
correlations. A circulating spin-supercurrent accompanies these vortices in addition to the usual
charge supercurrent. Moreover, I have demonstrated that magnetic disorder at the interfaces
of the half-metal add extra dynamics to the vortices. This insight offers a way to determine
the effective interfacial misalignment angles describing the magnetic disorder, a quantity which
previously has been difficult to determine experimentally.

There are certain circumstances under which the superconducting vortices are believed to form
closed loops, such as in the inhomogeneous field from a magnetic inclusion [16] or through the
process of vortex cutting and recombination |17, |18|. Nevertheless, superconducting vortex loops
have so far avoided experimental detection. The second part of this thesis has focused on the
exploration of a heterogenic structure which allows for controllable vortex loops. The magnetic
field responsible for the vortex loops in this system is provided by a wire running through an
otherwise normal SNS-junction. The amount of current running though this wire affect both the
number and size of the vortices in a predictable way. Crucially, I find that there is an additional
parameter which affect the vortex loop radius, namely the phase difference in the superconducting
order parameters of the two superconductors. With these degrees of freedom the vortex loops can
be manually controlled in the laboratory so as to hit the surface in predictable places. This would
render the vortices easily detectable through means which has already been used to directly find
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superconducting vortices on surfaces in other circumstances [61]. My finding indicates that the
relationship between the superconducting phase difference and vortex loop radius is a general
feature and not specific to the system considered here.

Both of the findings in this thesis is experimentally verifiable and both may serve as inspiration
for further theoretical work. It is plausible that the relationship between the superconducting
phase difference and vortex loop radius is a general feature of superconducting vortex loops in
SNS-junctions, and not specific to the system considered here. This would mean that vortex
loops from systems which are less complicated to create in the lab, but not obviously controllable,
could still be controlled in the same way as what has been proposed in this thesis. One such
system is a normal SNS-junction with a magnetic dipole inclusion. It would be of interest, then,
to investigate a SNS-junction with a magnetic field coming from a magnetic dipole in the Usadel
formalism and see if the superconducting phase difference could be used to control the vortex.

Having explored vortex formation in fully polarized ferromagnets, the next step could be to look
at vortices in strongly, yet not fully, polarized ferromagnets. The coexistence of superconductivity
and ferromagnets is believed to occur in several uranium compounds [85], but it is easier
experimentally to look at superconductivity induced in otherwise normal ferromagnets through
the proximity effect. A reason for why it would be of interest to explore vortex formation in
such systems is that strongly polarized ferromagnetic systems could possibly host half-quantum
vortices. That is, vortices for which the winding number is 1/2, meaning that the superconducting
phase changes by 7, as opposed to the normal 27, along a trajectory around the vortex. Such
half-quantum vortices are possible if there is a rotation of the vector d = (f| — fy, —i(fy+ f1), 2f0)T
in addition to the normal phase winding [86]. A rotation of d is not possible in half-metals, but
it could be possible in strongly polarized ferromagnets.
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When the impurity mean free path is short, only spin-polarized Cooper pairs which are non-locally correlated
in time may exist in a half-metallic ferromagnet. As a consequence, the half-metal acts as an odd-frequency
superconducting condensate. We demonstrate both analytically and numerically that quantum vortices can emerge
in half-metals despite the complete absence of conventional superconducting correlations. Because these metals
are conducting in only one spin band, we show that a circulating spin supercurrent accompanies these vortices.
Moreover, we demonstrate that magnetic disorder at the interfaces with the superconductor add extra dynamics to
the vortices as compared to in a normal metal. This insight can be used to help determine the effective interfacial
misalignment angles for the magnetization in hybrid structures. We also give a brief discussion regarding which
superconducting order parameter to use for odd-frequency triplet Cooper pairs in the quasiclassical theory.

Introduction: New physical phenomena can emerge at the
interface between materials with different quantum order. One
such example is in systems combining ferromagnetism and
superconductivity, where it is possible to generate Cooper pairs
that are both spin-polarized and correlated non-locally in time.
This has become the basis for the field of superconducting
spintronics [1], which has as one of its goals to enable new
types of devices utilizing spin-polarized supercurrents [2]. On a
more fundamental level, it is of interest to consider the interplay
between different types of spontaneous symmetry breaking
in such hybrid structures, since symmetry breaking governs a
wide range of physical phenomena, including mass differences
of elementary particles and phase transitions.

Half-metallic ferromagnets are 100 % spin-polarized, mean-
ing that only one spin-band is conducting. Any supercurrent
flowing through such a material, as has been observed exper-
imentally [3], is therefore necessarily spin-polarized. This
makes them especially interesting to study in order to un-
derstand how superconductivity adapts to a fully polarized
environment. Much experimental and theoretical work has re-
cently been conducted in order to understand hybrid structures
involving superconductors (S) and half-metals (H) [3—15].

One hitherto unsolved problem is whether superconducting
quantum vortices can form in half-metallic materials. This is
an unusual physical situation since the electrons are correlated
exclusively non-locally in time, such that the half-metal in
fact mimicks a purely odd-frequency [16] superconducting
state. Vortices have non-superconducting cores and a phase
winding of an integer multiple of 27 in the superconducting
order parameter, leading to circulating supercurrents [17]. In
addition to being interesting from a fundamental physics point
of view, understanding the behaviour of vortices is useful on a
practical level. Their motion is a source of non-zero electrical
resistance [18], and recently it has been proposed that vortices
can be used as a means for long-range spin transport [19].

It is known that vortices can form also inside normal metals
that are in the proximity to a superconductor [20-23]. Cooper
pairs can then leak into the normal metal through the process
of Andreev reflection [24]. This is the key mechanism behind
the proximity effect which consists of weak superconductivity
observed in a material placed in contact with a superconductor.

The proximity effect in half-metals is more complicated

FIG. 1: Sketch of a SHS junction. m is the magnetization direction
in the half-metal and m; and m, are the magnetization directions at
the left and right interface, respectively. 6; and 6, are the associated
polar angles and o; and «;- are the associated azimuthal angles. L and
W are the length and width of the half-metal, respectively. The blue
regions show the vortex cores where the DOS equals its normal-state
value. Away from the cores, the DOS deviates from its normal-state
value due to the superconducting proximity effect.

because it requires a mechanism which converts the spinless
(singlet) Cooper pairs to spin-polarized (triplet) pairs. The
theorized mechanism to produce such correlations involve
spin mixing and spin-flip scattering at the interface [8]. Spin
mixing introduces triplet correlations at the superconducting
side, and spin-flip scattering mediates these correlations to the
half-metallic side.

What allows us to investigate SH-heterostructures in the
presence of an external magnetic field is the recent derivation
of general spin-active boundary conditions for the quasiclassical
theory applied to diffusive systems [9, 10]. This means that
we can apply the quasiclassical Usadel theory in such a way
that the Cooper pair conversion mechanism described above is
included.

Here, we apply this theory both analytically and numerically
to a two-dimensional SHS-junction as depicted in fig. 1 under
a constant perpendicular magnetic field. We find that vortices
indeed form in the purely triplet odd-frequency superconduct-
ing condensate existing in the half-metallic ferromagnet. Their



location depends not only on the superconducting phase dif-
ference, but also on the effective interfacial magnetization
directions characterizing either magnetic disorder or artificially
inserted thin ferromagnetic layers [5].

Methodology: The SHS junction depicted in fig. 1 can be
treated in the quasiclassical formalism under the assumptions
that the Fermi wavelength is much shorter than all other relevant
length scales and so long as only one spin band is included in
the half-metal. If in addition the system is diffusive, meaning
that the scattering time is small, the isotropic part of the
quasiclassical Green’s function dominates and solves the Usadel
equation [25-28],

DY - (393) +ileps. &1 =0, )

Here, D is a diffusion constant, p3 = diag(1, 1,—-1,—1) and the
covariant derivative is Vg = Vg —ie[p3A, g], where A is the
vector potential, and

s (8% &
g_(o gA) (2)

is the quasiclassical impurity-averaged Green’s function. In
equilibrium, the components of the 8 x 8 Green’s function in
eq. (2) are related by the identities §* = (g* — §*) tanh(ef3/2)
and §* = —p38*" p3, which means that in this case it is sufficient
to solve for the retarded component g*. We use the vector po-
tential eA = —ny/W [0(x) — 0(x — L)] ey, where n = ®/®y
is the number of flux quanta penetrating the half-metal and e,
is the unit vector in the x-direction.

The quasiclassical formalism is not applicable across bound-
aries because the associated length scale is too short. The
Usadel equation must therefore be solved in the half-metal
and superconductors separately, and the solutions must be
connected through boundary conditions, which can be written

GiLie, - (§1Vg)) = 1(8} &), 3)

where e,, is the outward-pointing normal vector for region i,
G, is the bulk conductance of material i and L; is the length of
material i in the direction of e,,. [(gR, gA}{) is the matrix current
from material i to material j.

For the case of spin-active tunneling boundaries, the matrix
current, to second order in transmission probabilities and spin-
mixing angles, is [9, 10]

G iG! Gt
=3[0 F (&) = =" L& il + 2 F (3)) &F (3))
G! iG!
+ T¢2 (8i, M gim] + TX (8, F (&) girii + migiF (3))]
iG’
+ TX (&, F (&m;8; —my)] ©)

where, for a half-metallic ferromagnet F(9) = 0 +{V, m}+mim
and iy, = diag(my - o, my - o). Here o0 = (07, 0, 03)7 is the
vector of Pauli matrices and my is a unit vector in the direction
of the magnetization experienced by a particle being reflected
in material k. Similarly, =2 = diag(m - o, m - 0*) where m
is the unit vector in the direction of the magnetization being

felt by a particle which is transmitted. The expression for the
various conductances, Go, G2, G, Gy and G4, can be found
in [10]. For boundaries interfacing vacuum, the matrix current
isf=0.

The Usadel equation can be made dimensionless by intro-
ducing the Thouless energy, &; := D/L?, and measuring length
scales relative to L and energies relative to &;.

In general, the Usadel equation has to be solved together with
the Maxwell equation in a self-consistent manner. However,
we are interested here in the case where the width W is smaller
than the Josephson penetration depth. In this case one can
ignore the screening of the magnetic field by the Josephson
currents and the magnetic field is equal to the external one.

In the Ricatti parametrization [29] of gR, the parameter is
the 2 X 2 matrix vy and the retarded Green’s function is written

R_(N O)(1+yy 2y
8 ‘(o N\ 29 1+5y) ©)
where N = (1 — y%)~" and tilde conjugation is 7(¢) = y*(~&).

There is only one conducting spin band in a half-metal, and
as a result y has only one nonzero element,

a0
Yam = (0 O) . (6)
Substituting this into eq. (1) we get that a solves the equation

V2g + 2aVa - ~Va _
1-aa

4(1 + ad)eA - (aeA +iVa)
1—-aa

—2iea, (7)

The Ricatti parameter in the superconductors can be written
as ysc = antidiag(b, —b), where b is a function of ¢ and the
superconducting gap parameter A. Inserting this and egs. (4)
and (6) into eq. (3) we get

Guwey - Va = 4G BCa — GV B*C*a(ad + 3)

: SC 2 i —ia _ [ i, 2 . ®)
+2GEBC? sin 6 (be™ = be'a?) + 2iGoae, - Ae,
where B = bb— 1, C = 1/(1 + bb) and 0 and « are the angles
for the magnetization directions on the superconducting side as
shown in fig. 1. The corresponding equations for d and e,, - Va
is found by tilde conjugating eqs. (7) and (8).

Supercurrent: As mentioned initially, a vortex is accompa-
nied by a circulating supercurrent. This can be extracted from
the quasiclassical Green’s function. In the following it will be

useful to write
AR g f
= ~ ~l. 9
g (_ 7 _g) ©

In the half-metal, f has only one nonzero component, f;.
Written in terms of the quasiclassical Green’s function, the
current density is [25]

- NO:DJ Tr(ﬁ3 [gvg]‘() de . (10)



Inserting eq. (9), using the relations §* = —p38% p3, g% =
(g* — ") tanh(efB/2), eq. (10) can be rewritten

,_NQeD ~
1=

Jm tanh (%) Tr(Re [Vt = 1v7]

—00

(11)
+2¢ATm [ff—foT])ds.

The spin current can be found by multiplying the matrix in
the integrand of eq. (10) by the Pauli matrix corresponding to
the appropriate spin direction before taking the trace. For a
half-metal magnetized in the z-direction, the z-component of
the spin supercurrent polarization is proportional to the electric
current while the remaining spin current components vanish.

Cooper Pair Correlation Function: The Cooper pair corre-
lation function in a diffusive half-metal must vanish at equal
times due to the Pauli principle and is thus temporally non-
local [16]. This naturally raises the question of how to define
the superconducting order parameter. In a normal superconduc-
tor, the order parameter is (wT(r, Oy (r, 0)) where Y- (r, t) is
the field operator which destroys an electron with spin o at
position r and time ¢. The same order parameter is used in a
normal metal, but the analogous quantity for the half-metal,
(w1(r,0)y1(r,0)) is always zero.

One approach, which is often used in the Bogolioubov-de
Gennes formalism [30], is to keep the relative time coordinate
t finite between the field operators, that is

i(r, 1) = (Y (r, y(r, 0))
—i

-5 r fi(r, &) tanh(e/2)sin(zn) de . (12)

Another frequently used strategy [31] is to make the order
parameter even in time by differentiation. This yields

lP2(r) = 7

_ "N foo efi(r, &) tanh(ef/2) de .
=0 2 Je
(13)

Below, we shall compare these two possible choices for order
parameter describing the odd-frequency superconducting con-
densate to see which of them that correctly captures the vortex
behavior.

Numerics: The Usadel equation was solved numerically
using a finite element scheme [32]. The program was written
in Julia [33], Forward-mode automatic differentiation [34] was
used to calculate the Jacobian and JuAFEM.jl [35] was used to
iterate through the cells.

Results and Discussion: The Green’s functions in the
superconductors are needed through the boundary condi-
tions. From solving the Usadel equation in the supercon-
ductors we find that the correction to the bulk solution
Gucs = (00121 -1A]) sgn(2)+0(1A - [&])] (253 + A) /e ~ 1A
is negligible in the limit Lg./L — oo where Ly is the length
of the superconductors.

If we assume the proximity effect to be weak, we can keep
only terms which are linear in a, @ and their gradients. In this
case the Usadel equation (7) decouples:

V2a = 4eA - (aeA +iVa) - 2isa. (14)

Equation (14) can be further simplified in the so-called wide
junction limit, where n/W < 1. If A = 0, the solution
of eq. (14) is constant in the y-direction. Assuming this is
approximately true also for small A, we neglect the term
6y2a. Equation (14) can now be solved exactly. Applying the
linearized boundary conditions, the solution can be written on
the form

a = h(x) {sin 01hy(1 — x) + sin Hreighz(x)} , (15)

where ® = ¢, — @, — ¢; + a; + 2winy /W and the functions

and h, depend on &, A and the conductances. Note that the

wide junction approximation is not applicable at small energies.
When sin 6; = sin 0,., a vanishes at x = 1/2 and

y _1 1+N_¢r_a’r_¢l+a'l

W n\2 2n ’ (16)
where N is any integer. This means that f; and hence also
YY) and ¥, vanishes at these points. a is holomorphic, so
from Cauchy’s argument principle [36] there is a 27 phase
winding in the order parameters around these points. These
n roots are the only ones for V5, but for ¥; there are relative
times ¢ for which additional roots exist. Since each vortex is
associated with a quantum of magnetic flux, @, there should
be at most n vortices when the flux is n®g. This suggests that
Y is less suited for finding vortices than ¥, if we identify
vortices by the roots of the order parameter. Using ¥, suggests
that when sin §; = sin 6, and the magnetic flux is n®, there
will in the wide-junction limit be n vortices whose location is
determined by the difference in the superconducting phases
and the magnetization angles.

The situation is more complicated when sin; # sin9,.
In this case the roots of eq. (15) depend on &, and we will
leave the discussion for how this affects the order parameter
to the numerical investigation. However, some insight can
still be had from the analysis. Scaling sin 8 in the boundary
condition (8) is equivalent to scaling the conductance GY°. That
is, if sin 6, < sin #;, then the proximity effect is weaker at the
right side, meaning that the vortices should be pushed to the
right. This is indeed what we find numerically.

‘We now proceed to show numerical results in the full (non-
linear) proximity effect regime. We have set the parameters
|Al = 4&r, Guw = 3G™, G = 0.01G™, G3™ = 0.002G3"
and ¢; = @; = 0 common for all the numerical calculations.
We obtain qualitatively similar results for other choices of
the conductance parameters G;‘M/SC. We include the effect
of inelastic scattering by doing the substitution € — & + id
where 6 = 0.001|A| in order to avoid the divergence of g5 at
e = |A| [37].

Comparing the position of the roots of ¥; and ¥, with
the circulating spin currents, we can see whether the order
parameter gives a good indication of the existence and location
of vortices. First we consider sin 8; = sin 8,.. What we observe
numerically is that ¥, gives the same location for vortices as
the circulating current j would suggest. Similarly, we have
verified the ¥, vanish at the same points where the density
of states (DOS) becomes equal to its normal-state value. ¥;
vanish in the vortex cores, but also in additional points which
depend on t.
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FIG. 2: Amplitude and phase of the order parameter ¥, and amplitude
and direction of the fully spin-polarized supercurrent j. Here n = 4,
¢r =ar =0andsing, = 1.

There are also circulating currents around the locations where
¥, has a root and phase-winding when sin 6; # sin6,.. In the
wide limit there are n vortices with locations slightly pushed to
the side where sin 6 is smaller. The DOS is still mostly equal to
the normal-state value in the vortex core, but at some energies
the location where the DOS is exactly equal to the normal-state
is slightly different. We suggest that this effect stems from the
fact that one superconducting interface is now closer to the
vortex position than the other. Since the decay length of the
superconducting correlations f; inside the half-metal depends
on &, it is no longer possible for the correlations coming from
each superconductor to interfere destructively at the same
spatial point for all £ when this point is not equidistant from
both interfaces. Consequently, the vortex core becomes more
delocalized. Finally, in the asymmetric case sin 6; # sin 6,, ‘¥
has the usual problem of having additional roots, but for some
relative times the roots corresponding to the correct vortices
are also either shifted or not present.

Thus, we conclude that using ¥, seems best suited as order
parameter for the numerical investigation of quantum vortices
in an purely odd-frequency superconducting condensate. Alter-
natively, one could use ¥ with &, < 1 which will give the
same result since ¥ ~ Yot ast — 0.

Figures 2 and 3 shows the amplitude and phase of ¥, as
well as the supercurrent j for a wide junction subjected to
a magnetic flux of 4®,, with sin6, = 1, ¢, — @ = 0 and
sinf, = 0.5, ¢, — a, = n/2, respectively. Figures 2 and 3
shows that there are two vortices with fully spin-polarized
supercurrent circulating them, and that their location has the
y-coordinates given by eq. (16). In the non-symmetric case we
see that the vortices are moved towards the side where sin 6 is
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FIG. 3: Amplitude and phase of the order parameter ¥, and amplitude
and direction of the fully spin-polarized supercurrent j. Here n = 4,
¢r — @y = /2 and sinf, = 0.5.

smaller, as expected from the analysis.

The dependence of the vortex position on both a and 6
suggests an experimental method to determine the effective
magnetization angles describing disorder in the form of inter-
facial misaligned moments or artificially inserted misaligned
magnetic layers in half-metallic hybrid structures. For a fixed
value of the magnetic flux and phase difference ¢, — ¢; (which
is tunable by the applied current), the y-coordinates of the
vortices gives information about the azimuthal angles ¢; and
a,, while the x-coordinates gives information about the po-
lar angles 0; and 6,.. This approach could possibly be easier
than trying to measure the magnetization angles directly. We
suggest that this observation could be especially useful if the
non-collinear magnetization angle at the interface is produced
by the natural misalignment of magnetic dipoles arising from
the conjunction of different atomic structures at the interface.

Conclusion: We have found both analytically and numer-
ically that superconducting vortices occur also in the purely
odd-frequency superconducting condensate that exists in prox-
imized half-metallic ferromagnets. A fully polarized spin
supercurrent is found to circulate each vortex core. The mag-
netization angles of the interfaces with the superconductor add
extra dynamics to the vortices as compared to in a normal metal.
We suggest that this insight can be used to help determine these
angles in hybrid structures.
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Superconducting vortex loops have so far avoided experimental detection despite being the focus of much
theoretical work. We here propose a method of creating controllable vortex loops in the superconducting
condensate arising in a normal metal through the proximity effect. We demonstrate both analytically and
numerically that superconducting vortex loops emerge when the junction is pierced by a current-carrying insulated
wire and give an analytical expression for their radii. The vortex loops can readily be tuned big enough to hit the
sample surface, making them directly observable through scanning tunneling microscopy.

Introduction: Many key properties of physical systems are
determined by topological defects such as dislocations in solids,
domain walls in ferroics, vortices in superfluids, magnetic
skyrmions in condensed matter systems and cosmic strings in
quantum field theories. In superconductors, the topological
entities are vortex lines of quantized magnetic flux. The
topological nature of these vortices makes them stable, which
is important for potential applications such as superconducting
qubits [1-3], digital memory and long-range spin transport [4].
Vortices have non-superconducting cores and a phase winding
of an integer multiple of 27 in the superconducting order
parameter, leading to circulating supercurrents [5].

The formation of superconducting vortex loops is topolog-
ically allowed, and has theoretically been predicted to form
around strong magnetic inclusions inside the superconduc-
tor [6] or through vortex cutting and recombination [7, 8].
However, no observation of vortex loops in superconducting
systems has been found to date. One challenging aspect is that
vortex loops are typically small in conventional superconduc-
tors and difficult to stabilize for an extended period of time [9].
Recently it has been shown that vortex loops can be formed in
proximity systems by inserting physical barriers, around which
the vortices can wrap [8].

In this Letter, we present a way to create controllable vortices
in mesoscopic proximity systems in a manner which makes
them experimentally detectable through scanning tunneling
microscopy. The system considered is a three-dimensional
SNS junction pierced by a current-carrying wire which creates
the inhomogeneous field responsible for the vortex loops. In
planar SNS-junctions with uniform applied magnetic field,
changing the superconducting phase difference between the
two superconductors shifts the vortex lines in the vertical
direction [10]. We here show that the corresponding effect
on vortex loops in three dimensions is to change their size.
Thus, these vortex loops are easily tunable. This makes it
possible to make the vortices touch the surface, leaving distinct
traces which are directly observable by scanning tunneling
spectroscopy [11].

Vortex loops in superconducting systems has previously
been predicted using the phenomenological Ginzburg-Landau
theory [6-8]. Here we use a fully microscopic framework
known as quasiclassical theory and solve the Usadel equation
relevant for diffusive systems [12]. By showing that vortex loop
formation occurs in a microscopic theory, we give valuable

FIG. 1: Sketch of three-dimensional SNS junction considered in this
Letter. The height, width and length are H, W and L, respectively, and
the junction is pierced by an insulated current-carrying wire. Contours
of the superconducting vortex loops are shown at the location where
they are found in our numerical simulations.

support to the earlier proposed mechanisms for superconducting
vortex loops. Finally, we discuss how the proposed setup can
be realized experimentally.

Methodology: In the Usadel theory, the system is described
by a quasiclassical Green’s function from which physical prop-
erties can be extracted. The SNS junction depicted in fig. 1 can
be treated in the quasiclassical formalism under the assump-
tions that the Fermi wavelength is much shorter than all other
relevant length scales. In thermal equilibrium it is sufficient
to calculate the retarded Green’s function, g. If the system is
diffusive, meaning that the scattering time is small, the isotropic
part dominates and solves the Usadel equation [12—-15],

DY - (§98) +ileps, 81 =0. M

Here, D is a diffusion constant, p3 = diag(1, 1, —1,—1) and the
covariant derivative is Vg = Vg —ie [p3A, §], where e = —|e|
is the electron charge and A is the vector potential. Finally,
(x,y,2) € [-L/2,L/2] X [-W/2,W /2] X [-H /2, H/2] in the
normal metal.



The quasiclassical formalism is not applicable across bound-
aries because the associated length scale is too short. The
Usadel equation must therefore be solved in the normal metal
and superconductors separately, and the solutions must be
connected through boundary conditions. If we assume a low-
transparency interface, we may use the Kupriyanov-Lukichev
boundary condition

Glien @980 = 5 [81. 8], @
where e,, is the outward-pointing normal vector for region i, ¢;
is the ratio of the bulk and interface conductances of material i
and L; is the length of material i in the direction of e,,. For the
boundaries interfacing vacuum, e, - Vg = 0.

Assuming that the superconductors are much larger than
the normal metal, we can the analytic bulk solution [16]

Gacs = [0(1e]-1AD sgn(e)+6(Al-leD)] (893 + A) V&> = AP

Here A = antidiag(A, —A, A*, —A*) where A = |Ale'? is the su-
perconducting gap parameter.

The Usadel equation can be made dimensionless by intro-
ducing the Thouless energy, &; := D/L?, and measuring length
scales relative to L and energies relative to &;.

In general, the Usadel equation has to be solved together with
the Maxwell equation in a self-consistent manner. However, we
are interested here in the case where the width W and height H
is smaller than the Josephson penetration depth. In this case we
can ignore the screening of the magnetic field by the Josephson
currents and the magnetic field is equal to the external one [17].
The part of the wire which is inside the superconductor is
assumed to be screened and hence not contribute to the vector
potential inside the normal metal. From the remaining part of
the wire, we get

VIR P+ Lj2- x
VTZ2e s rr-L2-x

where r = y/y? + 72, e is the unit vector in the x-direction and
n = —eul /4n”> where [ is the current and  is the permeability.

The Ricatti Parametrization: In the Ricatti parametriza-
tion [18] of gR, the parameter is the 2 x 2 matrix y and the
retarded Green’s function is written

R_ (N O\ (1l+yy 2y
g‘(o N\ 29 1+9y) @

where N := (1 — y%)~" and tilde conjugation is 7(¢) = y*(~&).

Since the superconducting correlations in our system are
spin-singlet, we may write yy = antidiag(a, —a) and ycs =
antidiag(b, —b). Substituting this into egs. (1) and (2) we obtain
the dimensionless equations

eA = —nrm log( ) ex, (3)

V2 2aVa-Va 4(1 —ad)eA - (aeA +iVa)
a =
1+aa 1+aa (@)
+2ie(V - A)a — 2iea,
and
e, Va= w + 2iae, - Ae. (6)

L(bb+1)

The corresponding equations for & and e,, - Va is found by tilde
conjugating eqs. (5) and (6).

Observables: As mentioned initially, a vortex is accompa-
nied by a non-superconducting core and a circulating super-
current. Both the superconducting order parameter and the
supercurrent can be extracted from the quasiclassical Green’s
function. In the following it will be useful to write

R = (_gf _fg). ™

There are only singlet correlations in the SNS system, so

f = antidiag(fs, — f5).
Written in terms of the quasiclassical Green’s function, the
superconducting order parameter is

¥(r) = (Y1(r, 0y (r, 0))
= % J‘ fs(r,e)tanh(eB/2)de. (8)

where - (r, t) is the field operator which destroys an electron
with spin o at position r and time ¢, Ny is the normal state
density of states and 8 = 1/k,T.

The current density is [13]

._N()eD
T4

—00

« PR
J Tr (p3 [ng] )ds. )
Inserting eq. (7), using the relations §* = —p38% p3, g% =
(g* — g*)tanh(gB/2), eq. (9) can be rewritten

r tanh (%) Tr(Re [7ivsi = fV ]

+2eA1m[ff—f*fT])dg.

Numerics: The Usadel equation was solved numerically using
a finite element scheme [19]. The program was written in
Julia [20], Forward-mode automatic differentiation [21] was
used to calculate the Jacobian and JuAFEM.jl [22] was used to
iterate through the cells.

Results and Discussion: The non-linear Usadel equation
does not have a general analytical solution, but it can be solved
analytically in an approximate manner far away from the wire.
If we assume the proximity effect to be weak, we can keep only
terms which are linear in a, @ and their gradients. In this case
the Usadel equation (5) decouples:

. N()e‘D
2 (10)

V2a = 4eA - (aeA +iVa) + 2ie(V - A)a — 2isa.  (11)

Equation (11) can be further simplified when we only consider
regions where r > L, with r = /y2 + z2. The solution of
eq. (11) is constant in y and z when A = 0, and by assuming
this is also approximately true when |eA| < 1, we assume
that the terms Gyza and Gzza are negligible. Finally, we Taylor
expand eA = —nx/r + O(1/r?) and keep only the first term.
Equation (11) can now be solved exactly, and by applying the
linearized boundary conditions the solution can be written on
the form

a(x,y,2) = hi(x,y,2) {m(1/2 = x) + @y (1/2 + x)}, (12)



where
®=¢,—¢;+2nn/r (13)

and the functions A and %, depend on &, A and {. Note that the
wide junction approximation is not applicable at small energies.
From eq. (12) we see that a vanishes at x = 0 and

2n

.
A L (14)
L 142N-22

and N is any integer. This means that f and hence also ¥
vanish at these points. a is holomorphic, so from Cauchy’s
argument principle [23] there is a 27 phase winding in the order
parameters around these points. Equation (14) is our main
analytical result as it predicts how the radius of the vortex loops
depends on the tunable parameters of the system: the current
through the wire and the applied phase difference. Although
it was obtained using approximations, we demonstrate below
that it matches the full numerical solution of the exact Usadel
equation very well.

Note that the radius, r, of the largest vortex loop given
eq. (14) can be made arbitrary large by letting ¢, — ¢; approach
7. Thus, for a given sample size L X W X H and current /, there
is a superconducting phase difference for which the vortex loop
hits the surface and can be directly detected experimentally.

When the superconducting phase difference is increased in
normal SNS-junctions the vortices respond to an increase in
the superconducting phase difference by moving in unison in a
certain direction [10]. If the direction of the external magnetic
field is reversed, the vortices will move in the opposite direction
when the phase difference is increased. The magnetic field
going through two opposing points on the vortex loops are
opposite in direction. Hence, if the upper part of the loop
moves up, the lower part should move down, increasing the size
of the loop. This may indicate that the relationship between
the radii of vortex loops and superconducting phase difference
in proximity systems is a general feature and not specific to the
system considered here. This could be important as it opens
the possibility of manipulating vortices in systems that are less
obviously controllable than the one considered in the present
manuscript while at the same time easier to design in the lab.
For instance, one possibility is to grow the normal metal around
a magnetic dipole. The magnetic field from a dipole can,
unlike the magnetic field from a wire, not be altered in strength.
Nevertheless, if the field is strong enough to produce vortices,
altering the superconducting phase difference could be a way
to increase the size of the vortex to the point where it touches
the surface and becomes directly observable. This is consistent
with the findings of ref. [6] who considered a magnetic dipole
embedded in a single superconducting material.

We now proceed to show numerical results in the full (non-
linear) proximity effect regime. We have set the parameters
|A| = 4&;, Gyy = 3GYM, W = H = 6L and ¢; = 0 common
for all the numerical calculations. We include the effect of
inelastic scattering by doing the substitution € — & + id
where ¢ = 0.001|A| in order to avoid the divergence of g, at
e = |A| [24].

Numerically we find that vortex loops do indeed form at the
locations predicted by the analysis. There are circular paths

FIG. 2: Plot of the phase of the superconducting order parameter ¥
on a the surface of a diagonally cut part of the normal metal, contour
plot of its amplitude, |\¥|, and streamlines of the supercurrent j. Here
n=1and ¢, =0.

around the origin where the superconducting order parameter
vanish and the local density of states is equal to that of the
normal state. Around these loops there are a circulating
supercurrent and a phase winding in the order parameter of 27.
Figure 2 shows a contour plot of ||, which shows the location
of the vortices, together with the phase of ¥ and the circulating
supercurrent j.

We find that the positions of the vortex loops match with
eq. (14) for vortices with radius much larger than L, as predicted
from the analysis. Figures 3 and 4 shows how the sizes of the
vortex loops depend in superconducting phase difference ¢ and
magnetic field strength n, respectively. We find that increasing
¢ can make the vortices arbitrary large, but does not increase
the number of vortices. Increasing n, on the other hand, also
increase the number of vortices, but the sizes grow only linearly
with n. Note that as the vortex loops hit the surface, they curve
so as to hit normally to the surface. This is because there
should be no current component normal to the surface, and is
consistent with previous results [6, 25].

The setup presented in this Letter can be realized experimen-
tally by first growing a vertical insulated nanowire and then
grow a superconductor, such as niobium, and a normal metal,
such as copper, around it in a layerwise fashion. Growing a ver-
tical wire has been done successfully by the vapor-liquid-solid
method [26-28] and by template-directed synthesis [29]. The
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FIG. 3: Contour plot of the amplitude of the superconducting order parameter ¥ for magnetic field strength n = 1 and various values of the

superconducting phase difference ¢,-.
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FIG. 4: Contour plot of the amplitude of the superconducting order parameter ¥ for superconducting phase difference ¢, = 0 and various values

of magnetic field strength n.

vapor-liquid-solid method has already been used to produce
vertical surround-gate field-effect transistors with a precision
exceeding what should be necessary for the system presented
here [27].

Conclusion: We have demonstrated that controllable super-
conducting vortex loops can emerge in a Josephson junction
pierced by an insulated current-carrying wire. The size and
number of vortices depend on the phase difference between
the superconducting order parameter in the superconductors,
¢ — @1, as well as the strength of the magnetic field. Our
findings suggests that even in systems where controlling the
magnetic field strength is not an option, such as in system with a
magnetic dipole inclusion, the superconducting phase gradient

causing a supercurrent flow can still be used to expand the vor-
tex loops such that they hit the surface. This would make them
directly detectable through scanning tunneling microscopy.
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APPENDIX

C
l COMPUTER PROGRAM

Listing C.1: The computer code for solving general systems of nonlinear equations in two and three
dimensions.

1 module ProjectTools
2 export solve2D, export2DVTK, Romberg, GK715, solve3D, export3DVTK, solveTrapezoid,
export2DTrapezoidVTK, solve3DTrapezoid, export3DTrapezoidVTK

using LinearAlgebra, JuAFEM, SparseArrays, Printf, QuadGK, DualNumbers
using SparseArrays, ProgressMeter, BlockArrays, StaticArrays
using Distributed, IterativeSolvers, Preconditioners

# Solving nonlinear problems
9 function NewtonRhapson(u, J, R, JacRes!, showProgress::Bool=true)

10 # Setting up parameters

11 newtonTol = le-12

12 newtonItr = -1

13 maxItr = 100

14 maxError = 1e8

15

16 # Diagonal preconditioner

17 p = DiagonalPreconditioner(J)

18 if showProgress

19 prog = ProgressMeter.ProgressThresh(newtonTol, "Solving:")

20 ProgressMeter.update! (prog, Inf; showvalues=[(:iter, newtonItr)])
21 end

22

23 while true; newtonItr += 1

24 # Computing new iteration

25 JacRes!(J, R, u)

26 u -= bicgstabl(J, R)

27

28 normRes = norm(R)

29

30 if showProgress

31 ProgressMeter.update! (prog, normRes; showvalues=[(:iter, newtonItr)])
32 end

33

34 # Checking termination conditions

35 if normRes < newtonTol

36 break

37 elseif normRes > maxError

38 error ("\nError threshold reached: Error ", normRes," Aborting.\n")
39 break

40 elseif newtonItr > maxItr

41 error ("\nMaximum Newton iterations reached at residual norm ", normRes, ". Aborting.\n")
42 break

43 end

44 end

45 return u

46 end

47 function autoJac!(J, F, x)
48 for i € 1:length(x)

49 X = Dual. (x)
50 X[i] += 1e
51 J[:,i] = dualpart.(F(X))

52 end
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end

# Numerical integration
function Romberg(func, start, stop, tol=le-4, maxIter = 10)
@printf ("Starting Romberg integration on [%.2f, %.2f]\n", start, stop)

n=1
m=1
h = (stop - start)/2.0
R_init = h.*(func(start) .+ func(stop))
R = Array{typeof (R_init)}(undef, maxIter, maxIter)
R[1, 1] = R_init
error = Inf
h *= 2.0
N = length(vcat(R[1, 1]...))
while error > tol && n < maxIter
@printf ("Iterating (m = %i). Error: %.3g (goal: %.3g)\n", m, error, tol)
n += 1
m+= 1
h /= 2.0
R[n, 1] = (0.5) .* R[n-1, 1]
for k € 1:27(n-2)
Rln, 1] .+= h.xfunc(start + (2k-1)%*h)
end
for i € 1:m-1
Rln, i+1] = (1.0/(4"1i - 1.0)).*((4"1) .#R[n, i] .- R[n-1, il)
end
#= error = max((map(x -> max(abs.(x)...), (R[n, m] .- R[n, m-1]1)))...) =#
error = sum(map(x -> isnan(x) ? 0.0 : abs(x), vcat((R[n, m] .- R[n, m-1])...))) / N
println("Error: ", error)
if n == maxIter
println("Maximum number of iterations reached")
end
end
return R[n, m]
end
function GK715(func, start, stop, tol=le-6, maxIter::Int = 10, iter::Int = 0)

@printf ("Starting GK715 integration on [%.2f, %.2f]\n", start, stop)
X, w, wg = kronrod(7) # [quadpoints (kronrod)], [weights (kronrod)], [weights (gauss)]
x .*= (stop - start)/2
xo = (start + stop)/2
X~ = xg .+ x[1l:end-1]
xt = x9 .+ (-).(x[1:end-1]) # note: from big x to small x
fxo = func(xg)
fx = func.(x") .+ func.(x")
IK = fxq.*wlend] # Kronrod integral
I¢ = fxq.*wglend] # Gaussian integral
for i € 1:7
IK = IK .+ (fx[i].*w[il)
end
for i € 1:3
I1¢ = 1¢ .+ (£x[2i].*wglil)
end
IK = IK *((stop - start)/2)
I¢ = I¢.%((stop - start)/2)
error = max((map(x -> max(abs.(x)...), (IX .- I¢)))...)
if error > tol
if iter >= maxIter
@printf ("Max num of iterations (%i) reached. Returning with error %g\n", maxIter, error)
return IX
end
Oprintf ("Splitting the inteval [%.2g, %.2g]\nwith error %g (goal: %g).\n", start, stop, error,
tol)
IX = GK715(func, start, xo, tol/2, maxIter, iter+1) .+ GK715(func, xo, stop, tol/2, maxIter,
iter+1)

end
return IK
end

# Setting up 2D FEM
function create2DGrid(n::Int, width::Float64=1.0)
return generate_grid(QuadraticQuadrilateral, (n, Int(floor(n*width))), Vec{2}([0.0, -width/2]),
Vec{2}([1.0, width/2]))
end
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123 function create2DValues()

124 # quadrature rules

125 quad_rule = QuadratureRule{2, RefCube}(4)

126 face_quad_rule = QuadratureRule{l, RefCubel}(4)

127 # geometric interpolation

128 interpolation_geom = Lagrange{2, RefCube, 2}()

129 cellvalues = CellScalarValues(quad_rule, interpolation_geom)

130 facevalues = FaceScalarValues(face_quad_rule, interpolation_geom)
131

132 return cellvalues, facevalues

133 end

134 ## Calculating jacobian and residuals at once using automatic differentiation

135 function JacRes2D!(J::SparseMatrixCSC{T, Int64}, R::AbstractArray{T}, X::AbstractArray{T},
cellvalues::CellScalarValues, facevalues::FaceScalarValues, grid::Grid, dh::DofHandler, F!, B_1
', B_r!, B_t!, B_b!) where {T}

136

137 £i11!(J.nzval, 0.0) # Reset Jacobian

138 £fill!' (R, 0.0) # Reset residuals

139 g_points = getnquadpoints(cellvalues)

140 n_basefuncs = getnbasefunctions(cellvalues)

141 n = ndofs_per_cell(dh)
142 fDim = dh.field_dims[1]

143
144 eyefDim = Matrix{T}(I, fDim, fDim) # fDimxfDim identity matrix
145 # Initialize element vectors

146 xe = zeros(T, fDim)

147 Oxe_x = zeros(T, fDim)

148 Oxe_y = zeros(T, fDim)

149 Fe_dual = zeros(Dual{T}, fDim)
150 Be_dual = zeros(Dual{T}, fDim)
151 Fe = zeros(T, fDim)

152 Be = zeros(T, fDim)

153 OFe_x = zeros(T, fDim, fDim)
154 OFe_Ox_x = zeros(T, fDim, fDim)
155 OFe_Ox_y = zeros(T, fDim, fDim)
156 OBe_x = zeros(T, fDim, fDim)

157

158 # Spatial coordinates

159 r = zeros(Float64, 2)

160

161 Re = PseudoBlockArray(zeros(T, fDim*n_basefuncs), fDim*ones(Int, n_basefuncs))

162 Je = PseudoBlockArray(zeros(T, fDim*n_basefuncs, fDim*n_basefuncs), fDim*ones(Int, n_basefuncs),
fDim*ones (Int, n_basefuncs))

163 Xe = PseudoBlockArray(zeros(T, fDim*n_basefuncs), fDim*ones(Int, n_basefuncs))

164

165 assembler = start_assemble(J, R)

166

167 @inbounds for cell in Celllterator (dh)

168 reinit! (cellvalues, cell)

169 global_dofs = celldofs(cell)

170 Xe[:] = X[global_dofs]

171 £ill!(Re, 0.0)

172 £ill!(Je, 0.0)

173 Q@inbounds for q_point in 1:q_points # The inbounds-macro removes boundchecking

174 £i11!(xe, 0.0)

175 £ill! (Oxe_x, 0.0)

176 £ill! (Oxe_y, 0.0)

177 Q@inbounds for i in 1:n_basefuncs

178 © = shape_value(cellvalues, q_point, i)[1]

179 Op _x = shape_gradient(cellvalues, q_point, i)[1]

180 Op _y = shape_gradient(cellvalues, q_point, i) [2]

181 @inbounds for k in 1:fDim

182 xe[k] += Xe[BlockIndex (i, k)]*p

183 Oxe_x[k] += Xe[BlockIndex(i, k)1*dp _x

184 Oxe_y[k] += Xe[BlockIndex(i, k)1*0p _y

185 end

186 end

187 r[:] = spatial_coordinate(cellvalues, q_point, cell.coords)

188 autoJac! (OFe_x, x->F!(Fe_dual, x, Oxe_x, Oxe_y, r), Xxe)

189 autoJac! (OFe_Ox_x, Ox_x->F!(Fe_dual, xe, Ox_x, Oxe_y, r), Oxe_x)

190 autoJac! (OFe_Ox_y, Ox_y->F!(Fe_dual, xe, Oxe_x, Ox_y, r), Oxe_y)

191 Fe[:] = realpart.(Fe_dual)

192 d = getdetJdV(cellvalues, g_point)
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193 Q@inbounds for i in 1:n_basefuncs

194 © = shape_value(cellvalues, q_point, i) [1]

195 © = shape_gradient (cellvalues, q_point, i)

196 Q@inbounds for j in 1:n_basefuncs

197 © = shape_value(cellvalues, q_point, j)[1]

198 © = shape_gradient (cellvalues, q_point, j)

199 Je[Block(i, j)] += d *(0Fe_Ox_x*(p * ¢ [11) + OFe_Ox_y*(p * ¢ [2]) + OFe_x*(p
*p ) + eyefDimx( ¢ e )

200 end

201 Re[Block(i)] += d *(Fexp + Oxe_x* ¢ [1]1 + Oxe_yx ¢ [2])

202 end

203 end

204 Q@inbounds for face in 1:nfaces(cell)

205 if onboundary(cell, face)

206 reinit! (facevalues, cell, face)

207 @inbounds for g_point in 1:getnquadpoints(facevalues)

208 £i11! (xe, 0.0)

209 Q@inbounds for i in 1:n_basefuncs

210 [ = shape_value(facevalues, q_point, i)[1]

211 Q@inbounds for k in 1:£fDim

212 xel[k] += Xe[BlockIndex(i, k)I*p

213 end

214 end

215 r[:] = spatial_coordinate(cellvalues, q_point, cell.coords)

216 if (cellid(cell), face) € getfaceset(grid, "left")

217 autoJac! (0Be_x, x->B_1!(Be_dual, x, r), xe)

218 elseif (cellid(cell), face) € getfaceset(grid, "right")

219 autoJac! (0Be_x, x->B_r!(Be_dual, x, r), xe)

220 elseif (cellid(cell), face) € getfaceset(grid, "top")

221 autoJac! (OBe_x, x->B_t!(Be_dual, x, r), xe)

222 elseif (cellid(cell), face) € getfaceset(grid, "bottom")

223 autoJac! (0Be_x, x->B_b!(Be_dual, x, r), xe)

224 end

225 Be[:] = realpart.(Be_dual)

226 d = getdetJdV(facevalues, g_point)

227 for i in 1:n_basefuncs

228 [} = shape_value(facevalues, q_point, i) [1]

229 for j in 1:n_basefuncs

230 © = shape_value(facevalues, q_point, j)[1]

231 Je[Block(i, j)1 -= OBe_x*(p *p *d )

232 end

233 Re[Block(i)] -= Bex*(p *d )

234 end

235 end

236 end

237 end

238 assemble! (assembler, global_dofs, Re, Je)

239 end

240 return J, R

241 end

242

243 # Setting up 3D FEM

244 function create3DGrid(n::Int, width::Float64=1.0, height::Float64=1.0)

245 return generate_grid(Hexahedron, (n, Int(floor(n*width)), Int(floor(n*height))), Vec{3}([-0.5, -
width/2.0, -height/2.0]), Vec{3}([0.5, width/2.0, height/2.0]))

246 end
247 function create3DValues()
248 # quadrature rules

249 quad_rule = QuadratureRule{3, RefCube}(4)
250 face_quad_rule = QuadratureRule{2, RefCubel}(4)

251 # geometric interpolation

252 interpolation_geom = Lagrange{3, RefCube, 1}()

253 cellvalues = CellScalarValues(quad_rule, interpolation_geom)

254 facevalues = FaceScalarValues(face_quad_rule, interpolation_geom)
255

256 return cellvalues, facevalues

257 end

258 ## Calculating jacobian and residuals at once using automatic differentiation

259 function JacRes3D!(J::SparseMatrixCSC{T, Int64}, R::AbstractArray{T}, X::AbstractArray{T},
cellvalues::CellScalarValues, facevalues::FaceScalarValues, grid::Grid, dh::DofHandler, F!, B_1l
!, B_r!, B_t!, B_b!, B_f!, B_ba!) where {T}

260

261 £ill!(J.nzval, 0.0) # Reset Jacobian
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262 £fi11! (R, 0.0) # Reset residuals
263 g_points = getnquadpoints(cellvalues)
264 n_basefuncs = getnbasefunctions(cellvalues)

265 n = ndofs_per_cell(dh)
266 fDim = dh.field_dims[1]

267
268 eyefDim = Matrix{T}(I, fDim, fDim) # fDimxfDim identity matrix
269 # Initialize element vectors

270 xe = zeros(T, fDim)

271 Oxe_x = zeros(T, fDim)

272 Oxe_y = zeros(T, fDim)

273 Oxe_z = zeros(T, fDim)

274 Fe_dual = zeros(Dual{T}, fDim)
275 Be_dual = zeros(Dual{T}, fDim)
276 Fe = zeros(T, fDim)

277 Be = zeros(T, fDim)

278 OFe_x = zeros(T, fDim, fDim)
279 OFe_Ox_x = zeros(T, fDim, fDim)
280 OFe_Ox_y = zeros(T, fDim, fDim)
281 OFe_Ox_z = zeros(T, fDim, fDim)
282 OBe_x = zeros(T, fDim, fDim)

283

284 # Spatial coordinates

285 r = zeros(Float64, 3)

286

287 Re = PseudoBlockArray(zeros(T, fDim*n_basefuncs), fDim*ones(Int, n_basefuncs))

288 Je = PseudoBlockArray(zeros(T, fDim*n_basefuncs, fDim*n_basefuncs), fDim*ones(Int, n_basefuncs),
fDim*ones (Int, n_basefuncs))

289 Xe = PseudoBlockArray(zeros(T, fDim*n_basefuncs), fDim*ones(Int, n_basefuncs))

290

291 assembler = start_assemble(J, R)

292

293 @inbounds for cell in CellIterator(dh)

294 reinit! (cellvalues, cell)

295 global_dofs = celldofs(cell)

296 Xe[:] = X[global_dofs]

297 £i11!(Re, 0.0)

298 fill!(Je, 0.0)

299 Q@inbounds for q_point in 1:q_points # The inbounds-macro removes boundchecking

300 £i11! (ye, 0.0)

301 £i11!(Oxe_x, 0.0)

302 £il1!(Oxe_y, 0.0)

303 £ill! (Oxe_z, 0.0)

304 Q@inbounds for i in 1:n_basefuncs

305 %) = shape_value(cellvalues, q_point, i)[1]

306 © = shape_gradient(cellvalues, q_point, i)

307 Q@inbounds for k in 1:fDim

308 xe[k] += Xe[BlockIndex(i, k)]*p

309 Oxe_x[k] += Xe[BlockIndex(i, k)I* ¢ [1]

310 Oxe_yl[k] += Xe[BlockIndex(i, k)1* ¢ [2]

311 Oxe_z[k] += Xe[BlockIndex(i, k)I* ¢ [3]

312 end

313 end

314 r[:] = spatial_coordinate(cellvalues, q_point, cell.coords)

315 autoJac! (OFe_x, x->F!(Fe_dual, x, Oxe_x, Oxe_y, Oxe_z, r), Xxe)

316 autoJac! (OFe_Ox_x, Ox_x->F!(Fe_dual, xe, Ox_x, Oxe_y, Oxe_z, r), Oxe_x)

317 autoJac! (OFe_Ox_y, Ox_y->F!(Fe_dual, xe, Oxe_x, Ox_y, Oxe_z, r), Oxe_y)

318 autoJac! (OFe_Ox_z, Ox_z->F!(Fe_dual, xe, Oxe_x, Oxe_y, Ox_z, r), Oxe_z)

319 Fe[:] = realpart.(Fe_dual)

320 d = getdetJdV(cellvalues, g_point)

321 @inbounds for i in 1:n_basefuncs

322 © = shape_value(cellvalues, q_point, i) [1]

323 ® = shape_gradient (cellvalues, q_point, i)

324 Q@inbounds for j in 1:n_basefuncs

325 ) = shape_value(cellvalues, g_point, j)[1]

326 © = shape_gradient(cellvalues, q_point, j)

327 Je[Block(i, j)] += d *(OFe_Ox_x*(p * ¢ [1]) + OFe Ox_y*(p * ¢ [2]) + OFe_Ox_z

*(@ * ¢ [3]) + OFe_x*x(p *p ) + eyefDimx( ¢ e ))

328 end

329 Re[Block(i)] += d x*(Fexp + Oxe_x* ¢ [11 + Oxe_yx ¢ [2] + Oxe_zx ¢  [3])

330 end

331 end

332 Q@inbounds for face in 1:nfaces(cell)
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333 if onboundary(cell, face)

334 reinit! (facevalues, cell, face)

335 @inbounds for q_point in 1:getnquadpoints(facevalues)
336 £i1l! (xe, 0.0)

337 @inbounds for i in 1:n_basefuncs

338 %) = shape_value(facevalues, q_point, i)[1]

339 @inbounds for k in 1:fDim

340 xe[k] += Xe[BlockIndex(i, k)]*p

341 end

342 end

343 r[:] = spatial_coordinate(cellvalues, q_point, cell.coords)
344 if (cellid(cell), face) € getfaceset(grid, "left")

345 autoJac! (OBe_x, x->B_1!(Be_dual, x, r), xe)

346 elseif (cellid(cell), face) € getfaceset(grid, "right")
347 autoJac! (OBe_x, x->B_r!(Be_dual, x, r), xe)

348 elseif (cellid(cell), face) € getfaceset(grid, "top")
349 autoJac! (0Be_x, x->B_t!(Be_dual, x, r), xe)

350 elseif (cellid(cell), face) € getfaceset(grid, "bottom")
351 autoJac! (0Be_x, x->B_b!(Be_dual, x, r), xe)

352 elseif (cellid(cell), face) € getfaceset(grid, "front")
353 autoJac! (0Be_x, x->B_f!(Be_dual, x, r), xe)

354 elseif (cellid(cell), face) € getfaceset(grid, "back")
355 autoJac! (0Be_x, x->B_ba!(Be_dual, x, r), Xxe)

356 end

357 Be[:] = realpart.(Be_dual)

358 d = getdetJdV(facevalues, g_point)

359 for i in 1:n_basefuncs

360 [} = shape_value(facevalues, q_point, i) [1]

361 for j in 1:n_basefuncs

362 7 = shape_value(facevalues, q_point, j)[1]
363 Je[Block(i, j)1 -= OBe_x*(p *Q *d )

364 end

365 Re[Block(i)] -= Bex(p *d )

366 end

367 end

368 end

369 end

370 assemble! (assembler, global_dofs, Re, Je)

371 end

372 return J, R

373 end

374

375 # Solving 2DFEM

376 function solve2D(initGuess, N::Int, w::Float64, fDim::Int, F!, B_1!, B_r!, B_t!, B_b!, showProgress:
:Bool=true)

377

378 grid = create2DGrid(N, w)

379 cv, fv = create2DValues()

380 dh = createDofHandler(grid, fDim)

381
382 X = initGuess(ndofs(dh))
383 R = zeros(eltype(X), ndofs(dh))

384 J = convert(SparseMatrixCSC{eltype(X), Int64}, create_sparsity_pattern(dh))

385

386 JacRes!(J, R, X) = JacRes2D!(J, R, X, cv, fv, grid, dh, F!, B_1!, B_r!, B_t!, B_b!)

387

388 return NewtonRhapson(X, J, R, JacRes!, showProgress)

389 end

390 # Solving 3DFEM

391 function solve3D(initGuess, N::Int, w::Float64, h::Float64, fDim::Int, F!, B_1!, B_r!, B_t!, B_b!,
B_f!, B_ba!, showProgress::Bool=true)

392

393 grid = create3DGrid(N, w, h)

394 cv, fv = create3DValues()

395 dh = createDofHandler(grid, fDim)

396

397 X = initGuess(ndofs(dh))

398 R = zeros(eltype(X), ndofs(dh))

399 J = convert(SparseMatrixCSC{eltype(X), Int64}, create_sparsity_pattern(dh))
400

401 JacRes!(J, R, X) = JacRes3D!(J, R, X, cv, fv, grid, dh, F!, B_1!, B_r!, B_t!, B_b!, B_f!, B_ba!)
402
403 return NewtonRhapson(X, J, R, JacRes!, showProgress)
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end
function solve3DTrapezoid(initGuess, N::Int, wFront::Float64, wBack::Float64, h::Float64, fDim::Int,
F!, B_1!, B_r!, B_t!, B_b!, B_f!, B_ba!, showProgress::Bool=true)

grid = create3DTrapezoidGrid(N, wFront, wBack, h)
cv, fv = create3DValues()
dh = createDofHandler(grid, fDim)

X = initGuess(ndofs(dh))
R = zeros(eltype(X), ndofs(dh))
J = convert (SparseMatrixCSC{eltype(X), Int64}, create_sparsity_pattern(dh))

JacRes!(J, R, X) = JacRes3D!(J, R, X, cv, fv, grid, dh, F!, B_1!, B_r!, B_t!, B_b!, B_f!, B_ba!)

return NewtonRhapson(X, J, R, JacRes!, showProgress)
end

# General FEM tools
function createDofHandler(grid, fDim::Int=1)
dh = DofHandler(grid)
push! (dh, :x, fDim)
close! (dh)
return dh
end
function export2DVTK(filename::AbstractString, vals::Vector, u::Symbol, fieldDim::Int, N::Int, width
::Float64 = 1.0)
grid = create2DGrid(N, width)
dofh = DofHandler(grid)
push! (dofh, u, fieldDim)
close! (dofh)
vtk_grid(filename, dofh) do vtk
vtk_point_data(vtk, dofh, vals)
end
end

function export3DVTK(filename::AbstractString, vals::Vector, u::Symbol, fieldDim::Int, N::Int, width
::Float64 = 1.0, height::Float64=1.0)
grid = create3DGrid(N, width, height)
dofh = DofHandler(grid)
push! (dofh, u, fieldDim)
close! (dofh)
vtk_grid(filename, dofh) do vtk
vtk_point_data(vtk, dofh, vals)
end
end

# Tools for finding observables
function DOS_nm(X)
# Density of states for normal metal
n = div(length(X), 2)
dos = zeros(Float64, n)
for i € 1:n
dos[i] = real((1 - X[2i - 1]*X[2i])/(1 + X[2i - 1]*X[2i]))
end
return dos
end
function DOS_hm(X)
# Density of states for half metal
n = div(length(X), 2)
dos = zeros(Float64, n)
for i € 1:n
dos[i] = real((1 + X[2i - 1]1*X[2i])/(1 - X[2i - 1]*X[2i]))
end
return dos
end
function currentMat_nm!(j, X, Ox_x, Ox_y, vecPot, &, ) # vecPot is an array, need only integrate
positive energies
§[:1 = 8.0xtanh(e%53/2.0) . %[
real ((x[11*0x_x[2] - x[21*0x_x[11)/(1.0 + x[1]1*x[2])"2) - 2.0*vecPot[1]
*imag (x[1]1*x[2]1/(1.0 + x[1]1*x[2])"2),
real ((x[11*0x_y[2] - x[21*0x_y[11)/(1.0 + x[1]1*x[2]1)"2) - 2.0*vecPot[2]
*ximag (x[11%x[2]1/(1.0 + x[1]1%x[2])"2)
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end
function currentMat_hm!(j, x, Ox_x, Ox_y, vecPot, &, ) # vecPot is an array
j[:1 = -4.0%tanh(ex3/2.0) .*[
real ((x[11*0x_x[2] - x[2]*0x_x[11)/(1.0 - x[11*x[2])"2) - 2.0*vecPot[1]
*imag (x[11*x[2]1/(1.0 - x[11*x[21)"2),
real ((x[11*0x_y[2] - x[2]1*0x_y[11)/(1.0 - x[11*x[2])72) - 2.0*vecPot[2]
*imag (x[11*x[2]1/(1.0 - x[11*x[2])"2)
]
end
function Current2D!(J::AbstractArray{Float64}, X::AbstractArray{T}, N, w, vecPot, ¢, (3, currentMat!)
where {T}

£i11!(J, 0.0)

grid = create2DGrid(N, w)
cellvalues, = create2DValues()
ip = Lagrange{2, RefCube, 2}()
dh = createDofHandler(grid, 2)

g_points = getnquadpoints(cellvalues)
n_basefuncs = getnbasefunctions(cellvalues)
n = ndofs_per_cell(dh)

# Initialize element vectors
Xxe = zeros(T, 2)

Oxe_x = zeros(T, 2)

Oxe_y = zeros(T, 2)

# Spatial coordinates

r = zeros(Float64, 2)

# Holder for current

je = zeros(Float64, 2)

Je
Xe

PseudoBlockArray(zeros (T, 2*n_basefuncs), 2*ones(Int, n_basefuncs))
PseudoBlockArray(zeros(T, 2*n_basefuncs), 2*ones(Int, n_basefuncs))

ref_coords = JuAFEM.reference_coordinates(ip)

@inbounds for cell in CelllIterator (dh)
reinit!(cellvalues, cell)
global_dofs = celldofs(cell)
Xe[:] = X[global_dofs]
£i11! (Je, 0.0)
Q@inbounds for (j, point) in enumerate(ref_coords)
£i1l! (xe, 0.0)
£i11! (Oye_x, 0.0)
£i11! (dxe_y, 0.0)
@inbounds for i in 1:n_basefuncs
[} = JuAFEM.value(ip, i, point)
& _x , Op _y = gradient(£ -> JuAFEM.value(ip, i, &), point)
@inbounds for k in 1:2
xel[k] += Xe[BlockIndex(i, k)]*p
Oxe_x[k] += Xe[BlockIndex(i, k)]1*0p _x *N
Oxe_y[k] += Xe[BlockIndex(i, k)]*dp _y *N
end
end
r[:] = cell.coords[j]
currentMat! (je, xe, Oxe_x, Oxe_y, vecPot(xr), e, f3)
if j e, 2,3, 4
Je[Block(j)] += je./4.0
elseif j € (5, 6, 7, 8)
Je[Block(j)] += je./2.0
elseif j ==
Je[Block(j)] += je
end
end
J[global_dofs] += Je
end
return J
end
function Current2D_nm! (J::AbstractArray{Float64}, X::AbstractArray{T}, N, w, vecPot, &, () where {T}
return Current2D!(J, X, N, w, vecPot, £, (3, currentMat_nm!)
end
function Current2D_nm(X::AbstractArray{T}, N, w, vecPot, &, () where {T}
J = zeros(Float64, 2*xdiv(length(X), 2))
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541
542
543
544
545
546
547
548
549
550
551
552
553
554

555
556

557

558

559
560
561

562
563
564
565
566
567
568
569
570
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573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
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595
596
597
598
599
600
601
602
603
604
605
606
607
608

£i11!1(J, 0.0)
return Current2D_nm!(J, X, N, w, vecPot, &, f3)

end

function Current2D_hm! (J::AbstractArray{Float64}, X::AbstractArray{T}, N, w, vecPot, &, () where {T}
return Current2D!(J, X, N, w, vecPot, &, (3, currentMat_hm!)

end

function Current2D_hm(X::AbstractArray{T}, N, w, vecPot, &, () where {T}
J = zeros(Float64, 2*div(length(X), 2))
£i11!1(J, 0.0)
return Current2D_hm!(J, X, N, w, vecPot, &, f3)

end

function currentMat3D_nm!(j, X, Ox_x, Ox_y, Ox_z, vecPot, €, () # vecPot is an array, need only
integrate positive energies
jl:]1 = 8.0xtanh(ex3/2.0) .*[
real ((x[1]1*0x_x[2] - x[21*0x_x[1]1)/(1.0 + x[11*x[2])"2) - 2.0%vecPot[1]
*imag (x[1]1*x[2]/(1.0 + x[11*x[2])"2),
real ((x[11*0x_y[2] - x[21*0x_y[11)/(1.0 + x[1]1*x[2])"2) - 2.0xvecPot[2]
*imag (x[1]*x[2]/(1.0 + x[1]1*x[2])"2),
real ((x[11*0x_z[2] - x[2]1*0x_z[11)/(1.0 + x[1]1*x[2]1)"2) - 2.0*vecPot[3]
*imag (x[1]1*x[2]1/(1.0 + x[1]1*x[2]1)"2)
]
end
function Current3D!(J::AbstractArray{Float64}, X::AbstractArray{T}, N, w, h, vecPot, &, (3,
currentMat!) where {T}

£i11!'(J, 0.0)

grid = create3DGrid(N, w, h)
cellvalues, = create3DValues()
ip = Lagrange{3, RefCube, 1}()
dh = createDofHandler(grid, 2)

g_points = getnquadpoints(cellvalues)
n_basefuncs = getnbasefunctions(cellvalues)
n = ndofs_per_cell(dh)

# Initialize element vectors
xe = zeros(T, 2)

Oxe_x = zeros(T, 2)

Oxe_y = zeros(T, 2)

Oxe_z = zeros(T, 2)

# Spatial coordinates

r = zeros(Float64, 3)

# Holder for current

je = zeros(Float64, 3)

Je = PseudoBlockArray(zeros(T, 3*n_basefuncs), 3*ones(Int, n_basefuncs))
Xe = PseudoBlockArray(zeros(T, 2#n_basefuncs), 2*ones(Int, n_basefuncs))

ref_coords = JuAFEM.reference_coordinates(ip)

@inbounds for cell in CellIterator(dh)
reinit!(cellvalues, cell)
global_dofs = celldofs(cell)
Xe[:] = X[global_dofs]
£il1l!(Je, 0.0)
Q@inbounds for (j, point) in enumerate(ref_coords)
£i11! (xe, 0.0)
£ill! (Oxe_x, 0.0)
£ill! (Oxe_y, 0.0)
£ill! (Oxe_z, 0.0)
Q@inbounds for i in 1:n_basefuncs
© = JuAFEM.value(ip, i, point)
dp _x , Op _y , Op _z = gradient({ -> JuAFEM.value(ip, i, &), point)
Q@inbounds for k in 1:2
xe[k] += Xe[BlockIndex(i, k)I*p
Oxe_x[k] += Xe[BlockIndex(i, k)]1*dp _x *N
Oxe_y[k] += Xe[BlockIndex(i, k)1*0p _y *N
Oxe_z[k] += Xe[BlockIndex(i, k)I*0p _z *N
end
end
r[:] = cell.coords[j]
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609 currentMat! (je, xe, Oxe_x, Oxe_y, Oxe_z, vecPot(r), e, ()

610 Je[Block(j)] += je ./ 4.0

611 end

612 blocks = [div(global_dofs[2i], 2) for i € 1:div(length(global_dofs), 2)]

613 j_dofs = zeros(Int64, 3xlength(blocks))

614 for (i, b) € enumerate(blocks)

615 j_dofs[3i-2] = 3b-2

616 j_dofs[3i-1] = 3b-1

617 j_dofs[3i] = 3b

618 end

619 J[j_dofs] += Je

620 end

621 return J

622 end

623 function Current3D_nm! (J::AbstractArray{Float64}, X::AbstractArray{T}, N, w, h, vecPot, ¢, [3) where
{T}

624 return Current3D!(J, X, N, w, h, vecPot, &, (3, currentMat3D_nm!)

625 end

626 function Current3D_nm(X::AbstractArray{T}, N, w, h, vecPot, ¢, () where {T}
627 J = zeros(Float64, 3*div(length(X), 2))

628 £il11!'(J, 0.0)

629 return Current3D_nm!(J, X, N, w, h, vecPot, &, [3)

630 end

631

632

633 function PairIntegrand_nm(X, e, ()

634 n = div(length(X), 2)

635 integrand = zeros(Complex{Float64}, n)

636 for i € 1:n

637 integrand[i] = (X[2i-1]1/(1 + X[2i-11*X[2i]) - conj(X[2i]1/(1 + X[2i-1]*X[2i])))*tanh(B*c/2.0)
638 end

639 return integrand

640 end

641 function PairIntegrand_hm(X, &, ()

642 n = div(length(X), 2)

643 integrand = zeros(Complex{Float64}, n)
644 for i € 1:n

645 integrand[i] = -1.0im*e*(X[2i-11/(1 - X[2i-11*X[2i]) + conj(X[2i]/(1 - X[2i-11%X[2i])))*tanh(Bxe
/2.0)

646 #= integrand[i] = (X[2i-11/(1 - X[2i-11#X[2i]) - conj(X[2i]1/(1 - X[2i-1]1*X[2i])))*tanh(B*e/2.0)
=#

647 end

648 return integrand

649 end

650 function PairIntegrand_t_hm(X, £, t, ()
651 n = div(length(X), 2)

652 integrand = zeros(Complex{Float64}, n)

653 for i € 1:n

654 integrand[i] = -1.0im*sin(e*t)*(X[2i-1]1/(1 - X[2i-1]1*X[2i]) + conj(X[2i]/(1 - X[2i-1]1x*X[2i])))*
tanh (B*e/2.0)

655 #= integrand[i] = (X[2i-1]1/(1 - X[2i-1]1*X[2i]) - conj(X[2i]/(1 - X[2i-1]1*X[2i])))*tanh(B*c/2.0)
=#

656 end

657 return integrand

658 end

659

660 function DivideAbsPhase (X)
661 n = length(X)

662 res = zeros(Float64, 2n)
663 for i € 1:n

664 res[2i-1], res[2i] = abs(X[i]), angle(X[il)
665 end

666 return res

667 end

668

669 end

Listing C.2: An implementation of the code from listing to solve the Usadel equation in the
half-metallic system from chapterﬁ
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1 include("../projectTools.jl")

2 using .ProjectTools

3

4 Db(E, A) = abs(real(E)) < abs(d) ? A/(E + 1limx/(A"2 - E"2 + 0im)) : sign(real(E))*)/(abs(E) + /(E"2 +

0im - A™2))

5

6 function vecPot_x(r, n, w)

7 return -nxm*r[2]/w

8 end

9

10 function F!(F, x, Ox_x, Ox_y, r, €, n, w)

11 A = vecPot_x(r, n, w)

12 F[:1 = [

13 2xx [2]* (Ox_x[1172 + Ox_y[1172)/(1.0 - x[11*x[2]) + 4*Ax(1 + x[1]1*x[21)/(1 - x[11*x[2])*(A
*x[1] + 1.0im*xOx_x[1]) - 2.0im*exx[1],

14 2xx [11*x (Ox_x[2]172 + Ox_y[2172)/(1.0 - x[11*x[2]1) + 4*Ax(1 + x[11*x[21)/(1 - x[11*x[2]1)*(A
*x[2] - 1.0im*Ox_x[2]) - 2.0im*exx[2]

15 1

16 return F

17 end

18

19 function B!(B, x, r, (, G_x, G, €, A, ¢, n, w, n , mr)

20 # All Gs are measured relative to G_O

21 A = vecPot_x(r, n, w)

22 by = b(e, A*exp(1l.0imxyp)

23 50 = conj(b(-g, A)*exp(1l.0im*yp))

24 N = 1.0/(bo*by + 1.0)

25 M = bo¥by - 1.0

26 B[:] = [

27 (A*N*M*y [1] + 2.0im*G_)*M*N*N*mr*(by - x[1] ‘2*50) - 2% (G_x/G_p) *M*xM+xN*N*x [1] * (x [1] %y [2] +
3.00)/¢ + n *2.0im*A*xx[1],

28 (4*N*M*x [2] - 2.0im*G_y*M+N+N+mr (b - x[2]°2%bg) - 2% (G_x/G_e) *M*M*N*N*y [2]* (x [1] %y [2] +
3.00)/¢C - n *2.0im*Axy[2]

29 ]

30 return B

31 end

32 function B_vacuum! (B, x, r, n::T, w::T, n ::T) where {T<:Float64}

33 B[:] = [

34 - n *(2.0im¥n*mxr [2] /w) *x[1],

35 n * (2. 0im*n*m*r [2] /w) *x [2]

36 ]

37 return B

38 end

39 function Neumann! (B, x, r)
40 B[:] = 0.0 .x B
41 end

43 function initGuess(n)
44 return [0.0+0.0im for i € 1:n]
45 end

47 function SingleSolve(N::Int, e::Float64, 1::Float64, width::Float64, ::Float64, (::Float64, n::
Float64, G_p::Float64=10.0, showProgress::Bool = true, init=initGuess, mr=1.0)

48 # ¢ also includes the angle of the magnetization. That is, exp(iy) = exp(ip_sc)*(m; - im,)
49 A = 1%1

50 6 = A/1000.0

51 w = width/1 # width in multiples of length

52 G_y = 0.01

53 G_p = 10.0

54 1_sc = 10.0 # length of SC compared to HM

55

56

57 Fe!(F, x, Ox_x, Ox_y, r) = F!'(F, x, Ox_x, Ox_y, r, € + 1.0im*6, n, w)

58 Be_1!(B, x, r) = B!'(B, x, r, (, G_x, G_p, € + 1.0im*§, A, 0.0, n, w, -1.0, 1.0)
59 Be_r!(B, x, r) B!'(B, x, r, ¢, G_x, G_p, € + 1.0im*d, A, ¢, n, w, 1.0, mr)

60 Be_t!(B, x, r) = Neumann! (B, x, r)

61 Be_b!(B, x, r) = Neumann! (B, x, r)

62 X = solve2D(init, N, w, 2, Fe!, Be_1l!, Be_r!, Be_t!, Be_b!, showProgress)

63 return X

64 end

66 function FindDOS(N::Int, e::Float64, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64,
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67
68
69
70

71
72
73
74
75

76
7
78
79
80
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82
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84
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87
88

90
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92
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95
96
97
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118
119
120
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123
124

125
126
127
128
129

G_¢p: :Float64=10.0, showProgress::Bool=true, filename::AbstractString="dos", save::Bool=true,
init=initGuess, mr=1.0)
X = SingleSolve(N, ¢, 1, width, ¢, ¢, n, G_y, showProgress, init, mr)
dos = ProjectTools.DOS_hm(X)
if save
export2DVTK (string(filename, "_N", N, "_e", ¢, "_1", 1, "_w", width, "_¢", ¢, "_¢", ¢, "_n", n),
dos, :DOS, 1, N, width/1)
end
return dos, X
end

function FindDOSvVE(N::Int, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64, G_p::
Float64=10.0, filename::AbstractString="DOSvE", ¢_list=[0.4, 2.0, 3.6, 4.4, 6.0], mr=1.0)
gs = eg_list
println("solving for the following energies:")
for € € es
print(e, ", ")
end
println()
k = Int((2N+1)*(2*N*width/1 + 1))
j = length(es)
DOS = [zeros(Float64, k) for i € 1:j]
init=initGuess
@showprogress 1 "Computing..." for (i, €) € enumerate(es)
DOS[i], a = FindDOS(N, e, 1, width, ¢, (, n, G_p, false, filename, false, init, mr)
init = n -> a
end

dos = zeros(Float64, k*j)
dosNorm = zeros(Float64, kx*j)
for i € 1:k
dos[1+(i-1)*j:ixj] = [DOS[e] [i] for e in 1:j]
dosNorm[1+(i-1)*j:i*j] = [abs.(1.0 .- DOS[e]l[i]l) for e in 1:j]
end

export2DVTK (string(filename, "_N", N, "_1", 1, "_w", width/1, "_¢", ¢, "_¢", (, "_n", n, "_Gp", G_
), dos, :dos, j, N, width/1)

export2DVTK (string(filename, "DiffFromi_N", N, "_1", 1, "_w", width/1, "_¢", ¢, "_¢", ¢, "_n", n,
"_Gp", G_p), dosNorm, :dos, j, N, width/1)

end

function FindPairCorrelation(N::Int, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64,
G_p: :Float64=10.0, filename::AbstractString="pairCorrelation", mr=1.0, tol=le-7)

A = 1%1
B = 1000.0/A
w = width/1 # width in multiples of length

# Intervals
ints = [[0.0001 0.5*A], [0.5%¥A, 0.99*%A], [1.01%A, 2.0%A], [2.0%4, 10.0*Al]

println("Finding initial guesses")

guessLocs = [(x[1] + x[2])/2.0 for x in ints]

guessProcs = [@spawn SingleSolve(N, e, 1, width, ¢, (, n, G_p, false, initGuess, mr) for € in
guessLocs]

guesses = [fetch(guessProc) for guessProc in guessProcs]

funcs = [e -> ProjectTools.PairIntegrand_hm(SingleSolve(N, &, 1, width, ¢, (, n, G_p, false, k ->
guess, mr), e, ) for guess in guesses]

println("Starting integration")
= @distributed (+) for (f, i) € collect(zip(funcs, ints))
ProjectTools.Romberg(f, il[1], i[2])

end

export2DVTK (string(filename, "_N", N, "_1", 1, "_w", w, "_¢", ¢, "_¢", ¢, "_n", n, "_Gp", G_¢),
ProjectTools.DivideAbsPhase( ), : , 2, N, w)

return
end

function FindCurrent(N::Int, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64, G_y::
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Float64=10.0, filename::AbstractString="current", mr=1.0, tol=le-7)
130
131 A = 11
132 [ = 1000.0/A
133 w = width/1 # width in multiples of length
134
135 # Intervals
136 ints = [[0.0001 0.5%A], [0.5%A, 0.99%A], [1.01*xA, 2.0%A], [2.0*%A, 10.0xA]]
137

138 println("Finding initial guesses")

139 guessLocs = [(i[1] + i[2])/2.0 for i in ints]

140 guessProcs = [@spawn SingleSolve(N, ¢, 1, width, ¢, (, n, G_¢p, false, initGuess, mr) for & in
guessLocs]

141 guesses = [fetch(guessProc) for guessProc in guessProcs]

142

143 vecPot(r) = [vecPot_x(r, n, width/1), 0.0]

144

145 funcs = [¢ -> ProjectTools.Current2D_hm(SingleSolve(N, ¢, 1, width, ¢, (, n, G_p, false, x ->
guess, mr), N, width/1l, vecPot, €, ) for guess in guesses]

146

147 println("Starting integration")

148 j = @distributed (+) for (f, i) € collect(zip(funcs, ints))
149 ProjectTools.Romberg(f, i[1], i[2], tol)

150 end

151

152 export2DVTK (string(filename, "_N", N, "_1", 1, "_w", width, "_¢", ¢, "_¢", (, "_n", n, "_Gp", G_p)
> Js 23, 2, N, w)

153

154 return j
155 end

156

157 # Find both current and paircorrelation
158 function FindCurrentAndPair(N::Int, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64,
G_¢p::Float64=10.0, mr = 1.0, tol=1le-7)

159

160 A = 1%1

161 B = 1000.0/A

162 w = width/1 # width in multiples of length
163

164 # Intervals

165 ints = [[0.0001 0.5*A], [0.5%A, 0.99%A], [1.01*A, 2.0#A], [2.0*A, 20.0%A], [20.0*A, 100.0*Al]
166

167 println("Finding initial guesses")

168 guessLocs = [(x[1] + x[2])/2.0 for x in ints]

169 guessProcs = [@spawn SingleSolve(N, ¢, 1, width, ¢, ¢, n, G_p, false, initGuess, mr) for € in

guessLocs]
170 guesses = [fetch(guessProc) for guessProc in guessProcs]
171
172 vecPot(r) = [vecPot_x(r, n, width/1), 0.0]
173
174 function func_template(e, init)
175 a = SingleSolve(N, €, 1, width, ¢, (, n, G_p, false, k -> init, mr)
176 return [ProjectTools.PairIntegrand_hm(a, ¢, f),
177 ProjectTools.Current2D_hm(a, N, width/1l, vecPot, e, )]
178 end
179
180 funcs = [¢ -> func_template(e, guess) for guess in guesses]
181
182 println("Starting integration")
183 = @distributed (+) for (f, i) € collect(zip(funcs, ints))
184 ProjectTools.Romberg(f, i[1], i[2], tol)
185 end

186 export2DVTK (string ("PairCorr_HM", "_N", N, "_1", 1, "_w", w, "_¢", ¢, "_¢", ¢, "_n", n, "_Gp", G_p
), ProjectTools.DivideAbsPhase( [1]1), : , 2, N, w)

187 export2DVTK (string ("Current _HM", "_N", N, "_1", 1, "_w", w, "_¢", ¢, "_¢", (, "_n", n, "_Gp", G_p)
. [21, :j, 2, N, w

188

189 return
190 end

191

192 function FindPairAtTs(N::Int, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64, t_list
::AbstractArray, G_p::Float64=10.0, mr = 1.0, tol=le-7)
193
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194 A= 1x1

195 B = 1000.0/A

196 w = width/1 # width in multiples of length
197

198

199 # Intervals

200 ints = [[0.0001 0.5%Al, [0.5%A, 0.999%A], [1.001#A, 2.0%Al, [2.0%A, 20.0%Al, [20.0%A, 100.0%Al]
201

202 println("Finding initial guesses")

203 guessLocs = [(x[1] + x[2])/2.0 for x in ints]

204 guessProcs = [@spawn SingleSolve(N, e, 1, width, ¢, (, n, G_p, false, initGuess, mr) for ¢ in
guessLocs]

205 guesses = [fetch(guessProc) for guessProc in guessProcs]

206

207 vecPot(r) = [vecPot_x(r, n, width/1), 0.0]
208 #= J = zeros(Float64, div(length(guesses[1]), 2)) =#

209

210 function func_template(e, init)

211 a = SingleSolve(N, ¢, 1, width, ¢, ¢, n, G_p, false, k -> init, mr)
212 return [[ProjectTools.PairIntegrand_t_hm(a, ¢, t, ) for t € t_list]...,
213 ProjectTools.PairIntegrand_hm(a, &, (),

214 ProjectTools.Current2D_hm(a, N, w, vecPot, &, )]

215 end

216

217 funcs = [e¢ -> func_template(e, guess) for guess in guesses]

218

219 println("Starting integration")

220 = @distributed (+) for (f, i) € collect(zip(funcs, ints))

221 ProjectTools.Romberg(f, i[1], i[2], tol)

222 end

223

224 j = length(t_list)

225 k = Int((2N+1)*(2*N*w + 1))

226 pairs = zeros(Float64, 2%j*k)
227 for i € 1:k

228 pairs[1+(i-1)*2j:2%i*j-j] = [abs.( [t]1[i]) for t in 1:j]
229 pairs[1+(i-1)*2j+j:2*%i*j] = [angle.( [t]1[i]) for t in 1:j]
230 end

231

232 export2DVTK (string ("TPairCorr_HM", string(t_list), "_N", N, "_1", 1, "_w", w, "_¢", @, "_C¢", ¢, "
_n", n, "_Gp", G_p, "_mr", mr), pairs, : , 2%j, N, w)
233 export2DVIK (string ("PairCorr_HM", "_N", N, "_1", 1, "_w", w, "_¢", ¢, "_¢", ¢, "_n", n, "_Gp", G
, "_mr", mr), ProjectTools.DivideAbsPhase( [end-1]), : , 2, N, w)
234 export2DVTK (string("Current_HM", "_N", N, "_1", 1, "_w", w, "_¢", ¢, "_¢", ¢, "_n", n, "_G¢", G_p,
"_mr", mr), [end], :j, 2, N, w)

235
236 return
237 end

238 function FindPairAtTsGK715(N::Int, 1::Float64, width::Float64, ¢::Float64, (::Float64, n::Float64,
t_list::AbstractArray, G_p::Float64=10.0, mr = 1.0, tol::Float64=1e-4, maxIter=3)

239

240 A = 1%1

241 B = 1000.0/A

242 w = width/1 # width in multiples of length
243

244

245 # Intervals

246 ints = [[0.0001 0.25%A], [0.25%A, 0.5%A], [0.5%A, 0.75%A], [0.75%A, 0.999%A], [1.001+A, 1.25%A], [
1.26%A, 1.5%A], [1.5%A, 1.75%A1, [1.75%A, 2.0%A], [2.0%A, 5.0%A], [5.0%A, 20.0%A], [20.0#A,
100.0*A]]

247

248 println("Finding initial guesses")

249 guessLocs = [(x[1] + x[2])/2.0 for x in ints]

250 guessProcs = [@spawn SingleSolve(N, e, 1, width, ¢, (, n, G_p, false, initGuess, mr) for ¢ in
guessLocs]

251 guesses = [fetch(guessProc) for guessProc in guessProcs]

252

253 vecPot(r) = [vecPot_x(r, n, width/1), 0.0]
254 #= J = zeros(Float64, div(length(guesses[1]), 2)) =#

255

256 function func_template(e, init)

257 a = SingleSolve(N, ¢, 1, width, ¢, ¢, n, G_p, false, k -> init, mr)

258 return [[ProjectTools.PairIntegrand_t_hm(a, ¢, t, ) for t € t_list]...,
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259 ProjectTools.PairIntegrand_hm(a, &, (),

260 ProjectTools.Current2D_hm(a, N, w, vecPot, &, ()]
261 end

262

263 funcs = [¢ -> func_template(e, guess) for guess in guesses]
264

265 println("Starting integration")

266 = @distributed (+) for (f, i) € collect(zip(funcs, ints))
267 ProjectTools.GK715(f, i[1], i[2], tol, maxIter)

268 end

269

270 j = length(t_list)

271 k = Int((2N+1)*(2*N*w + 1))
272 pairs = zeros(Float64, 2xj*k)
273 for i € 1:k

274 pairs[1+(i-1)*2j:2*i*j-j] = [abs.( [t][i]) for t in 1:j]

275 pairs[1+(i-1)*2j+j:2*i*j] = [angle.( [t][i]) for t in 1:j]

276 end

277

278 export2DVTK (string ("GKTPairCorr_HM", string(t_list), "_N", N, "_1", 1, "_w", w, "_¢", ¢, "_¢", ¢,
"_n", n, "_G¢", G_p, "_mr", mr), pairs, : , 2x%j, N, w)

279 export2DVTK (string ("GKPairCorr_HM", "_N", N, "_1", 1, "_w", w, "_¢", », "_¢", ¢, "_n", n, "_Gp",
G_p, "_mr", mr), ProjectTools.DivideAbsPhase( [end-1]), : , 2, N, w)

280 export2DVTK (string ("GKCurrent_HM", "_N", N, "_1", 1, "_w", w, "_¢o", ¢, "_¢", {, "_n", n, "_Gp", G_
@, "_mr", mr), [end], :j, 2, N, w)

281 return

282 end

Listing C.3: An implementation of the code from listing to solve the Usadel equation in the
three-dimensional system from chapter El

1 include("../projectTools.jl")

2 using .ProjectTools

3

4 b(E, A) = abs(real(E)) < abs(Q)) ? A/(E + 1imx/(A"2 - E"2 + 0im)) : sign(real(E))*\/(abs(E) + . /(E"2 +
0im - A™2))

5

6 function vecPot_x(r, n) # n = e I/4r * L, but L=1.0

7 p =r[2]1"2 + r[3]"2

8 if p < 0.000000001

9 P = 0.000000001

10 end

11 return -n*m * log((sqrt((0.5 - r[1]1)°2 + p ) + 0.5 - r[1])/(sqrt((0.5 + r[1])"2 + p ) - 0.5 - r[

11))

12 end

13 function divVecPot_x(r, n) # n = e I/4m * L, but L=1.0

14 p =r[2]1"2 + r[3]"2

15 if p < 0.000000001

16 P = 0.000000001

17 end

18 return -n*m * (1.0/sqrt(p + (r[1] + 0.5)72) - 1.0/sqrt(p + (xr[1] - 0.5)72))
19 end

21 function F!(F, x, Ox_x, Ox_y, Ox_z, r, €, 0, n)
22 A = vecPot_x(r, n)

23 dA = divVecPot_x(r, n)

24 F(:1 = [

25 2% [2]* (Ox_x[1172 + Ox_y[11°2 + Ox_z[11"2)/(1.0 + x[1]1*x[2]) + 4xA*x(1 - x[11*x[2])/(1 + x
[11*x[2]1) * (Axy[1] + 1.0im*xOx_x[1]) + 2*%(J - 1.0im*e)*y[1] + 2.0im*xdA*y[1],

26 2%y [1]* (Ox_x[2]1 "2 + Ox_y[21"2 + Ox_z[2]1"2)/(1.0 + x[1]*x[2]) + 4xA*x(1 - x[11*x[2]1)/(1 + x
[11*x[2]) * (Axx[2] - 1.0im*xOx_x[2]) + 2*%(J - 1.0im*e)*y[2] - 2.0im*xdA*y[2]

27 ]

28 return F

29 end

30

31 function B!(B, x, r, ¢, €, 6, A, ¢, n, n )
32 by = b(e + 1.0im*§, A)*exp(1.0im*p)

33 by = conj(b(-c - 1.0im*§, A)*exp(1.0im*p))
34 A = vecPot_x(r, n)
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35
36
37

39
40
41
42
43
44
45
46
47
48
49
50

51

53
54
55
56
57

59

60
61
62
63

64
65
66
67

68
69
70
71
72

73
74
75
76
"
78
79
80
81
82
83
84
85
86

87
88
89
90
91
92
93

94
95
96
97
98
99

B[:]1 = [
(1.0/(¢*(1.0 + bo*b)))*(1.0 + x[11%b)*(bo - x[1]) + n  *2.0im*Axx[1],
(1.0/(C*(1.0 + bo*bp)))*(1.0 + x[2]*by)*(by - x[2]) - n *2.0im*A*xy [2]
]
return B
end

function Neumann! (B, x, r)
B[:] = 0.0 .x B
end

function initGuess(n)
return [0.00001+0.0im for i € 1:n]
end

function SingleSolve(N::Int, e::Float64, 1::Float64, width::Float64, height::Float64, ¢::Float64, (:
:Float64, n::Float64, showProgress::Bool = true, guess=initGuess)

A = 1%1

§ = A/1000.0

w = width/1 # width in multiples of length
h = height/1 # height in multiples of length

Fe!(F, x, Ox_x, Ox_y, Ox_z, r) = F!(F, x, Ox_x, Ox_y, Ox_z, r, €, 0, n)
Be_1!(B, x, r) = B!(B, x, r, (, €, §, A, 0.0, n, -1.0)
Be_r!(B, x, r) =B!(B, x, r, (, €, 0, A, ¢, n, 1.0)
X = solve3D(guess, N, w, h, 2, Fe!, Be_1!, Be_r!, Neumann!, Neumann!, Neumann!, Neumann!,
showProgress)
return X
end

function FindDOS(N::Int, e::Float64, 1::Float64, width::Float64, height::Float64, (::Float64, (::
Float64, n::Float64, filename::AbstractString="dos3DWire", save::Bool=true)
X = SingleSolve(N, &, 1, width, height, ¢, (, n, true)
dos = ProjectTools.DOS_nm(X)
if save
export3DVTK(string(filename, "_w",width/1, "_h", height/1l, "_¢", ¢, "_¢", (, "e", €, "_n", n),
dos, :DOS, 1, N, width/1, height/1)
end
return X, dos
end

function FindPairCorrelation(N::Int, 1::Float64, width::Float64, height::Float64, (::Float64, (::
Float64, n::Float64, maxIter=4, tol::Float64=1e-4, fileprename::AbstractString="pairCorrelation

")
A = 1x1
B = 1000.0/A
w = width/1
h = height/1

# Intervals
ints = [[0.0001 0.5*A], [0.5%¥A, 0.99*%A], [1.01%A, 2.0+A], [2.0%4A, 10.0*Al]

println("Finding initial guesses")

guessLocs = [(i[1] + i[2])/2.0 for i in ints]

guessProcs = [@spawn SingleSolve(N, e, 1, width, height, ¢, ¢, n, false) for € in guessLocs]
guesses = [fetch(guessProc) for guessProc in guessProcs]

funcs = [e -> ProjectTools.PairIntegrand_nm(SingleSolve(N, ¢, 1, width, height, ¢, (, n, false, x
-> guess), €, ) for guess in guesses]

println("Starting integration")
= @distributed (+) for (f, i) € collect(zip(funcs, ints))
ProjectTools.Romberg(f, i[1], i[2], tol, maxIter)

end

export3DVTK (string(fileprename, "PairCorr_NM_3D", "_N", N, "_1", 1, "_w", w, "_h", h, "_¢", ¢, "_¢
", ¢, "_n", n), ProjectTools.DivideAbsPhase( ), : , 2, N, w, h)

return
end

# Current
function FindCurrent(N::Int, 1::Float64, width::Float64, height::Float64, ¢::Float64, (::Float64, n:
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100
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139
140
141
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144
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149
150
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154
155
156
157
158
159

160
161

162
163

:Float64, filename::AbstractString="current")

= 1x%1

1000.0/A

width/1 # width in multiples of length
heigth/1

e ™D
1]

# Intervals
ints = [[0.0001 0.5*A], [0.5%A, 0.9999*A], [1.0001*A, 2.0*A], [2.0*A, 10.0%A]]

println("Finding initial guesses")

guessLocs = [(i[1] + i[2])/2.0 for i in ints]

guessProcs = [@spawn SingleSolve(N, ¢, 1, width, height, ¢, (, n, false) for & in guessLocs]
guesses = [fetch(guessProc) for guessProc in guessProcs]

vecPot (r) = [vecPot_x(r, n), 0.0, 0.0]

funcs = [e -> ProjectTools.Current3D_nm(SingleSolve(N, €, 1, width, height, ¢, (, n, false, x ->
guess), N, w, h, vecPot, ¢, 3) for guess in guesses]

println("Starting integration")

j = @distributed (+) for (f, i) € collect(zip(funcs, ints))
ProjectTools.Romberg(f, i[1], i[2])

end

export3DVTK(string(filename, "_N", N, "_1", 1, "_w", width/1, "_h", height/1, "_¢", ¢, "_C¢", ¢, "
_n", n), j, :j, 3, N, w, h)

return j
end

# Find both current and paircorrelation
function FindCurrentAndPair(N::Int, 1::Float64, width::Float64, height::Float64, ¢::Float64, (::
Float64, n::Float64, maxIter=4, tol::Float64=1le-4, fileprename: :AbstractString="")

A= 1x1

[ = 1000.0/A

w = width/1 # width in multiples of length
h = height/1

# Intervals
ints = [[0.0001, 0.5%A], [0.5*%A, 0.99+A], [1.01xA, 2.0*A], [2.0*A, 10.0%A]]

println("Finding initial guesses")

guessLocs = [(x[1] + x[2])/2.0 for x in ints]

guessProcs = [@spawn SingleSolve(N, ¢, 1, width, height, ¢, (, n, false) for & in guessLocs]
guesses = [fetch(guessProc) for guessProc in guessProcs]

vecPot(r) = [vecPot_x(r, n), 0.0, 0.0]

function func_template(e, guess)
a = SingleSolve(N, &, 1, width, height, ¢, ¢, n, false, guess)
return [ProjectTools.PairIntegrand_nm(a, ¢, (),
ProjectTools.Current3D_nm(a, N, w, h, vecPot, ¢, )]
end

funcs = [¢ -> func_template(e, guess) for guess in guesses]

println("Starting integration")
= @distributed (+) for (f, i) € collect(zip(funcs, ints))
ProjectTools.Romberg(f, i[1], i[2], tol, maxIter)

end

export3DVTK (string(fileprename, "PairCorr_NM_3D", "_N", N, "_1", 1, "_w", w, "_h", h, "_¢", ¢, "_C
", ¢, "_n", n), ProjectTools.DivideAbsPhase( [1]), : , 2, N, w, h)

export3DVTK (string(fileprename, "Current_NM_3D", "_N", N, "_1", 1, "_w", w, "_h", h, "_¢", ¢, "_¢"
, ¢, "_n", n), [21, :j, 3, N, w, h)

return
end
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