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Abstract

When a type IlI-superconductor is exposed to a magnetic field an Abrikosov vortex lattice forms. This
thesis investigates such vortices in an s-wave superconductor modeled by a 2D square lattice with nearest
and next-nearest neighbor hopping. The Bogoliubov-de Gennes equations are initially derived and sub-
sequently solved numerically for a system which is subject to a magnetic field. This requires knowledge
of second quantization and the microscopic BCS theory of superconductivity. Furthermore, it must be
figured out how the hopping constant of the Hamiltonian is modified according to the Peierls substitution
in the presence of a magnetic field. The magnetic field affects the translation symmetry of the system
as well. Hence the magnetic Bloch theorem must be applied in order to use Born-von Karman boundary
conditions. Moreover it is investigated how the complex phase of the superconducting order parameter
can be used to determine whether vortices are present in the system. This knowledge is then utilized
in the case of a system with impurities on a fraction of the lattice sites. The effect of T,.-enhancement
caused by impurities found by Gastiasoro and Andersen [1] is thus investigated and reproduced, as it is

confirmed that vortices are sustained above T, of the homogeneous system.



1. Introduction

Since superconductivity was discovered by Heike Kamerlingh Onnes in 1911 and the first microscopic
theory of superconductivity, BCS theory, was presented by Bardeen, Cooper and Schrieffer in 1957, the
subject has become a very broad and diverse field of research. In this thesis a type-1I superconductor
exposed to a magnetic field is studied.

We investigate an s-wave superconductor using the tight-binding model with nearest and next-nearest
neighbor hopping in a two-dimensional square lattice. Below the critical temperature this system sustains
the formation of vortices, which are encircled by supercurrents. This is shown by solving the Bogoliubov-
de Gennes equations numerically in the presence of a nonzero magnetic field. Attaining this requires
knowledge of how the magnetic field affects the hopping constants of the Hamiltonian. In order to use
Born-von Karman boundary conditions one must also take into account that the translational invariance
of the system is broken by the magnetic field. Hence we derive the magnetic Bloch theorem which enables
the use of periodic boundary conditions. Furthermore we seek a method of determining whether vortices
are present in the system by considering the complex phase of the superconducting order parameter
(SCOP). This method is then finally applied to a system with impurities on 15 % of the lattice sites, in
order to investigate whether it is possible to reproduce the effect of T.-enhancement caused by impurities
found by Gastiasoro and Andersen [1]. This is the case if it can be confirmed that vortices are present

above T, of the homogeneous system.

2. Theory

2.1. Second quantization

Second quantization is an important formalism in condensed matter physics which will form the basis
of almost all derivations in this thesis.! The total quantum mechanical wave function for a system of
indistinguishable particles must be either symmetric or antisymmetric under particle label exchange,
depending on whether one is considering bosons or fermions. In the simple case of a two-particle system
with single-particle eigenstates H |1;) = \; [1);) the total symmetric (S)/antisymmetric (A) wave function
is given by:

\II(-%'I,@?):X = \}5(1/}1(961)1#2(362) + o (1)1 (22)). (2.1)

Though general expressions for the many-body wave functions in arbitrarily large systems exist (e.g.
using Slater determinants for fermions) they quickly become very complicated with increasing particle
number. For many-body systems these wave functions are thus practically impossible to use.

Hence we need a new way of constructing the eigenstates. This is done in second quantization with
a change of basis to many-particle eigenstates where the number of particles occupying each single-
particle eigenstate is sufficient to describe the total state of the system. Defining the vacuum state
with no particles |0) we introduce the creation and annihilation operators CL and cy,, which create and

annihilate a particle in the eigenstate labeled by quantum numbers \; respectively. Thus we can write

'The definitions of this section follow the conventions used by [2]
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the state with one particle in eigenstate \; as:

i

c10)=10 0 0...7 ...0). (2.2)
So that in second quantization a state is generally given by:
ITALs MAgs Mrgy -« s TN, ) - (2.3)

For bosons the occupation number ny, can take any non-negative integer value, whereas for fermions it
can only be 0 or 1 due to the Pauli exclusion principle. Hence, applying the same fermion creation (or
annihilation) operator twice annihilates the state. The correct symmetrization/antisymmetrization of the
wave function is ensured by the (anti-)commutation relations which the creation/annihilation operators
satisfy. They are different for fermions and bosons, and since we will be considering electrons in this

thesis, only the fermion anticommutation relations are listed here:
{exsent=aney, tayen =0= {c];\i, c;j} and {C)\i,c;j} = 0x\ (2.4)

Generally a creation or annihilation operator acts on a state according to:

CL [na, May -y, ) = (—1)2i /1 — Ny, [y Mg --.ny, +1..0) (2.5)
C); \n,\l M)y -« M), - - > = (—1)Zi,/n)\i |n,\1 Mg M) — 1.. > , (2.6)

with (—1)2: = (—1)™1 ™2+ =1 Normalization is ensured by the prefactors. In second quantization
all single- and many-particle operators can be formulated in terms of the creation and annihilation

operators. For example the number operator which counts the number of particles in a given state is:
ny, = ZCLUC)‘“T’ (27)
o2

where the sum is over spin states.

2.2. BCS theory

In BCS theory it is shown that the Fermi surface is unstable to the formation of Cooper pairs due to an
attractive electron-electron interaction for electrons near the Fermi surface. The interaction arises from
coupling with the phonons of the lattice [3], and it is attractive for electrons with energy Ep — hiwp <
E < Er + hwp, where wp is the Debye frequency. This attraction causes bound states consisting of two
electrons just outside the Fermi sea to form. These bound states are the Cooper pairs, and the instability
to formation of such pairs causes an energy gap which makes the superconducting state stable below the

critical temperature. We will now consider the Hamiltonian of BCS theory, which is given by [4]:

HBCS == Z SkC;r(o_Ckg - Z ka/CLTCT—kic_k/i«Ck/T’ (28)
ko NN
where Vige = =V for |ek| < hwp and e = h;’ff — u. The first term is just the single-particle energy, and

the second term is an interaction term which describes scattering between Cooper pairs of momentum

(k, —k) and (K, —K’). This interaction term makes it impossible to diagonalize the Hamiltonian. Hence
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we perform a mean-field decoupling of the interaction term. By introducing

A= VZ(C,klick/T>, (29)
k/

and absorbing a term (CLTCik 1){ck|ckt) into the chemical potential the mean-field Hamiltonian is ob-

tained:
HYE = Zé‘kckgcka ZAcch Kl ZA C—k|Ck?- (2.10)

This can be written in matrix form (using that e_y = e if the crystal is invariant under the substitution

r — —r which is usually the case):

Hils =) ( chr C—k¢) ( _82* _i) ( chT> : (2.11)
K

Cly

Our aim is now to diagonalize the Hamiltonian, and this can be done by introducing the unitary trans-

U:( Hk “{f), (2.12)

which we then demand diagonalizes the Hamiltonian so that:

A Ee 0
Ut °k I . (2.13)
—A* —ECk 0 —Ek

This gives a set of equations which can be solved by parameterizing according to ux = cos(t) and

formation U:

vk = sin(t) and using that U is unitary, so that |uk|? + |vx|?> = 1. Furthermore we assume that uy and

vk can be taken to be real, which is always true in the spatially uniform case where k is a good quantum

number. We then get that:
=\/ei + A7, (2.14)
5k

€k
uk| = 1 + — and |vk| = 1 - ) 2.15
x| = =) ol = o (2.15)

The diagonalization is equivalent to performing a transformation of the original operators to a set of new

fermionic creation and annihilation operators:

( 7ka> —ut ( (;kT) , (2.16)
Tkl ki

and the Hamiltonian is diagonal in these new operators:
Hpds = ZEk'Yle'Yka- (2.17)
Kk

The interpretation of this term is that it determines the number of excitations above the superconducting
ground state with energy Fy > 0. The vy, —operators represent the Bogoliubon quasiparticles, which can
be interpreted as a superposition of an electron and a hole. If the charge of the excitation is measured,

|vk|? is the probability of measuring an electron and |uy|? is the probability of measuring a hole [3]. Since
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Figure 2.1.: The superconducting order parameter as a function of temperature in a 2D square lattice. At the critical
temperature the order parameter drops to zero, and a phase transition to the normal state occurs.

the ~-operators represent fermions their thermal averages are:

o) = F(B)daedoer and  (vf Al ) = 0. (2.18)

We can now write A, which is the gap parameter of the superconductor, in terms of the new operators:

Ey
A= VZukvkl—QfEk VZQEk <2kBT>, (2.19)

where in the last step it was used that the Fermi distribution is given by f(Fy) = T and the

expressions for uy and vy in eq. 2.15 were substituted. A is the superconducting order parameter which
is only nonzero below the critical temperature T, (the energy gap vanishes at T.), and eq. 2.19 is the
self-consistency equation which must be solved in order to determine the value of the superconducting
order parameter at different temperatures. In the homogeneous case this can be done analytically at
T = 0, and by exploiting that A vanishes at the critical temperature, an expression for kg7, can also be

found in the weak-coupling limit. See Appendix A for more details on this.
2A(0)
kTe
for conventional low-T,. superconductors and is thus a great success of BCS theory. For homogeneous

One can then derive the so-called BCS ratio: = 3.52, which has been experimentally verified

systems, the superconducting order parameter as a function of temperature can easily be determined by
numerically solving the self-consistency equation in eq. 2.19. We have done this for a 2D square lattice
in the tight-binding model with 1000 sites in both the x- and y-direction and lattice constant a = 1. The
electron energies ei are given by the dispersion relation ey = —2t(cos(kya) + cos(kya)), where k, and k,
are in the first Brillouin zone [5]. See fig. 2.1 for a plot of A as a function of temperature. The BCS

2A(0) _

ratio found from the calculations is T = 399, where the deviation from the theoretical value is likely

due to the finite size of the system.

2.3. The Hamiltonian

The calculations presented above are more complicated in the case where the system is not spatially
uniform, which is the case to be considered next. The Hamiltonian describing s-wave superconductivity?

in a two-dimensional square lattice using the tight-binding model is given by:

2Cooper pairs with spin singlet pairing and no relative angular momentum of the electrons.
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H=- Z tijc;fO_ng + Z (VP — u)c;facw -V Z c;rTciTc;ficu = Hi + Hy + H3, (2.20)
ijo i i
where CIU and ¢;, create and annihilate a particle at site ¢ respectively. The first term H; is the kinetic

energy. t;; is the hopping integral which is a measure of how likely it is for the electron to tunnel
to another atom in the lattice. Hopping to nearest (t;; = ¢) and next-nearest neighbors (¢;; = t') is
included. ¢ and ¢’ are real and we will let ¢ > 0 and ¢’ < 0. However, this simple form of the hopping
integral only applies to the case where no B-field is applied. If there is a B-field, a complex phase needs
to be introduced. This situation will be treated in detail below. The second term is the on-site energy
where V;i;np is the impurity strength and p is the chemical potential. The third term is the BCS-term
which describes the scattering between Cooper pairs on the same site i. The s-wave superconductivity
arises from this term. Again V < 0 so that the electron-electron interaction is attractive. As is evident
from eq. 2.20, the Hamiltonian is not quadratic in the creation and annihilation operators, and thus it is
not possible to solve the corresponding Schrodinger equation analytically. Hence we perform a mean-field

decoupling of the last term [2]

7

where
A; =V{ccip) and Aj = V(cj.TcIQ. (2.22)

With this mean-field decoupling of the BCS Hamiltonian, H is now quadratic in the creation and annihi-
lation operators and can be diagonalized. As was previously remarked, this can not be done by following
the method outlined in section 2.2 when the system is inhomogeneous (due to e.g. a magnetic field or
impurities). For this reason the Bogoliubov-de Gennes equations are introduced. As will be shown in
the following section, diagonalizing the Hamiltonian corresponds to solving the Bogoliubov-de Gennes

equations.

2.4. Bogoliubov-de Gennes equations

The purpose of solving the Bogoliubov-de Gennes equations is to find the unitary transformation which
diagonalizes the Hamiltonian. For a homogeneous system this is rather uncomplicated as we know
that in that situation k is a good quantum number, and the transformation we need is the Bogoliubov
transformation used in the previous section. However, in the case where a magnetic field or impurities
are present, the system is no longer homogeneous and k is not a good quantum number. Thus we need

to introduce a more general transformation:

Cic = Z [un,iaf)/na + U;,ig’}’l&] s (223)

n

where n is the set of good quantum numbers which are not known. We now require that the Hamiltonian

is diagonal in the y-operators. That is:
HMF =Fy+ Z Ena’y;rLg’Yna' (2.24)
no

This is only obtained for certain values of w, and v, in the transformation above. By solving the

Bogoliubov-de Gennes equations these values are determined. The equations are derived by calculating
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the commutators of the Hamiltonians in eq. 2.20 and 2.24 with the creation and annihilation operators.
The ~-operators are fermion operators so the usual anticommutation relations in eq. 2.4 apply. Using

this we easily obtain:
[HMFa 'Yno] = —EnsVno,

(2.25)
[HMF, ’ij} = Ena’Y;rw-

The commutators of eq. 2.20 with the creation and annihilation operators are derived in a completely
similar manner, using the fermion anticommutation relations and the following identity for fermions:
[AB,C] = A{B,C} — {A,C}B. The calculations are somewhat lengthy and we refer to appendix B for

the details. The final result is that the commutators are given by:

H CzT Z tijcir — M)Cﬁ + Azcly

T (2.26)
[(H,ci|] = Z tijci) — — ey — Aicm.

By substituting the transformation in eq. 2.23 into eq. 2.26 and demanding the commutators in eq. 2.25

and 2.26 to be equal we obtain the four Bogoliubov-de Gennes equations:

BEnttunit = = Y tigtin gt + (Vg™ = m)tn it = Agvniy,
J

E’Vlivn AT Z tl]Un gt (Vlmp ) At + A un KAR)
J

. (2.27)
Enyunit = =) tijung, + (Viy™ = @)ty + Aivn,it,
J
Eppoy, il = Z tijvn gl (Vlmp H)U:L,u - Aiuz,n-
J
Defining the operator
Ztmujg ;;np — W)U, (2.28)

the four eqgs. 2.27 can be written in matrix form:

. A

( " ) (um) = Ep (um) (2.29)
—A; _hi Un), Un),
ICL A’L n. n.

< L > <” i) — B, (“ ¢> . (2.30)
Ai _hT UnT UnT

As shown in appendix C it is only necessary to solve one of the eqs. 2.29 or 2.30, because if ( ¢) is

and

an eigenvector of the matrix in eq. 2.29 with a negative eigenvalue —E,;, (ZZZI) is an eigenvector of
the matrix in eq. 2.30 with a positive eigenvalue £, . So in the numerical calculations, we only need to
solve eq. 2.30. The order parameter can also be determined in terms of u, ;, and v, i, by invoking the

transformation in eq. 2.22, and the expectation values in eq. 2.18:



A =Vieyen) =V Z < (Un,u%u + 05 i V) (it Yt + UZ,M?L) >
(2.31)
=V Z [un zivn z’rf( ni,) + vn il Un, ’le( ) .

Using the correspondence between positive and negative eigenvalues and suppressing the spin indices, (as

the eigenstates of the system are spin degenerate) we get:

Ai=V Z Unz”:,zf( )+V Z Un, iV, WS (E Vzul i, i f(E), (2.32)

n,En,<0 n,E,>0

Where the last sum is over both positive and negative eigenvalues. Another self-consistent quantity is

the density of electrons at a site ¢ of the lattice, which is derived in appendix D:

(i) = D (w2 F (B + o (1= f(E)]. (2.33)

l

The chemical potential can be adjusted to give the desired electron density.

3. Magnetic field

3.1. Peierls phases

When a magnetic field is applied to the system, the momentum operator p is shifted according to
p — p + eA(r) [6], where A is the vector potential and B = V X A. Hence the Hamiltonian is no
longer invariant under discrete translations by one lattice vector, because even if the magnetic field is
uniform, the vector potential is not invariant under such translations. The consequence of this is that
the hopping constant ¢;; gains a complex phase known as the Peierls phase, which will be derived in this
section following the procedure from [7].

Only the tight-binding part of the Hamiltonian is considered in what follows. In the presence of a static

magnetic field, the second quantized Hamiltonian is given by:

H= / et ()b (1) (1), (3.1)

where

Ya(r) = Z a(r —Ry)cie and o (r)l = Z a(r — Ri)cza (3.2)
i i
are the field operators. a(r — R;) are the atomic orbitals on site ¢ of the lattice. They are localized at

R; and fall off rapidly as the distance r — R; increases. The single-particle Hamiltonian is

he = = (p+ eA(r)* + V(r) - Ep. (3.3)

2m
V(r) is the Coulomb potential produced by the atoms in the lattice and p = ’%Vr is the momentum
operator. Expanding the parenthesis in eq. 3.3 we get: (p +eA(r))? = p2 +e2A%2 +p- A+ A - p Hence
it is seen that the nonzero vector potential causes cross terms p- A and A - p to arise, which complicates
all calculations greatly. For this reason, our goal is now to find a gauge transformation which allows us
to write the Hamiltonian on the usual tight-binding form. That is, a gauge transformation which cancels

the cross terms. In order for the Schrodinger equation to be gauge invariant a gauge transformation of
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the vector potential
A — A+ VA(r) (3.4)

requires a similar transformation

Yu(r) =ty (x)e 7AW (3.5)

of the wave function [8]. The field operators (now characterized by the spin quantum number o) transform
accordingly:
Yo(r) = Z a(r — Ry)e " ihicy, (3.6)

The scalar field A; is the generator of the gauge transformation. Claiming that the generator

r 1
A= / A(r)dr' = / (r—R;) - AR; + A(r — Ry))dA (3.7)

R; 0
satisfies our requirements will eventually lead to an expression for the Peierls phase. In the second
equality the integral was transformed to a line integral along the straight line joining r and R4 using the
parametrization r’ = A\(r — R;) + R;. After some lengthy calculations which can be seen in Appendix E,

we find that the Hamiltonian in eq. 3.1 can be written as:

H= /dr zﬂ: a*(r — R;)eliticl [2}71 <?vr + eA(r)> +V(r)— Ep % a(r — Rj)e i, .

_ oo
= E :h”cwcﬂ,,

ijo

where

- " 1 !
hij = /dra*(r — Ry)e'n himhd) [2m (p— e/ dAA(r — Rj) X B(Rj + A(r — Rj)))2
0
(3.9)

+V(r)— Ep|a(r — Rj)

is the single-particle Hamiltonian in the presence of a magnetic field. Hence we are able to express the
Hamiltonian on the usual tight-binding form even though the single-particle Hamiltonian now contains
some complicated terms arising from the gauge transformation. But if the B-field is slowly varying (in
our case it is constant), the fact that the atomic orbitals are localized allows for the approximation
r ~ R; in the A-integral in eq. 3.9. Hence we get no contribution from this term, and the single-particle
Hamiltonian becomes

hij = —ti;'% + (e; — Ep)dyj, (3.10)

where the last term is the on-site energy and

2m

2
ti; = — / dra*(r — Ry) <p + V(r)) a(r — Ry), (3.11)
is the hopping integral in the absence of a magnetic field.

e (Ri o [Ri
bij = 7 /Rj A(r)-dr = 3, /Rj A(r)-dr (3.12)
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¢fn,n+l
®

Figure 3.1.: An electron which tunnels along the borders of a unit cell picks up a phase which is related to the flux through
the unit cell .. The unit cell is labeled by the indices of the lower left corner (m,n)

is the Peierls phase which we set out to obtain and ®¢ = % is the flux quantum. Through a gauge
transformation it has thus been shown that in the presence of a magnetic field it is possible to express
the tight-binding Hamiltonian on a form which is similar to the case of no magnetic field. However, the
hopping integral has to be modified according to the Peierls substitution:

.9 R
—zq)—g ij‘ A(r)~dr.

tij — tije (3.13)
This result can be understood intuitively in reference to the Aharonov-Bohm effect which concerns the
fact that a particle traveling in a region of nonzero vector potential gains a complex phase depending on
the path it takes.

3.2. Magnetic Bloch theorem

In a lattice which is invariant under translations by a lattice vector Bloch’s theorem applies. This means
that translating the wave function by a lattice vector R = njaj + noag is equivalent to multiplying it by
a complex phase [9], that is ¢(r + R) = ¢*Ry)(r). This is due to the fact that the translation operators
commute with each other and with the Hamiltonian. The Hamiltonian and the translation operators thus
have simultaneous eigenstates which are periodic in the unit cells of the lattice and are labeled by the
momentum quantum number k. However, when a magnetic field is applied the translational invariance
is broken, because even if the B-field is uniform the vector potential and hence also the Peierls phases
are position dependent. In this section we will derive a magnetic Bloch theorem which takes this effect
into account. In the following we will denote a site by its indices in the x- and y-direction (m,n). The
x- and y-components of the Peierls phase for hopping by one primitive lattice vector from site (m,n)

are ¢¢ .. i = {x,y}. We will also need to know the flux per plaquette (unit cell of the original lattice).

(2
m,n>
An electron which tunnels along the borders of a unit cell picks up a phase which is related to the flux

through the unit cell, ®,,,, (see fig. 3.1 for an illustration of this):

Y
fn,n + ¢m+1,n - ¢fn,n+1 - (ﬁ%%,n
27

= — A(r)- dr (3.14)
) unit cell
2 2

= B-dS=—®,,,.
g unit cell %) i

(m,n) are the indices of the site in the lower left corner of the unit cell. From now on we will use ®,, ,

to denote the flux per plaquette in units of the flux quantum ®¢ = % Only the tight-binding part of the
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Hamiltonian is affected by the magnetic field. Hence the Hamiltonian to be considered is:

H=-1 Z (ei‘i’fnmcilﬂmcm,n + ew?”v”c;rn’nﬂcm’n + H.c.) =T, + Ty + H.c., (3.15)
m,n
where
~ x ~ -y
T, = Z e"z’m’ncinﬂ’ncm,n and Ty = Z e“’ﬁm’"cjnmﬂcm,n (3.16)
m,n m,n

are the translation operators which translate by a primitive lattice vector in the x- and y-direction re-
spectively. Only nearest-neighbor hopping is included, but the results generalize to next-nearest neighbor
hopping. In order to formulate the magnetic Bloch theorem it is necessary to find new translation oper-
ators which commute with each other and with the Hamiltonian given above. Following the procedure

in [10], we construct the general magnetic translation operators (MTO’s):

. -0y

m,n m,n

The effect of these operators is a combination of a gauge transformation and a translation. The aim is

now to determine the phases 7, so that the relevant commutators vanish:
[T, 7] =0 and [TM H]=[T}M H]=0. (3.18)

As is shown in Appendix F, this condition is satisfied if the phases

Hﬁ%n = fn,n + 27D, o1, (3.19)
9%1,71 = %n,n - 27T(I)m,nm’ (320)

are used. It is now ensured that the magnetic translation operators commute with the Hamiltonian, but

not necessarily with each other. Hence we need to make sure that this is also the case. We calculate

™ T;V[ and Téw TM by applying these operators to a single particle state on site (m,n) given by Ymn =
{ )

cmn |0)

MM M _if} 0% 0%
T, Ty wm,n =T, ¢ m’nwm,n—&-l =e mntle m’nwm—l—l,n-i-ly (321)

MM 0%, . 102
Ty Tx wm,n = ezem’nel m+1’"¢m+1,n+1- (322)

Let us now consider the specific case of a homogeneous magnetic field, where the flux per plaquette is

simply denoted ®,,, , = ®. By plugging eqgs. 3.19 and 3.20 into egs. 3.21 and 3.22 we get

TMTMwm n = ei(¢fn,n+1+27f‘1>m,n+1(n+1)+¢3{n,n_2”q>m’"m)wm+1 n+1
o b , ’ (3.23)
_ ei(q&fn’n_'_l+27r<1>(n+1)+¢)gn,n—27r<1>m)wm+17n+1
and .
TMTMy, = Ot 2mPmnntén g0 =27 Pmitn(mA)yy
Ui x ’ ’ (3 24)

S AT Y _
_ 61(¢m,n+27rq>n+¢m+1,n 2W¢(m+l))¢m+l,n+l-
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Combining eqgs. 3.23 and 3.24 and using that the flux per plaquette is given by eq. 3.14 we obtain:

MM
T b BT 1 Ot G =By HATD)
T T Y (3.25)

= TMT) e ™ =TMT).

Hence the magnetic translation operators commute if the flux per plaquette is an integer number of flux
quanta. However, this is gauge-equivalent to the trivial case of zero flux per plaquette, which is not the
case we are interested in. But even if this condition is not satisfied we can get the MTO’s to commute by
constructing a larger unit cell, that is, we can apply the magnetic translation operators multiple times.
This new unit cell is denoted the magnetic unit cell (MUC) of the system, and there are in general several
possible choices. We use a general MUC of dimension N, X N,. A translation by a primitive lattice
vector of the new lattice of MUC’s corresponds to applying Tf,w N, times and Téw Ny times. We can

then generalize eq. 3.25 according to:
(TN (TN gmiznNaNy® (MY N (M) N (3.26)

The translation operators generally only commute if the flux per plaquette is rational, that is & = g [10]

with p and q relatively prime, so that:

!

N.N,®=NNL Ly vez (3.27)
q

The smallest possible MUC which satisfies this is one of area N, N, = q.

As N;N,® is the flux through each magnetic unit cell in units of the flux quantum, this condition is
equivalent to requiring that the flux through each MUC is an integer number of flux quanta. For the
specific case of a uniform magnetic field in the Landau gauge A = (0, Bz,0) = (0,27®m, 0) the phases
in eqgs. 3.19 and 3.20 become

62— 2mng, (3.28)
0¥, = 2rm® — 27m® = 0. (3.29)

Only the area and not the dimensions of the MUC are fixed by the condition in eq. 3.27, so one is free to
choose a unit cell which contains g sites in the x-direction and one site in the y-direction. The commuting

operators are then

(Tx]\J)q = Z eiQFqn‘:Dcin+q7ncm,7’L7 (330)
m,n

T = chniiCmn: (3.31)
m,n

Defining two different lattice vectors of the lattice of MUC’s: R,, = m,qa, + mya, and R,, = nyqa, +
nyay, it can also be shown that the MTO’s satisfy the relation [11]

M M _ M
IR, TR, = TR, 1R

which is necessary in order to be able to formulate the magnetic Bloch theorem.
Due to the translation operators and the Hamiltonian being commuting operators, they have simultaneous

eigenstates, and these eigenstates are the magnetic Bloch waves which we will denote |1x) because the
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good quantum number is the momentum k (as the system is invariant under translations by primitive
lattice vectors of the lattice of MUC’s). Similar to the regular Bloch theorem we then have then achieved

the magnetic Bloch theorem:
(T ) = e n) T, [vhwe) = €™ o) (3.32)

WhereO<k1§3—gand0<ky§%ﬁ.

3.2.1. Hofstadter’s butterfly

As a way of checking whether the Peierls phases and periodic boundary conditions in the presence of a
magnetic field have been applied correctly in the numerical calculations, we have reproduced Hofstadter’s
butterfly. This is the fractal pattern formed by the energy spectrum of a 2D square lattice with nearest-
neighbor hopping as a function of the magnetic flux. The pattern arises due to the energy levels being
affected both by the periodic potential of the lattice and the perpendicular magnetic field. Hence there
are two competing length scales of the system; the lattice constant ¢ and the magnetic length Ip = \/g .
In order for Hofstadter’s butterfly to emerge, the two length scales must be commensurate, which is only
the case for rational flux per plaquette [12]

a’B _p

_p (3.33)

p=22_F
%) q

where p and q are coprime integers. See fig. 3.2 for Hofstadter’s butterfly in the case of nearest-neighbor
hopping in a square lattice of size 20 X 20, where the energy spectrum is calculated for different rational
fluxes ® between 0 and 1.

Hofstadter’s butterfly for systems with next-nearest neighbor hopping has also been studied previously

by Hatsugai and Kohmoto [13] and we have similarly reproduced these results. This is seen in fig. 3.3.

Figure 3.2.: Hofstadter’s butterfly for nearest-neighbor Figure 3.3.: Hofstadter’s butterfly for nearest and next-
hopping t =1 nearest neighbor hopping t = 1,¢ = —0.1

3.2.2. The magnetic Bloch theorem for superconductors

It is now investigated how the magnetic Bloch theorem is constructed in the specific case of a super-
conductor. When a magnetic field H,, < H < H,, is applied to a superconductor the magnetic field

penetrates the material and an Abrikosov vortex lattice forms. H., and H., are the lower and upper

critical fields respectively. Each vortex is penetrated by one superconducting flux quantum @OSC = Q—he [4].
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This means that the strength of the magnetic field and the size of the MUC must be adjusted so that
each MUC is penetrated by two superconducting flux quanta and contains two vortices. In the following

we will use the notation

MmNy ( )nNy

for a general magnetic translation operator which translates by m magnetic unit cells in the x-direction

and n in the y-direction. That is, the MTO translates a vector r according to
Tont =1 + R, (3.35)

where R = mN,é, + nNyé, is a lattice vector of the lattice of magnetic unit cells. This applies in our
case where the underlying lattice is a 2D square lattice.

We still consider a uniform B-field pointing in the direction of é,, and use the Landau gauge

A = (—By,0,0). We will now figure out how the superconducting order parameter transforms under
a translation 7, as defined above. In order to do that, we firstly examine how the vector potential

transforms. The translation can be split up into separate translations in the x- and y-direction:

Since the magnetic field is chosen to be uniform, a translation can only modify the vector potential by

the gradient of a scalar field. For a translation in the x-direction we get:

TmoA(r) = A(r) = A(r) + Vo

(3.37)
=—> ¢ = constant.

Without loss of generality we can choose ¢ = 0. Correspondingly a translation in the y-direction yields:

TonA(r) = —B(y + nNya)z = A(r) + Voo

(3.38)
= ¢ = —BnNyax.

It is also necessary to consider how the superconducting order parameter transforms under such a trans-
lation. Since A; = V(cijcit), we can find the transformation properties of A; if we know those of the
cigs-operators. As seen above the translation corresponds to a gauge transformation of the vector po-
tential. The on-site creation and annihilation operators transform like the wave function under a gauge

transformation [8], so:

Ciy — Cige tRATTR)
—i 2% (¢1 (r+R)+¢2(r+R)) 25 (0~ BN, a(s-+mNea)) (3.39)
= Cijg — Cigt %o ! 2 = C;p€ %0 v ¢ .
Hence N n
A(Tmnr) _ e—z(ITO-06—1(170(—BNya(:v-l—mea))A(r) (3 40)
_ eix(r,R)A(r)7 .
4
x(r,R) = —g(—BnNya(:r + mN,a))
0

47 (3.41)

It was invoked that NxNya2B = &y (which corresponds to the condition of a magnetic flux of two
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superconducting flux quanta through each magnetic unit cell). We might as well define

x(r,R)=——A(R) -, (3.42)

—idmtmn

since e = 1 for m,n integers. It now only remains to formulate the magnetic Bloch theorem for

the Bogoliubov wave function ¢ (r) = ( zg; ) In order to do this we construct a translation operator for

this wave function which is given by [11]

eX(rR)/2 0 u(r —R)
Tm”¢(r) - ( 0 eiX(r,R)/2> ( v(r _ R)) ’ (3'43)

This ensures that the superconducting order parameter transforms correctly, since it gets its complex
phase from the product Uz’,l’UZ , (see eq. 2.32). The reason for choosing this transformation of the eigen-
states is that we still need the translation operator to commute with the Bogoliubov-de Gennes Hamilto-
nian in eq. 2.30, which is ensured by this particular choice. In accordance with the result from the previous
section (see eq. 3.32) we can now formulate the magnetic Bloch theorem for the BdG-wavefunction. It

is completely similar, except that there is an extra phase as is seen from the above calculations. Hence:
ulr+R)\ e (R Pu(r) , (3.44)
v(r+ R) e~ X(R)/ 2y (1)

2wy, P 27l
-~ M,N, * MyN,

where

~

k

éy, Li=0,1,..,M;—1, i={xy}.

N, and N, are the number of sites in x- and y-direction of the MUC respectively. M, and M, is the

number of MUC’s in each direction.

R

[ ® ® ® ® )
6 17 18 19 20
° [ ° ° ° &
11 12 it,13 14 15
° e [ ° &
6 7 8 9 10
[ ° ° ° [ &
1 2 3 4 5

Figure 3.4.: Illustration of a MUC with N, = 5 and N, = 4. Periodic boundary conditions are applied so that e.g. a
particle which tunnels to the right from site 20 is translated by R to site 16 and acquires a complex phase.

This result allows us to use periodic boundary conditions in the numerical calculations, as long as we
take these extra phases into account. An electron tunneling to a point which is not in the magnetic unit
cell is translated to the other side of the system by the vector R and acquires a phase given by eq. 3.44.
See fig. 3.4.

The magnetic Bloch theorem also enables the use of the so-called Supercell method, which utilizes that
eq. 3.44 block diagonalizes the Hamiltonian of eq. 2.30, so that the numerical calculations can be carried
out M, X M, times for matrices of size 2N, X 2N, instead of one matrix of dimension 2N, M, X 2N, M,.
This significantly improves the size of the systems which it is possible to solve the Bogoliubov-de Gennes

equations numerically for. For further details on this method see [14].
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Figure 4.1.: Vortices in a system of dimension 64 X 32 with nearest- and next-nearest neighbor hopping. The parameters
used are t = 1, t' = —0.15¢, V = —1.95t and the temperature is kgT = 0.01. The magnetic field strength is
adjusted so that two half flux quanta ®g = 2% penetrate the system

4. Numerical calculations

4.1. Vortices

In order to figure out how vortices are created in a specific superconducting system which is subject
to a nonzero magnetic field, the Bogoliubov-de Gennes equations are solved numerically. We consider
the case of a square lattice with a B-field in the é,-direction. In order to simplify the Peierls phases
which arise from the vector potential, we choose the Landau gauge A = (—By,0,0). We apply periodic
boundary conditions according to the principles presented in the previous section. The sites in the lattice
are numbered linearly starting from the lower left corner of the lattice and ending in the upper right
corner (cf. fig. 3.4). There are Nx X Ny sites in the lattice. The matrix in eq. 2.30, which has
dimension 2NxNy X 2Nx Ny, is then constructed and diagonalized numerically. The coupling constant
V' is chosen so that A; < t. For each eigenvalue we then get an eigenvector containing w, and V,, on
each site, allowing us the calculate the on-site order parameter A; according to eq. 2.32. The matrix
is then updated using the new A;’s. This procedure is repeated until the result is self-consistent. Then
other quantities such as the density of particles at each site and the supercurrents in the system can be
calculated using the self-consistent eigenvalues and eigenvectors of the system. When the Bogoliubov-de

Gennes equations are solved numerically according to this method, vortices appear as is seen in fig. 4.1.

4.1.1. Coherence length

The coherence length £ of the superconductor is a measure of the size of the Cooper pairs. It is the
characteristic length scale at which the SCOP regains its bulk value when suppressed at the vortex core.
Hence the width of the vortex is 2¢. It is a result from microscopic BCS theory that the superconducting

coherence length can be estimated by [4]
ﬁ’UF

é._?ﬂ_a

where vp is the Fermi velocity which has to be calculated for the present case of a 2D square lattice in the

(4.1)

tight-binding model. This result can be used to check whether the numerical results from the simulation

are sensible. Furthermore it serves as a measure of figuring out suitable values for the chemical potential
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and the coupling constant (which determine the magnitude of the superconducting order parameter), so

that the system is large enough to contain two vortices. The Fermi velocity is given by

1 9e

_10e 4.2
UF= g Ok lk=kp’ (4.2)

where in our case the dispersion relation is [5]
e(k) = —2t [cos(kza) + cos(kya)] — 4t' cos(kza) cos(kya) — p. (4.3)

We are at low temperatures (kT < 0.1t) so Er ~ pu. We choose the chemical potential so that the Fermi

surface is approximately circular and kg, ~ kg, ~ %k}:‘ Combining eqgs. 4.2 and 4.3 yields:

/
() ()

The Fermi wave vector can be determined from

1 1
Ep =ekp) = —4t cos(\@k‘pa) — 4t cos? <\/§krpa> — b (4.5)

Solving eq. 4.5 provides us with a value of kr and the coherence length is then:

€= iisin(\%k;w) <t+2t' cos(\%kp>> . (4.6)
When using the parameters t = 1, = —0.15andu = 0.6, resulting in a bulk value of the SCOP
of A = 0.17t, which are the parameters used in fig. 4.1, we get the coherence length ¢ ~ 8a. This is
consistent with what is obtained from the numerical calculations (the width of the vortex is approximately
2¢ ~ 16a. As the coupling constant V determines the bulk value of the SCOP, it is also possible to figure
out what the smallest possible value of V is for a given system size in order for it to contain two vortices.
This confirms what has been found from the numerical calculations: namely that with a system size of
64 X 32, =0 and ¢’ = —0.2, the minimum value is approximately V = —1.5¢ which gives a SCOP bulk
value of A = 0.07t and coherence length £ ~ 17a. It has been found that at this value the system is large

enough to contain two vortices, but the SCOP does not completely reach its bulk value between them.

4.2. Supercurrents

When the magnetic field penetrates the superconductor and vortices are created, a current is also gen-
erated in the material. We investigate how this supercurrent runs in the material. An expression for the

total current on a site in the lattice can be found from the continuity equation:

dpi 3
v-j) =0, 47
ot * ( 1) (4.7)
where p; = —en;. We calculate the time derivative of the particle density operator which is given by [8]:
< i .
i = 3 [Hpes, ] (4.8)

The commutators of each of the three terms of the Hamiltonian in eq. 2.20 with the number operator

. T . e .
Ny = Y., CyCic are now determined. [Ha,n;] is trivially zero, since the number operator of course
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commutes with itself. Using the standard anticommutation relations we also easily obtain:
[Hg, ’flj] =-V Z [CITCiTCZ‘Li,Cii’ C}L'cha] = 0. (4.9)
0

Had we used the mean-field BCS Hamiltonian, this term would not have been zero because there is no
conservation of particles in the mean-field BCS theory. Naturally this does not reflect the real physical
situation.

Hence, the only nonzero term is the commutator of the first term with the density operator. Again, using

anticommutation relations as well as commutator and anticommutator identities we find:

[Hy i) = D b [ei(b“CzTaCja»CLafcka’] =2 [ta‘kei%%}a% - tkjew””flacﬂ} : (4.10)

ijoo’ jo

Then eq. 4.7 becomes

s Ipi . te o o

(V ,])Z = — atl =en; = % (tjiew)ﬂcj.o_cio. — tijelibwc-iro_cja) , (411)
jo

where we get a contribution from nearest and next-nearest neighbors. But each term j is just the

difference between the charge moving from site ¢ to site j and the charge moving from site j to site i.

Thus each term j is the net current running from site ¢ to site j. That is,
Vi) =i 4.12
( J ; ;.%%J ( )

We calculate the expectation value of each term j and perform the Bogoliubov-de Gennes transformation
in eq. 2.23, and using the correspondence between positive and negative eigenvalues we find that the
total current between sites ¢ and j is given by (see appendix G for the detailed calculations):
) e i i
(img) = 5 [tjiewﬂuijul,iT — tyje'? “7,m“l,j’r} f(En)

! (4.13)

+ Z |:tji€i¢jivl*,ii’ul7j¢ — tijei‘b"jvl,iivzﬂ] f(_ElT)-
!

The sum is over both positive and negative eigenvalues. There are non-zero terms for nearest and next-
nearest neighbors with ¢;; = ¢;; equal to ¢t and ¢’ respectively. The total current on a site is then a vector
which can be found by summing over the currents to the four nearest-neighbors and four next-nearest
neighbors:

Gi) =Y i) + Y (Giioi)s (4.14)

(1,3 ((i,g))

where (7, j) and ({7, j)) denote that the sums are over nearest and next-nearest neighbors respectively. By
performing this calculation using the self-consistent eigenvectors obtained from the numerical solution of
the BdG-equations, we find the supercurrents, which are readily seen to be circulating the vortices. This

is seen in fig. 4.2 (for the system in fig. 4.1).
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Figure 4.2.: Plot of current vectors at each site of the lattice in units of [e—ﬁt] A plot of the SCOP for this system is seen
in fig. 4.1. The supercurrents are circulating the vortex cores.

4.3. Numerically determining the presence of vortices

When impurities are introduced in the superconductor, it is no longer possible to locate the vortices by
investigating the plot of the superconducting order parameter and looking for nodal points of the SCOP,
as the order parameter is also suppressed on impurity sites. Thus another method which enables us to
determine whether there are vortices in the system is necessary. This can be done by considering the
complex phase of the SCOP. We can write A; = \Ailewi, where 6; is the phase at site 7. The phase then
forms a two-dimensional scalar field and has a singularity at the center of the vortex where it is undefined.
Furthermore, in order for the phase to be defined everywhere else (single-valued) the total change of the
phase along any closed path enclosing the vortex must be equal to 27n [15]. This property can be used to
determine whether the system contains vortices. We choose a closed path and calculate the total phase
change along this path. If the result is £27 a vortex is enclosed by the path. The phase lies in the
interval —m < 6 < 7 but is also periodic which means that —7 and 7 are the same phase. There are

always two possible choices for the difference between two phases: Af; = 6,41 — 0; and Af, = Af; — 2.

s
30
25 ™
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20
0
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10 T
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5
—T
10 20 30 40 50 60
X

Figure 4.3.: The complex phase of the SCOP in a system with two vortices. The total phase change when going counter-
clockwise around the black path to the left is —2m, which confirms that a vortex is enclosed by this path. The
singularity of the phase which is the location of the vortex is also visible as the point where all phases meet.
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Due to this ambiguity we need to unwrap the phase so that if the jump between two points is larger than
m we subtract 27 and use this completely equivalent difference instead. In fig. 4.3 a plot of the complex
phase of the SCOP in the system in fig 4.1 is seen. Furthermore a path which yields a total phase change
of —27 when going counterclockwise is shown in black, confirming that a vortex is enclosed. From the
plot one can also approximately determine the position of the vortices as the singular points where all
phases meet. This method allows for determining whether vortices are present even if this is not visible
from the plot of the magnitude of the SCOP. Furthermore the circulating supercurrents indicate that
vortices are present and suggest their location, serving as a way of confirming the results found using the

phase.

5. Impurities

As found by [1], the critical temperature of an s-wave superconductor can be enhanced in the presence of
impurities. This happens because impurities cause regions of reinforced density of states. However, in this
case it is not self-evident what should be defined as the critical temperature, since the superconductivity
is not destroyed everywhere in the superconductor at once. Instead some regions remain superconducting
while others are in the normal state. But if vortices are sustained in the system we know that T" < 7.
Hence, using the method described in section 4.3, we seek to reproduce this effect of T,—enhancement.
If vortices are found in the presence of impurities above the critical temperature for the homogeneous
system (T?) we can confirm that the critical temperature is enhanced by the impurities.

Of course it would have been desirable to use the same parameters in the numerical calculations as was
used by [1] (V = —0.8t,t = 1,t' = —0.3). However, as was found in section 4.1.1 the smallest possible
coupling constant for a system of size 64 X 32 is V' = —1.5¢, so this value has been used along with the
hopping constants ¢ = 1 and ¢ = —0.2. For this system the critical temperature without impurities is
kpT? = 0.06. We now investigate whether vortices can be detected at kgT = 0.07 when impurities of
strength V™P = 10¢ are distributed randomly on 15 % of the lattice sites. For comparison the numerical
calculations have been carried out at lower temperatures (kg7 = 0.02 and kT = 0.055) as well. A
real-space plot of % at kpT = 0.07 with impurities is seen in fig 5.1. Ay = 0.0985 is the magnitude
of the SCOP for the homogeneous system at kg7 = 0. It is seen that connected regions of nonzero A

emerge above TV in the presence of impurities.

Figure 5.1.: Absolute value of the SCOP at each cite. Large fluctuations are seen due to the presence of impurities. Though
|A| appears to be somewhat more suppressed in some regions, it is no longer obvious whether vortices are
present. Connected regions of nonzero |A| are also observed.
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This indicates that the critical temperature has been increased. When a magnetic field is applied and
the total change of the complex phase of the SCOP is calculated along the borders of each quadratic half
of the system, this yields the value —2x. A plot of the complex phase at kgT = 0.07 and at kg1 = 0.02
is seen in appendix H (fig. H.1) and as was the case for the homogeneous system it is possible from this
to approximately determine the location of the vortices as the singular points where all phases meet.
Furthermore the supercurrents are calculated also in this case, and we see that they are circulating the
points where the phase plot showed singularities. This is also seen in appendix H (fig. H.2). At all three
temperatures the average magnitude of the current vectors and the SCOP are calculated. These results
are seen in table 5.1, and both quantities decrease with increasing temperature but are nonzero even

above T?. Hence it is confirmed that vortices are present in the system above T?.

kT [t] | |jilav = ﬁNy Yiliil (%] | 1Al = ﬁNy >l [
0.02 4.5-1073 0.10
0.055 1.6-1073 0.077
0.07 521074 0.049

Table 5.1.: Average magnitude of the supercurrents and the SCOP for different temperatures below and above kg7, = 0.06
in a system with 15% impurities. Both quantities decrease with increasing temperature but are non-zero even
above the critical temperature (kg7 = 0.07)

We have also investigated whether the results are consistent with what is found by previous studies by
applying the definition of the critical temperature used by [1] to the present case. That is, we choose
some threshold p, and define T, as the highest temperature where all edges are still connected by regions
of |Ai| > pAg. At kT = 0.07 we find that for the values of p used by [1] (0.02, 0.05 and 0.10), all edges
are connected. Plots depicting these results are seen in appendix H, fig. H.3. This is also the case when
considering the same system but without a magnetic field. For the system with no magnetic field the
edges are connected for all p < 0.45, and with a magnetic field for p < 0.4. Hence we have reproduced the
results found by Andersen and Gastiasoro in [1], namely that 7. has been increased due to the presence
of impurities. This is the conclusion no matter which of the two definitions of the critical temperature is

used.

6. Conclusion

It has been investigated how applying a magnetic field to an s-wave superconductor causes vortices to
emerge. This has been done by solving the Bogoliubov-de Gennes equations numerically in the tight-
binding model with periodic boundary conditions. Prior to this, studies of the Peierls substitution which
modifies the hopping constant in the presence of a magnetic field and the magnetic Bloch theorem, which
enables the use of periodic boundary conditions have been conducted. The presence of vortices has been
determined by considering the complex phase of the SCOP. When summing the phase differences along a
closed path one gets the value 27n if a vortex is enclosed by the path. This method has proven useful even
in the case of an inhomogeneous system with impurities. Hence we have shown that vortices are present
above the critical temperature in the presence of impurities on 15% of the lattice sites. This conclusion
is further supported by the fact that supercurrents are circulating the regions containing vortices, and
by considering the real-space plot of |A;| which shows regions where the SCOP is nonzero. All edges are

also still connected by regions where the SCOP satisfy that |A;| > pAy, so this definition of T is also
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satisfied. That is, the effect of T,—enhancement caused by impurities found by [1] has been reproduced
for a system of size 64 X 32 with V = —1.5¢,¢t = 1#' = —0.2and V'™ = 10t. Were this study to be
pursued further, one could consider larger systems thus enabling the use of the same parameters as was
used by [1]. By repeating the numerical calculations multiple times at different temperatures it would
also be possible to determine the critical temperature in a system with impurities. One option is to
combine the definitions of T, from this thesis (vortices are sustained) and [1] (edges are connected by
regions of |A;| > pAp). One could also determine the temperature where vortices are no longer sustained,
and use this result to figure out which value of p should be employed in the definition of 7, from [1] in

order for these two methods to be consistent.
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Appendix A: BCS theory

In this section the analytical derivation of the superconducting order parameter for a homogeneous
system at zero temperature, and an expression for the critical temperature is presented. Considering the

self-consistency equation:

A Ex
A—Vzk:ﬂ?ktanh (%BT), (A1)

we rewrite the sum over k-states to an integral with respect to energy:

hwp A Ex
fwp 1 Ex (A.2)

where Ey = +/e? + |A|2.

N(0) is the density of states at the Fermi level, and this has been taken outside the integral, as we assume

that it only varies little in the interval of integration. Since tanh(%) — 1 for x — 0, at kT = 0 we

obtain

fwp 1 N hw
1= VN(O)/ de A0 sinh ™ <D) . (A.3)
0 2Ve? + A? 2 A
And in the weak-coupling limit VN (0) << 1 we can solve for A to get:
A(0) = 2hw 2 (A.4)
= xp| ——— .
PEPA\VN() )

At the critical temperature 7T, where the superconducting order parameter vanishes we have no Cooper

pairs so A = 0. This means that £ — ¢ so that eq. A.2 becomes

_VN(0) [Mer 1 €
1= 5 /0 deg tanh <2k‘BTc> . (A.5)

By changing variable to = = ﬁ and using integration by parts, the integral in eq. A.5 can be carried
out and an expression for the critical temperature T, can be found. The critical temperature is the

temperature where the superconducting order parameter vanishes. In the weak-coupling limit it is:

2
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Appendix B: Commutators

In this section the commutators of each of the terms in the mean-field BCS Hamiltonian (see eq. 2.20)
with the creation and annihilation operators are calculated. This is done using the anticommutator

relations for the fermion creation and annihilation operators: Considering the first term we get:

[Hi,en] = = i [CL;% Cz‘T}

ijo

= — th‘j (C;rg{cjcra CiT} - {C;'rav CiT}cj0>
jo

(B.1)
= Z tijéachg
jo
= Z tz‘jCjT-
J
Similarly
Hlv cw Z tijCiy- (B2)
The second term in the Hamiltonian yields
[Ha, cir] = Z(Vii;np — K [Clgcicr’ Cn}
= Z VP — ( ) (el {cios it} — {cl,, CiT}Cio)
(B.3)
= - Z 1mp UTCicr
= — (V™ = p)eir.
And:
[Ho,ciy] = — (V™ — p)cyy. (B.4)
Finally we have:
[H3, cit] = — Z ( Jeicins cin] + Adlelyel, Cn])
B.5
= - (Ai (cit{en, i} = {ew, cinden) + Ailea{el, en} = {cl;, Ciﬂ%l)) (B:5)
AT
= Azcii.
And:
[Hs, ciy) = — Al (B.6)
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By combining these three expressions we finally get

H ClT Z tijcjr — M)Cﬁ + A Cwa

(B.7)
[H,ciy] = thcﬂ —p)cip — A c

Appendix C: Bogoliubov-de Gennes equations

The Bogoliubov-de Gennes equations are:

PO ) = B [ (C.1)
~Ar =k ) \ony Un)

S =By (C.2)
A’; _hT Unt Unt

We will now show that it suffices to solve one of the eqs. C.1 and C.2 in order to obtain all information

and

about the system. If (%ZI) is an eigenvector in eq. C.1 with a negative eigenvalue —FE,, we have

(suppressing the spin indices):

(%
”g) — E, <”j> . (C.3)
un un

Hence, if <Z:I> is an eigenvector of the matrix in eq. C.1 with a negative eigenvalue —E,,, (21;1) is an
eigenvector of the matrix in eq. C.2 with a positive eigenvalue F,|. So in the numerical calculations, we

only need to solve eq. C.2.

Appendix D: Density of particles

Along with the superconducting order parameter another self-consistent field is the density of electrons.
The density is affected by for instance the presence of impurities on certain sites. The average density

on a site ¢ is given by the expectation value of the number operator.

(i) = (cheir) + (cl eq)). (D.1)
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By plugging in thetransformation in eq. 2.23 this becomes:

(i) = Z«Uﬁ,nﬂm — Vit Vnl) (Un,it Yt + Vi itV ) (D.2)
n
+ > (W Wy + Vi W) (i g+ 05 ) (D.3)
n
_ 2t 2 i x ook b ) : D.4
= Z<‘un,zT| 'YnT'YnT + |Un,zT| ’Yni’?%i + un’wvn,zﬂnﬂm + Un,zT“n,zT’YnJYnT) ( . )
n
+ Z<|un,i¢|27;fw'7n¢ + |Un,i¢|2'7nT7:lT + u;,¢¢”;,¢¢’72¢72¢ + un,iivn,u')/n'r')/nw' (D'5)
n

Using that <’yimyn/0/> = f(Fno)Onn oo’ and (YneYn/e’) = 0 we obtain

(i) = D [[unat*f (Bup) + [onitP(1 = f(Eny)) + [ty 2 f (Buy) + |onaf| (1 — £ (Eny)] - (D.6)

n

The sum is over the n’s which correspond to positive eigenvalues E,. Using the correspondence between
positive and negative eigenvalues found in appendix C, the sum can be rewritten to a sum over all
eigenvalues, both positive and negative. We also use that 1 — f(E) = f(—FE). We then get the final

expression for the electron density:
(i) =Yl P F(Br) + lona [P (1= f(Br)), (D.7)
k
which in the case of no spin dependence reduces to:

(i) = [P F(EB) + o (1 = f(E))]. (D-8)

l

Appendix E: Peierls substitution

In this section some intermediate steps, which we need to perform in order to obtain the Peierls phases

are presented. First, we will consider the expression:

=

(p+ eA)a(r — Ry)e M = eAa(r — Ry)e "N + e "ilipa(r — R;) + a(r — Ry) (—eVA;)
= e "M (p — eVA; + eA)a(r — R;) (E.1)
— (p+eA)la(r — Ry)e il = e~ (p — eVA; + eA)a(r — Ry).

We perform integration by parts on the following integral:

dA(R; + A(r — R;))
X

1 1 1
/ A(R; + A(r — R))dA = [AA(R; + A(r — Ri))] - / A\
0 0 0

(E.2)

L dA dr !
A(r)— A AN\ ——=A(r) — d\ —R;)-V)A.
02 [ S =An- [ a(@-R)-V)
Using the identities V X r = 0 and (A - V)r = A as well as the fact that

V X AR; + A(r —R;)) = AB(R; + A(r — Ry)),
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we are now ready to calculate (using the generator A; in eq. 3.7):
1
VAZ-:/ d)\[((r—Ri)-V)A+(A-V)-(r—Ri)+(r—Ri) X (VXA)+A XV X (r—Ri)}
0
1
=A(r) + / d)\[— AR; + Ar—-R;)) +AR; + A(r —R;)) + (r — R;) X (AB)(R; + A(r — Rz))]
0

1
_A(r)+ / (T — Ri) X B(R; + A(r — Ry)).
0
(E.3)
Plugging the field operators in eq. 3.6 into the Hamiltonian in eq. 3.1 and using eqs. E.3 and we obtain:

B 1 .
H = /dr %: a*(r — Ri)engiC;[U [% <?Vr + eA(r)> +V(r) - EF} Z a(r — Rj)e "nhics,

io (E.4)
_ hiicl e
ijCigCjos

1jo
where

1
Qm(p_e/o dM\(r — R;) X B(Rj + A(r — Ry)))”

hij = /dra*(r — Ry)eln (i) [ L
(E.5)

+ V(I‘) — FEp a(r — Rj),

is the single-particle Hamiltonian in the presence of a magnetic field. Hence, we are able to express the
Hamiltonian on the usual tight-binding form, even though the single-particle Hamiltonian now contains

some complicated terms arising from the gauge transformation.

Appendix F: Magnetic translation operators

Requiring that:

M, T} =0 (F.1
[TM, H] =0, (F.2)
we can derive the equations which fix the phases 67, ,, and O
[TM,T,] = ensinei®hn — i%hrin e Lo (F.3)
The discrete lattice derivative is defined according to:
Asfmn = fmt1n = fmn (F.4)
Ayfmn = fmnt1 = fmmn- (F.5)
From eq. F.3 we get the relation
fn-ﬁ-l,n - ¢m,n = 9m+1,n - an,n (FG)

e qua;g%n = Axeﬁ%n
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Furthermore:
[TM.T,] = elmnt1giPmn _ mitneifnn = (

— AuBln = AL, (F.7)
— Ayl = Ayt + 27Dy

We also have:
[730.7,] = Wb — o ¥hr L

= Aymn = Aubi (F.8)
= Aybpn = Dudhy = 27 Pp .
Finally,
[ng\/[,Ty] — efmnt1eidhn _ oiPmni1efhn L g
(F.9)
= Ayoy, = Ay07, .
The equations F.6, F.7, F.8 and F.9 are solved by the phases:
Oﬁ%n = Pmn + 27T<I>m,nn (FlO)
O = O — 2Py . (F.11)
Appendix G: Supercurrents
From the continuity equation we have:
vV.i) = Opi _ . _ e idji idij 1 G.1
-j v en; = > tjie' iy Cio — tij€' 7 ¢, Clo | - (G.1)
jo

The total current between sites i and j is determined by considering one term j and plugging in the

transformation in eq. 2.23

(i) = {tjz@“b”@%%) — tize' % (cliepy) + tietii(ch ey ) — tiget® <CZT¢CJ¢>}
ie i * *
=7 |:tj7jel¢ﬂ < ( Z un,jTﬁY:LT + Un,jT’YnJ,) ( Z Un, it Ynt T U”:iT’Y:LJ,> >
n n
— tyje'ti < ( > vy + Un,n%w) ( > Un it + ”Z,jﬂju) > (G.2)
n n

+ tjieidm < ( Z ujz,jirﬁw + Un,j¢%n) ( Z Ui}Vl + UZNVJLT) >
n n

g ( (3 un iy + oo ) (3 wngimm +vn gk ))-
n n
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By expanding the parentheses and using that since the Bogoliubon operators represent fermions <7;rwfyn/(,/> =
F(Eg)onn oo and (YneYnior) = 0, we get that:

. ie i
(img) = {tjiez%z(u;,jTun,in (Ent) + vngtop a0 f (= Eny))
n

- tijemij (u;kz,iTun,ij(EnT) + Un,iTU:z,ij(—Eni)) (G.3)

+ t5i€ P (w5 Uiy f(Bny) + 03 1y Vn g f (—Ent)

— L€ (u s n ) f(Eny) + 03 1 0ni f(—Ent)) |
All the preceding sums over n are over positive eigenvalues only. We can rewrite this by exploiting
that a positive eigenvalue E,| with eigenvector (Z?I) corresponds to a negative eigenvalue —FE,+ with

. u
eigenvector (U:I ), S

) e ‘b ‘b
(img) = + Do e prunin f(Ea) + ) tii€ g g it f (Eng)
n,E,>0 n,E, <0

— D g€ iul it f(Bar)) — D i€l i it f(Eny)

n,E,>0 n,En, <0
+ Yt v f(—Eay) Y € on ) f (= Eng)
n,E,<0 n,E,>0 (G 4)
— D et o f(=Ba) = Y i€ %905 5 v f(—Eny)
n,FB,<0 n,E,>0
e

=7 [tﬁewﬂuzﬁw,n — tije'y UZ‘,muz,ﬂ} f(En)
l

+) [tﬂei% o) — tige ULMZ;‘J f(=Ew).
l
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Appendix H: Impurities

rol3)

y 0
—1Tr
T
g
y 0
N | \ O\ —1TT
10 20 30 40 50 60
X
(b)

Figure H.1.: Complex phase of the SCOP at kgT = 0.02 (a) and kT = 0.07 (b), that is below and above the critical
temperature for the homogeneous system respectively. In both cases summing the phases differences along a
closed path around the borders of each square half of the system yields the value —27. This confirms that
vortices are present in both cases
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Figure H.2.: Supercurrents in a system with parameters t = 1,¢ = —0.2 and V = —1.5¢, and repulsive impurities of

strength V*™? = 10t randomly distributed on 15 % of the lattice sites. a) is kT = 0.02, that is below T, for

the system without impurities, and the supercurrents are easily seen to be circulating the vortices. b) shows

kT = 0.07, and thus we are above T. for the homogeneous system. However, vortices are still present and

circulated by the currents, even though the magnitude of the currents vectors is smaller than in a).
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(b)

Figure H.3.: Plot showing whether the magnitude of the SCOP on each lattice site is either |A;] < pAo (white) or
|Ai| > pAg (black) for p = 0.1. kT = 0.07 for both (a) and (b). All edges are connected by paths of black
points in both plots. This is also the case for all p < 0.4 with a magnetic field and with p < 0.45 for B = 0.
Hence we are at T' < T according to the definition of T, used by Gastiasoro and Andersen [1].



