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Summary

Electron-magnon interactions in a bilayer of monoatomic metal and a non-collinear spiral
phase ferromagnetic insulator are studied on a triangular lattice, motivated by recent inter-
est in similar systems with simpler collinear magnetic layers. To this intent, a framework
for treating coupling between electrons and non-collinear spins is presented by modifying
existing theory in the case of collinear spin structures based on a canonical transforma-
tion to an effective Hamiltonian. This is achieved using Fishman and Haraldsen’s general
rotation model for non-collinear spin structures. The system’s properties as an unconven-
tional magnon-mediated superconductor are investigated, with an analysis of how magnon
squeezing from the chosen spin structure affects the BCS pairing strength and what type of
symmetries one could expect to find for the superconducting state. With the spiral phase
ferromagnetic insulator, the bilayer is found to in theory host p-wave superconductivity,
although evidence suggests the BCS pairing strength will be weaker than in the case of
a collinear ferromagnetic insulator. The linearised gap equation was solved close to the
Fermi surface using an approximated potential, and an analysis across the whole first Bril-
louin zone was attempted but the k-space resolution was deemed insufficient. However, an
interesting observation is the appearance of interaction terms in the Hamiltonian that could
facilitate electron pair scattering without a spin flip as a result of the non-collinear struc-
ture, giving rise to S, = =1 spin polarised Cooper pairs. Such spin polarised Cooper pairs
have interesting applications in spintronics, and while unpolarised terms seem to domi-
nate in the example studied in this thesis there could exist other non-collinear magnetic
structures where the polarised pairs play an important role. The ideas of the framework
presented here can with a bit of effort be extended in order to perform an analysis of more
complicated 3D magnetic structures.




Sammendrag

Elektron-magnon interaksjoner i et dobbeltlag av monoatomisk metall og en ferromag-
netisk isolator med ikke-koline@r spiralfase er studert pa et triangulert gitter, motivert
av nylig interesse i liknende systemer med enklere kolineere magnetiske lag. Med dette
formal presenteres et rammeverk for a beregne kobling mellom elektroner og ikke-kolineare
spin, som er en modifisering av eksisterende teori for kolineare spinstrukturer basert pa
en kanonisk transformasjon til en effektiv Hamilton-operator. Dette er gjort ved a ta i
bruk Fishman og Haraldsen sin generelle rotasjonsmodell for ikke-kolineare spinstruk-
turer. Systemets egenskaper som en ukonvensjonell magnon-formidlet superleder er un-
dersgkt, med en analyse av hvordan “squeezing” av magnonene fra den valgte spinstruk-
turen pavirker styrken av BCS par-dannelse og hva slags type symmetrier man kan for-
vente 4 finne for den superledende tilstanden. Dobbeltlaget som har en en ferromagnetisk
isolator med ikke-koline@r spiralfase finner vi at kan ha p-bglge superledning i teorien,
men forventer at styrken pa BCS interaksjonen blir mindre enn for tilfellet med en ko-
line@r ferromagnetisk isolator. Den linezriserte gaplikningen ble 1gst naer Fermiflaten for
et approksimert potensial, og en analyse ble forsgkt for en fullstendig beregning over hele
fgrste Brillouinsone, men opplgsningen i k-rom ble for lav. Derimot var det interessant
a observere at det dukker opp interaksjons-termer i Hamilton-operatoren for spredning av
elektronpar uten spinflip som et resultat av den ikke-kolinezre strukturen, hvilket kan gi
opphav til S, = £1 polariserte Cooper par. Slike polariserte Cooper par har interessante
bruksomrader i spintronikk, og selv om de upolariserte parene dominerer for eksempelet
studert i denne masteroppgaven kunne man tenke seg at det finnes andre strukturer der
de polariserte parene spiller en viktigere rolle. Ideene fra rammeverket presentert i denne
oppgaven kan med litt arbeid generaliseres for & studere mer kompliserte 3D spinstruk-
turer.
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Chapter

Introduction

1.1 Background

Since the first experimental discovery of superconductivity by Heike Kamerlingh Onnes
in 1911 [1] the exploration and science of superconducting materials has reigned as one of
the big fields of research within condensed matter physics. It would take almost forty years
until Ginzburg and Landau developed a phenomenological theory of superconductivity in
1950 [2]; only a few years later Bardeen, Cooper and Schrieffer would present a micro-
scopic description in 1957 [3]. A solid theoretical groundwork had been laid. In modern
times, research has focused mainly on high-temperature superconductivity. However, with
the advent of spintronics there has been an increasing interest in materials with tunable
superconducting properties and generating spin-polarised triplet super-currents at material
interfaces [4]. Combined with investigation of unconventional pairing mechanisms for
superconductivity, this has fueled plenty of recent research into magnon-mediated super-
conductivity in material bilayers and trilayers. These studies include experimental findings
of time-reversal symmetry-breaking superconductivity in bismuth/nickel bilayers [5] and
theoretical studies of superconductivity in bilayers and trilayers of metals and topological
insulators together with ferromagnetic insulators (FMI) and antiferromagnetic insulators
(AFMI) [6]-[10]. Consequently one of the new avenues to explore would be magnon-
mediated superconductivity in a bilayer where the ferromagnetic/antiferromagnetic insu-
lator is replaced by a non-collinear spin structure to see how this would influence the
superconductivity of the bilayer system.

Non-collinear magnetic structures are interesting in their own right, for instance in
the realm of topologically protected spin structures such as skyrmions, which could have
applications in novel magnetic storage devices. In fact non-collinear magnetic structures
have already been studied in another context of superconductivity, suggested as a mech-
anism for spin mixing in a magnet/superconductor junction [4]. It is not unreasonable to
think that this idea of spin mixing can also be applied in the case of magnon-mediated su-
perconductivity. Much of the litterature on non-collinear magnets builds on foundational

1



Chapter 1. Introduction

works by Dzyaloshinskii and Moriya; the former showing that the relativistic spin lattice
and magnetic moment interactions result in spin canting [11], while the latter identified
that the underlying microscopic mechanism is spin-orbit coupling [12]. This so-called
Dzyaloshinskii-Moryia interaction (DMI), which favours a canting of the spins, allows for
a plethora of different (and sometimes quite exotic) spin structures as it competes with
other interactions on different lattice symmetries.

1.2 Scope

The aim of this thesis is to study a metal/magnet bilayer where the magnetic part has
a non-collinear spin structure and is electrically insulating. Specifically we investigate
how the magnon squeezing coefficients in this case will influence the enhancement of
the BCS potential, motivated by the example of massive enhancement in the case of the
fully uncompensated antiferromagnetic bilayer [7]-[10]. We also look into what kind of
symmetries the superconducting state should have, and how the non-collinearity could
give rise to interactions allowing for spin-polarised triplet pairing through spin mixing.
This thesis is a continuation of work carried out in the author’s project thesis from the
previous semester, where the magnon properties of a certain non-collinear magnet was
studied. Thus it is this particular magnetic structure we limit the bilayer to.

1.3 Thesis structure

The thesis can be divided into roughly two parts; the first part in Chapters 1-3 presenting
some existing theory in order to lay a groundwork for the second part in Chapters 4-6
where the novel work of this thesis is presented. It begins with a discussion of some
preliminary concepts and mathematical methods in Chapter 2 that will be central for cal-
culations and analysis in the remaining chapters. Chapter 3 presents the specific model that
will be studied in this thesis. For the sake of the thesis being self contained, the section
about the magnetic part of the bilayer is a reiteration of parts of the author’s unpublished
project thesis, since the same type of non-collinear magnet will be used in our bilayer here.
The same applies for the first part of Section 2.3 in Chapter 2. In Chapter 4, which is the
main part of this thesis, the magnon-mediated interaction for electron pairing is derived.
The last section of this chapter presents some numerical results for the electron pair in-
teraction. Chapter 5 discusses the generalised BCS theory, what type of symmetries one
can expect from the superconducting order parameter, and presents some numerical results
for an approximation of the linearised gap function in addition to a numerical calculation
of the Eliashberg spectral function. In Chapter 6 we recap the findings of the thesis, and
briefly present some suggestions for future research.

1.4 Conventions and notation

We follow a common convention in condensed matter physics literature by setting the
reduced Planck’s constant & = 1. In several instances it becomes necessary to use notation
with a lot of indices in subscript and/or superscript. In order to avoid confusion about what

2



1.4 Conventions and notation

denotes a vector or matrix element and what denotes the position on the crystal lattice,
carthesian vector and matrix elements are denoted by subscripts z, y and z with their
position in the lattice denoted as a superscript. In the case of fermion and boson operators
all indices are in general written in subscript. The use of (i, j) under a sum denotes a sum
over lattice sites ¢ and their nearest neighbours j. Vectors are denoted in bold font (e.g x),
no special notation is given for operators or matrices. It should be clear from the context
of an equation what quantities are operators and matrices. For matrices and vectors we
denote the transpose as AT, the complex conjugate as A*, while AT = (A*)” denotes the
complex conjugate transpose. We use R as notation for the real magnitude of a complex
number, and & as notation for the imaginary magnitude. In some instances we may use
the full phrase of an existing abbreviation for the sake of making the text more verbose.
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Chapter

Preliminaries

2.1 Linear spin wave theory

The concept of a particle’s spin is inherently a quantum phenomenon, and while a semi-
classical treatment of spin waves can be performed by considering precession of micro-
scopic magnets [13], a fully quantum mechanical description turns out to be more suited
in the case of this thesis. Spin waves in a magnetic insulator are in this case regarded
as quantised excitations of the localised spins [14], [15]. Such long-lived excitations are
called magnons, named for their analogy to photons and phonons that represent excitations
of the electromagnetic field and lattice vibrations respectively. However while photons and
phonons are bosons of spin 0, magnons carry a quantum spin of 1 as the excitation of an
electron spin requires a spin flip from —1/2 to 1/2. Quantum magnets can be modeled
in terms of spin operators using the Heisenberg model, where each spin is described by
a vector operator S; living on the Bloch sphere. The textbook example is that of a FMI,
described by the Heisenberg model

HFMI:_|J|ZSi'Sj- 2.1)
(3,3)

Since spin waves here are defined as magnetic excitations the magnons are described by
second-quantisation operators for bosons, representing the creation/destruction of such
excitations. In order to study spin waves in a Heisenberg model it is therefore necessary to
perform a mapping from the spin operators to bosonic creation and destruction operators.

2.1.1 Holstein-Primakoff transformation

The Holstein-Primakoff (HP) transformation [16] is one possible way to map spin oper-
ators onto bosonic operators. The idea is that the creation and destruction of a magnon
corresponds to ladder-operators on the Dicke states |s, m), which are eigenstates of the
spin operators

S? s, ms) = h?s(s + 1) |s,ms), (2.2)
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S |s,ms) = hmg |s,mg) . (2.3)

Furthermore the spin ladder-operators are defined from

St |s,mg) = hy/s(s+ 1) — mg(ms £ 1) |s,ms £1). 2.4

We define the top Dicke state |s, s) to be the spin ground state (spin “up”), which is equiv-
alent to the vacuum state of spin fluctuations. Note that we could just as well have chosen
the bottom Dicke state to be the magnon vacuum state so that spin “down” would be the
ground state of the magnet. The magnon creation and destruction operators are then de-
fined as

a'lny=a'|s,s—n)=vn+1|s,s —n—1), (2.5)
aln) =als,s —n) =+vnls,s —n+1), (2.6)
a'aln) =a'als,s —n) =n|s,s —n). 2.7

Setting ms = s — n in Eqgs. (2.3) an (2.4) we can relate the boson operators to the spin
operators. Let us demonstrate for the S operator

Sils,s—n)="lys(s+1)—(s—n)(s—n+1)|s,s —n+1)

= hV2sn
k= 12]<: 1—n\"
_hflelk P ( )1)( 5% ) [s,s —n+1)

7n|5,57n+1>

Ve-1(2k ata\”
_hfzzlkkl()l)<_23) \/ﬁ|s,s—n+1>

=als,s—n)

— _ata
1 2s

T'a
. %r 1—2—a|ss—n>

A similar derivation can be performed for S_, while the relation between the .S, operator
and boson number operator is easily seen. The HP transformations are thus given by

f

S, = hiv2sy/1 — %a, 2.8)
aTa

S_ = h/2sal , (2.9)
25

S, = h(s —a'a). (2.10)

The transformations for S+ are obviously very nonlinear in bosonic operators, however in
linear spin wave theory only terms up to quadratic order are considered. Therefore the HP
transformations in linear spin wave theory simplify to

S, ~ hv/2sa, S_ ~ hv/2sal, S. =nh(s—a'a). (2.11)




2.2 Schrieffer-Wolff transformation

What we have essentially done is to approximate the magnons as excitations of harmonic
oscillators. Assuming the Bloch sphere is oriented such that the ground state lies along
the z-axis of the spin coordinate system, then the HP transformation can be seen as a
projection down onto the xy-plane (which is the phase space of the harmonic oscillator).
The nonlinear terms we discarded would account for the curvature of the Bloch sphere. It
is obvious that such a projection works well for a system with many Dicke state levels that
is close to the ground state, where the Bloch sphere is essentially flat. However since the
localised electron spins are two-level systems it seems at first glance that a linearisation
of the HP-transformation would be a bad approximation. Luckily it turns out that linear
spin wave theory actually is a reasonably good approximation as long as the system is
restricted to low temperatures, since the average number of spin excitations per lattice
site then becomes very small so that the number-operator term in Eqgs. (2.8) and (2.9) can
safely be ignored [17].

2.2 Schrieffer-Wolff transformation

Models that include two-particle interactions appear frequently within the field of con-
densed matter physics, manifested as four-operator interaction terms in the language of
second quantisation. Famously, the microscopic theory of superconductivity by Bardeen,
Cooper and Schrieffer (BCS) uses a Hamiltonian with an attractive four-operator term as
its starting point [3]. As will be seen in later chapters, the BCS theory Hamiltonian is
actually what motivates the use of the Schrieffer-Wolff transformation in this thesis. In
any case, there are situations where one starts out with a Hamiltonian with fermion oper-
ator terms of quadratic order that one wishes to map onto a four-operator model. Indeed
the original application of the Schrieffer-Wolff transformation was to relate the Anderson
model (quadratic in fermionic creation/destruction operators) to the Kondo model (which
has a four-operator interaction term) [18]. Let us now assume we have a very simple model
for coupling between bosonic and fermionic fields denoted by ¢4 and ¢, respectively

H = Z EkCLCk + qucpzapq + gz (gpqc,tck + h.c) . (2.12)
k q k.q

We want to map this model onto a four-operator theory and get rid of the bosonic operators
because the four-operator model has a better developed framework for computing interest-
ing quantities, so the idea is to perform a canonical transformation of this Hamiltonian to
a new effective Hamiltonian

Hetg = " He™ ", (2.13)
where 7 is a smallness parameter. The idea is now to choose a generator 7S so that
the canonical transformation results in an effective Hamiltonian where the terms that are
quadratic in fermion operators vanish. To achieve this let us first write the boson-fermion
interaction as a perturbation term in the original Hamiltonian

H=Ho+nHi, 2.14)

so that in this case

Ho = Z ekczck + quapchq, nHi = gz (goqc};ck + h.c) . (2.15)
k q k.q
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Next we use the Baker—Campbell-Hausdorff expansion to write the canonical transforma-
tion as a perturbation series

1 1
Hetr = Ho+nH1+n[S, Ho| +n2[S, Hi]+ 5172 [S, [S, Ho]] + 5773[3, [S, H1]]+... (2.16)

Having assumed that the parameter 7 is small, we ignore all terms of order O(n?) and are
left with

1
Herr = Ho + 1Hy + 1S, Ho] +1°[S, Ha] + 5772[5, [S, Hol]. 2.17)

To get rid of the linear bosonic operator terms in the effective Hamiltonian the first order
terms in 7 should vanish. This means that the generator 7.5 should take a form such that

nH1 +n[S, Ho] = 0. (2.18)

This constraint tells us that the generator has a similar form to the interaction term 77 .
By inserting the resulting expression for n[.S, Ho] into Eq. (2.17) we find that the effective
Hamiltonian can be written as

1 1
Heir = Ho + 5[775, nHi] = Ho — 5[777'11,775]- (2.19)

Since both nH; and 1S are quadratic in fermion operators the resulting term will indeed
consist of four fermionic operators. The boson-fermion interaction has thus been rewritten
as a two-particle fermion-fermion interaction. The same principle can be applied for more
complicated systems including spinful particles with several boson modes.

2.3 Bosonic diagonalisation theory

The model that will be discussed in this thesis includes a magnetic layer that is somewhat
more complicated than collinear FMIs and AFMIs. For a treatment of magnons in such lat-
tices with several different directions of magnetisation it is therefore necessary to consider
diagonalisation of more than just one or two bosonic modes, where the diagonalisation
has the constraint that the new operators must still represent bosons. This motivates the
use of a Bogoliuabov transformation that is generalised to an arbitrary number of modes
[19]-[22]. In fact, as the amount increases beyond two or three modes the task of finding
an analytical expression for the transformation that diagonalises the system becomes very
cumbersome, and so one must turn to a numerical treatment instead. The theory presented
in the first part of this section was part of the author’s project thesis [23]. Let us consider
a system where there are m bosonic modes. The Hamiltonian for such a system will in
general require a Hilbert space of dimension 4m, since the bosonic operator basis consists
of creation and destruction operators for both positive and negative momenta for each of
the m modes. However the Hamiltonians we encounter in condensed matter physics can
often be written in the form of a Bogoliuabov Hamiltonian

m
Hpog = Z [Mf]a;iaq,j —&—M;Ja;iaiq’j—&—M;]a_q,iaq’j—|—Mija_q,iaT_q7j], (2.20)
i,j=1




2.3 Bosonic diagonalisation theory

which means that the diagonalisation can be described by a 2m basis (thus half the size of
the general case) as suggested by Colpa [20]. The coefficients in Eq. (2.20) are elements of
matrices My, My, M3, M, € C™*™_, The Hamiltonian describing the system is therefore
reduced from a 4m x 4m matrix equation to a 2m X 2m in the smaller basis, reducing
the problem size by a factor 4. In matrix notation the Bogoliuabov Hamiltonian takes the
form

Hpog = @' Ma, (2.21)

with

M 1 M2 aq

M= {Mg MJ , al =[al a_q], a= LT ) (2.22)
—q

The matrix M is sometimes referred to as the grand-dynamical matrix. As mentioned

briefly in the start of this section, the task is to find a transformation 7" of the operators c,

o' that diagonalises the Hamiltonian. What this means is that

Hpog = &' Ma = oI THTH I MT ' Ta = ATDA, (2.23)
so that the matrix
D= (TH*MT™! = diag(wy,ws, ..., wam ), (2.24)

is diagonal. The elements of D are different bands in the bosonic energy spectrum. Phys-
ically, the basis for the diagonalised system represents long-lived bosonic excitations; and
so naturally they must also satisfy bosonic commutation relations. This gives us an addi-
tional constraint on the diagonalisation, where in matrix form the transformed vectors .A,
A" must satisfy

T
AAT ((AT)T(A)T) = oa. (2.25)
Here o3 is the para unit matrix”
o3 =diag(1,1,...,1,—1, ..., 1), (2.26)

which has a similar form to the Pauli z-matrix generalised to an arbitrary dimension and
therefore motivates the chosen notation for this matrix. Equation (2.25) may be rewritten
in the form

Ttos = 03T L (2.27)

Together with the diagonalisation in equation (2.24) this gives
MT ' =T'D =037 'o3D. (2.28)

Defining 03D = diag(\1, A2, ..., A2y, ), We consider equation (2.28) for each column w),
of T~1. Then the problem of determining the energy bands wy, ..., wo,, and finding the
corresponding Bogoliubov transformation 7" essentially boils down to solving 2m eigen-
problems

osMw, = A,w,, p=12..2m. (2.29)

Colpa presents quite an elegant algorithm for finding the Bogoliubov transformation 7" for
systems of many bosonic modes. This thesis will only deal with problem sizes limited to
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Chapter 2. Preliminaries

a two-digit amount of bosonic modes, which is too large for an analytic treatment but also
small enough that solving (2.29) directly is not much slower than using Colpa’s algorithm.
As we will discuss in the next chapter, finding normalised eigenvectors of (2.29) using an
eigensolver gives us a simple way to keep track of the energy band ordering. However, the
fact that numerical eigensolvers often only give us the normalised eigenvectors means that
we must enforce the bosonic commutation also after solving the eigensystem. Because
while the columns of the inverse transformation matrix 77~' now have the right shape, the
normalisation from the eigensolver means that they in general have the wrong magnitude.
Luckily this can easily be fixed; we write the correct columns of 7! as the normalised
eigenvectors times some factor

w, = C,b,. (2.30)
We can use Eq. (2.27) to determine the correct factors C),
C%w{agwl
022’11);0311)2

o3 = _ : (2.31)

2 Ii
CQm’LUQmO'g’LUQm

The eigenvectors of correct magnitude are given by the factors C, that satisty this equation.

2.3.1 Sorting of numerically simulated energy bands

One of the problems we encounter when treating the diagonalisation of a Hamiltonian
numerically over the 1% Brillouin zone (BZ) is that the eigenpairs may not necessarily
follow the same ordering at different points in the BZ. We are in some sense at the mercy
of the eigensolver that only takes some local input and does not know there is some global
band structure that should determine the ordering. Figure 2.1 illustrates this problem and
desired result. For the case where all bands are isolated the solution is trivial, one needs
only to order the eigenpairs according to the magnitude of the eigenvalues. In fact most
eigensolvers will already provide such a sorting. In the case of band crossings things get
more complicated, as it becomes necessary to determine if the bands cross or not.

There is a quite elegant way of dealing with the non-isolated band sorting problem
based on continuity of the eigenvectors [24], [25]. Continuity of the eigenvector tells us
that two eigenvectors belonging to the same band should be approximately equal if located
sufficiently close to one another on the BZ, with their inner product being approximately 1
since we consider them to be normalised (which is the case if we have not yet re-enforced
the bosonic commutation relation). In the case where the two eigenvectors do not belong
to the same band the magnitude of the inner product will be somewhere between 0 and 1,
and our assumption is that this magnitude will be less than if they had belonged to the same
band. The task of sorting the bands correctly therefore becomes an assignment problem
where we order the adjacent eigenvectors in a way that maximises their overlap. This type
of problem is otherwise known as weighted bipartite perfect matching. Let |1;(q)) be the
i’th normalised eigenvector at point g and |1, (g + dq)) be the j’th normalised eigenvector
some adjacent point, where we in general let the ordering at the two points be different.
We define the matrix

Wi = —| Wil@)l;(a + 6a) |*. (2.32)

10
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q1 q2 q3 q1 q2 q3
(a) (b)

Figure 2.1: Illustration of the band sorting problem in a numerically calculated spectrum. Such a
calculation involves solving an eigensystem at each point in the 1** BZ, and in general the eigenpair
ordering can differ at two different points. Figure 2.1a shows an example where the eigenvalues
of different bands (denoted by separate colours) have been mixed. Figure 2.1b shows the correctly
sorted bands.

The task is to find a permutation matrix P of same dimension as W that gives the minimal
“cost”, ie.
argmin Y Wi, P;;. (2.33)
PeRrmxm o
For a numerical treatment in Python this can be achieved by using Scipy’s function
scipy.optimize.linear_sum_assignment, which uses the Hungarian algorithm [26].

2.3.2 Phase-differences in the Bogoliubov transformation eigenvec-
tors

Assuming that the Bogoliubov transformation matrix 7§ is correctly sorted, there is still
one other problem we encounter when diagonalising numerically rather than analytically.
Although most eigensolvers provide a solution where the eigenvectors are normalised, the
overall phase can still be arbitrary since multiplying the entire eigenvector with f.ex —1
still gives a normalised eigenvector corresponding to that same eigenvalue. In other words,
the eigenvectors are not unique [21]. Suppose that we have a continuous wavefunction in
g for the r’th band is denoted by |1,-(q)), yet our eigensolver gives us

10 (q)) = €D |i,(q)), (2.34)

with some arbitrary 6,.(q) in each point g. In many applications this is not a problem
we care about. However since we are dealing with wavefunctions across the 1% BZ we
must be a bit careful whenever elements of the magnon transformation matrix appear in
an expression, so that no unphysical phase contributions arise.

2.4 Group theory for the triangular lattice

This section is in most part a reiteration of theory presented in some unpublished notes by
Thingstad [27] and the Master’s thesis of Otnes [28]. The model considered in this thesis

11
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(which will later be described in detail) has triangular lattice symmetries. Symmetry dis-
cussions for different physical quantities require that we introduce the lattice harmonics
for the given lattice symmetry. The lattice harmonics are basis functions that respect the
symmetry of the lattice, and in the case of a triangular lattice these symmetries are de-
scribed by the point group C,,. There are 12 symmetry operations that form the elements
of this group. These consist of 6 rotation operations (where we have included the iden-
tity operation) and 6 mirror operations. We list all 12 symmetry operations 7" in the E}
irreducible representation (irrep):

DE(E) = (é (1)> DU (Cy) = (—01 _01>
DE(Cy) = (\1[//22 1//32/2> DE (G = (_%/2 \{%2)

(2.35)

(39 omiea=(3 )
.

) /2 —/3/2 ) (=1/2 V3)2
DE o) = (U2, _1/2> D(E)(Jv2)<\/§/2 1/2>

D) (g43) = (%?Z fg) DE) (g,3) = <—_\}§//22 _1//52/2)

Here each operation takes the form D(F1)(T'). Let us define the projection operator

PO = DS po 7y, (2.36)
9 T

where 7 is an irrep of dimension d,. Furthermore, D(”) (T') is a diagonal matrix element
of the operation 7" in irrep 7 and g is the number of elements in the group. In addition
to the two-dimensional irrep E; for which we listed the group elements, there is another
two-dimensional irrep F» and four one-dimensional irreps A1, Az, By and Bs. The group
elements D(#2)(T) are listed in Table 2.1. For the one-dimensional irreps the label  is
redundant and D7) (T) is equivalent to the character of the operation (which is defined as
the trace of the operation matrix). The different characters for all irreps and operations are
listed in Table 2.2.

Now assume we have a function f(k) that is periodic on the Brillouin zone of the
triangular lattice, so that it may be written in terms of basis functions that respect the lattice
symmetry. The idea is that this function can be written in terms of functions spanning the

irreducible subspaces [29]
k)= f"(k). (2.37)
n,K

Projecting this function onto one of the irreps we get

(k) = P f(k) = ”ZD(’?) f(k). (2.38)
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2.4 Group theory for the triangular lattice

T  DE)(T) T DE)(T)
E  DE)(E) Cy  DE)(E)
Cs  DUF)(Cy) Gyt D5
Co  DFD(CY) Co' DU)(Cy)
ocar DFD(og) o1 DF(oy)
oa2  DFD(gy) ovs D2 (0y)
oq3  DF2)(043) o3 DF2)(0g3)

Table 2.1: Conversion of group elements to the > irrep from the F; irrep elements listed in (2.35).

CQ 203 206 30’d 301;

E
A, 1 1 1 1 1 1
A, 11 1 1 -1 -1
B 1 -1 1 -1 1 -1
B 1 -1 1 -1 -1 1
B 2 -2 -1 1 0 0
2

-2 -1 -1 0 0

Table 2.2: Character Table for the Cs, group.

Note that we may write a symmetry operation on the function f(k) as T'f(k) = f(Tk).
The periodicity of this function allows us to express the function as a Fourier series

=3 fuetBek, (2.39)

where R,, = naj + may are the real space lattice coordinates with n = (n,m). Thus we
may write

£ (K Z Z DO (T)* f e Bn TR (2.40)

We consider only functions f(k) that are real, meaning that we can express the projection
in terms of cosines and sines. For the symmetry operation T’k we consider generators in
the F; irrep so that

£ (ke Z Sl Z DENT)* (cos (R - DT )K) +sin (R - D) (T)E) ).
(2.41)
The function can then be written in terms of the lattice basis functions
Fk) =" faBL"(K), (2.42)
7,K,M
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giving the following expression for the lattice harmonics

B (k) = "ZD(”) (o8 (R - DED(T)K) + sin (R - DE(T)R) ) .

(2.43)
These basis functions are orthogonal, but not necessarily normalised. We define the nor-
malised basis functions as

ByS(k) = By (k) /N, (2.44)
where the normalisation factor is determined from
N? = / dk B1" (k)2 (2.45)
1.BZ

We only consider the on-site and nearest neighbour harmonics, yielding a total of seven
unique basis functions listed in Table 2.3. To get an idea of what these harmonics look like
the basis functions have been plotted in Figure 2.2. We can gather the labels 7, n, m and
that describe unique lattice harmonics into a single label o € {s, 25, Dy, Dy, duy, dp2_y2, f1,
where the basis functions satisfy both orthonormality and completeness relations

/ dk Bo(k)Bs(k) = Sag, (2.46)
1.BZ

Z Bo(k)Bo (k') = Opper . (2.47)

Symmetry TIrrep (n,m) x Normalised basis function

s Ay (0,0) 1 \/j‘TZ

2s Aq (0,1) 1 \/% (cos (kza) + 2 cos (£22) cos ( ;z;\/ﬁ))
Pe Br o (1,0) 1 o2 (sin(kea) + sin (55) cos (2572))
Dy E;y  (0,1) 2 W%ZCOS( ma)sin(ky(;\/g)

day Ey (0,1) 1 \/ATZ sin (k= )sm(k ;\/5)

a2 —y2 Ly (1,0) 2 \/3%4? (cos (kya) — cos (E22) cos (R a2\/§))
f By, (1,0) 1 @(sin(k;za)—Zsm( @) cos ( (;\/5))

Table 2.3: Normalised basis functions for the seven most relevant harmonics on a triangular lattice.
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0
ky/a

Figure 2.2: Plot of the seven first basis functions without considering normalisation.
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Chapter

Bilayer model

The bilayer discussed in this thesis will consist of two layers of monoatomic thickness;
one of the layers just being a normal metal (NM) while the other layer consists of an elec-
trically insulating ferromagnetic material with a non-collinear spin structure. Specifically
we choose to look at a non-collinear magnetic material that has a spiral structure as its
ground state, which we will refer to as a spiral phase ferromagnetic insulator (SPFMI). An
illustration of the complete bilayer system is shown in Figure 3.1.

Figure 3.1: Schematic of the bilayer. Unlike previous studies the magnetic layer (SPFMI part) has
a non-collinear spiral structure.

3.1 Tight binding normal metal

Seeing as the complete bilayer model will be complex enough as it is with the non-collinear
spin structure in the magnet part of the system, we are motivated to keep the electronic
part as simple as possible. Based on this we choose to let the material layer where the
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Chapter 3. Bilayer model

electrons are conducted be a simple normal metal (NM) described by a tight binding model
of electrons hopping between lattice sites on a triangular grid

HNM =—t Z CEG_C]'(T - /U‘Z C;racil”' (31)
i,§,0 )

To find the electronic spectrum we must diagonalise this system, which is achieved by a
basis of fermionic operators in k-space. We therefore introduce the Fourier transform of
the operators and write the real space operators in terms of these

1 —ik-r;
Cic = —F— Cko€ ¢ “ (32)
e
so that
Ham = > (€k — 1)Chy Cho (3.3)
k,o

where the electron dispersion relation for a triangular grid is given by

€ = —2t (cos (k:za) + 2 cos (%k’za) cos (‘fkw)) . (3.4

In the long wavelength regime this can be approximated by a parabolic dispersion relation
e ~ 3a’t(k} + k) — 6t (3.5)

The density of states is given by

N

D(e) =) 6 —ex + p) = ——S[Gle +i0M)], (3.6)
& Vs
and we have introduced the electron Green’s function
1 1

G(z) = — _ 3.7

(2) NijZ_EkH (3.7)

The density of k-states is

B V3Na?k

D(k) (3.8)

2T

At the bottom of the electronic band structure where the dispersion is approximately
parabolic the 2D density of states is constant, with the value

_ VAN
12t

D(e) (3.9)
Calculating the DOS outside the low energy regime as given in Eq. (3.6) involves solving
an elliptic integral of the first kind [30]. For a numerical treatment we calculate the DOS
using the Python library GfTool [31]. The full electron spectrum and DOS is shown in
Figure 3.2.
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r M K 0.0 05 1.0
D(g)

Figure 3.2: Spectrum and DOS per atom for a triangular tight binding model with ¢ = 1 eV and
= 0. The gray stapled line indicates the Van Hove instability.

3.2 Spiral phase ferromagnetic insulator

The second part of the bilayer consists of a non-collinear ferromagnetic insulator, and we
choose specifically to look at a spin structure that the author has studied in his project
thesis [23]. This section is therefore mostly a reiteration of the main results found as a
part of that work. We consider a magnetic ground state with a spin structure arising from
a Dzyaloshinsky-Moriya interaction term in the FMI Hamiltonian, leading to a canting of
the spins [11]. We specifically choose to look at a triangular lattice in two dimensions, and
assume that there exists some feature so that the system breaks inversion symmetry without
having to treat it as a bulk material. This is because the DMI vectors are determined by the
crystal symmetry; the orientation decided by a set of rules found by Moriya [12]. In our
case we require the DMI vectors D to lie in the lattice plane (which we choose to be the xy-
plane) such that D% = 0 in all cases. For simplicity we consider only nearest neighbour
interactions, and we will let all DMI vectors have the same magnitude regardless of their
position on the lattice. We describe our canted ferromagnetic system with the following
Hamiltonian

H=—> [J.SL8] +J,S,S] + J.S.8] + DV - (S" x §7)]. (3.10)

(4,9)
We see from the cross product that the role of the DMI vectors D% is to twist the spins
toward a perpendicular configuration. They constitute the anti-symmetric part of the ex-

change interaction [12], [32], [33], which becomes clear by writing the Hamiltonian in
terms of a 3 x 3 exchange interaction matrix

J. DY Dy

H=-> (8" |-D¥ J, DI |8 (3.11)
(i.3) Dy -Di  J.

First of all, it now has an elegant and compact form which will simplify notation a lot when
introducing HP-transformations for a non-collinear ground state. We see that the DMI con-
tribution to the exchange interaction matrix is indeed the off-diagonal anti-symmetric part.
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7 11 11
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// |T \\ // |Tﬁij\\ // |T \\\ //
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A I I S A E
Figure 3.3: Triangular lattice with Dzyaloshinskii-Moriya interaction vectors (blue) in the lattice

plane. Solid lines denote nearest neighbours with both exchange interactions Dzyaloshinskii-Moriya
interactions, while dashed lines denote only exchange interactions.

In this case the symmetric part is just a diagonal matrix of what we here will refer to as the
“exchange interaction” (which in general is anisotropic) with elements J,, J, and J,. The
non-collinear structure is a result of competition between the exchange interaction favour-
ing parallel spins and the DMI favouring perpendicular spins. In a more general treatment
one would include off-diagonal elements of the symmetric part of the exchange interaction
matrix, which could be included for a system with completely general interactions [33].
One can achieve the more generalised version of the Hamiltonian in Eq. (3.11) by consid-
ering a general many-body problem for interacting electrons in a crystal with spin-orbit
coupling to second order in the hopping parameter [34].

The task is now to express the Hamiltonian in terms of bosonic ladder-operators by
applying the HP transformation, which would be easy if we were considering a simple
collinear FMI since we then could use the same HP transformation everywhere. Our prob-
lem however involves non-collinear spins as a consequence of the DMI, and so the local
spin coordinate axes will be rotated relative to each other according to the so-called gener-
alised rotation model presented by Fishman and Haraldsen [35], [36]. It is therefore nec-
essary to introduce a different HP transformation for each different rotation of the spins.
The theory presented here is an adaptation of Fishman and Haraldsen’s general rotation
model to include DMI while ignoring interactions from external magnetic fields and easy
axis anisotropy. The spin operators S must be rotated to each site’s local spin coordinate
system. We can achieve this by applying a rotation matrix to each spin operator:

St=U'S". (3.12)

Seeing as we only need two Euler angles 6;, 1; to perform a rotation to any point on the
Bloch sphere we let the rotation matrix be as follows

A cos; cosp; cosf;siny; —sinb; ‘ ‘
Ul=| —siny; cos ; 0 , UH=t = WHT. (3.13)
sinf; cos; sinf;siny;  cosb;
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3.2 Spiral phase ferromagnetic insulator

Eq. (3.11) can now be rewritten in terms of the rotated spins

H=— Z(Si)TWijS*J', (3.14)
(i.5)
where
Cowaowy owEl o [g Do -DE]
Wi = |\Wa Wg Wi =U'|-DJ J, Di | (U)" (3.15)
Wa Wh Wi Dy -Dy J.

The elements of the rotated interaction matrix W% are listed in appendix A.1 since they
are somewhat lengthy expressions. We now make linearised HP transformations at each
lattice site described in the local coordinates

5'; =8s— a;rai
St ~V2sa; (3.16)

§ ~V3sdl.

We can now swap out the spin operators in Eq. (3.14) with terms of boson ladder operators
a, at. The Hamiltonian then takes the form

W= HO 4D L y@ (3.17)

where ’H(O), HD and H® are terms in zeroth, first and second order of the boson oper-
ators respectively. Since we are dealing with linear spin wave theory we neglect all terms
of higher order (ie. we consider no boson-boson interactions).

Zeroth order Hamiltonian

The zeroth order terms describe the classical ground state of the system. We assume
that the quantum mechanical ground state is given by magnetic fluctuations around the
classical ground state, in a similar fashion to how one treats the collinear AFMI ground
state as fluctuations around a Néel structure. Having replaced the spin operators with
bosonic ladder operators we get the zeroth order Hamiltonian by grouping the constant
terms together, yielding

HO = -5 Wil (3.18)

(6.3)

The task finding the classical ground state means finding the spin angles (6;, ;) at each
lattice site that minimise Eq. (3.18). Assuming we have N lattice sites this becomes a
problem of finding the minimum of a 2N -variable function. In this thesis we will consider
DMI interactions only between two of the six nearest neighbours as shown in Figure 3.3,
where the DMI interactions all lie on the same line. The result is that all spin rotations
lie in the same plane so that our 2D system actually looks a lot like several connected
1D spin chains” of rotating spins [37], where the “connection” between different chains
is just a normal exchange interaction. We mostly chose to work with this system because
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it is simple; the ’pseudo-1D” nature of the minimisation problem means we can find an
analytic solution for the classical ground state with the added bonus that we can work
with relatively few different spin orientations. It is one of the simplest non-collinear spin
structures we can study, and the fact that we only get two-dimensional spin spirals will
prove to simplify interactions with the NM massively.

Furthermore, to keep the system relatively simple we choose to look at isotropic ex-
change coupling so that J, = J, = J, which we will simply denote as J. The spin
rotation must obviously be umform with every spin rotated an angle A# from the adjacent
spins along the direction of rotation. We must however account for the fact that our ”’spin
chains” on the triangular lattice are connected, so that two adjacent chains may be rotated
relative to each other to get a lower energy. We take this into account when writing the
single site contribution to the classical energy:

E; = — 25%J [2cos (A0) + cos (a) + cos (3) + cos (a — Af) + cos (3 — Af)]

3.19
— 45%|D|sin (A#), G-19)

where the site ¢ is located on a given “’spin chain” and the angles o and (3 are the relative
rotations of the two neighbouring chains. We minimise with respect to «, 5 and Af in
order to find the ground state spin structure. Minimisation w.r.t «

oE;
Oa
yields « = Af/2, and likewise we can show that 5 = Af/2. Thus we have shown that

our 2D lattice of connected “’spin chains” is actually just two alternating spin spirals with
a relative rotation of Af/2. Inserting what we have found into Eq. (3.19), we get

= 25%J[sin (@) + sin (o — AG)] = 0, (3.20)

1
E; = —4s%J |:COS (Af) + 2 cos <2A9>} — 45| D|sin (A), (3.21)

and subsequently minimising this w.r.t Af provides the following analytical relation be-
tween DMI and exchange interaction for any given spin rotation periodicity
|D|  sin (Af) + sin (3A0)

J cos (A) ' (3-22)

Accordingly the smallest possible spiral period is 5 atoms for a non-zero exchange inter-
action. Having determined the angles (6;,1;) of our magnetic structure and the relation

@ in order to generate this structure we can start analysing higher order parts of the
Hamiltonian.

First order Hamiltonian

We now move on to look at all the terms that are linear in boson operators a;, a;r from our
HP transformations. Grouping them together we find the first order Hamiltonian

\/>Z W ( a1—|—a)—|—zW”( ‘)+Wzi](a]+a)+ZW”(a —a;)]
(4.3)
(3.23)

22



3.2 Spiral phase ferromagnetic insulator

Since the total Hamiltonian now is expressed as a function of boson operators H =
H({a, az}) and the ground state is the minimum of this function, it follows that all oper-
ator terms of linear order must necessarily vanish. Since the ground state is a minimum
then differentiation with respect to the operators (a;, al) must give zero, and consequently
we have H(Y) = 0 at the ground state. We can show that this does indeed hold for our
system by dividing Eq. (3.23) into a real and imaginary part (the elements of the rotated
interaction matrix are purely real numbers). For the linear boson operator terms to vanish
our system must therefore satisfy the following constraints at each site 4:

> (WH + W) =0, (3.24)
()
> (Wi + W) =o. (3.25)
()

Here (j) is the set of nearest neighbours to site 7. One can show that these constraints are
equivalent to finding the extrema of equation (3.18), which means that finding the correct
angles {6;,1;} for the classical ground state automatically ensures the linear operator
terms vanish.

Second order Hamiltonian

Finally we consider the terms of second order in bosonic operators.

HE =5 Z [Gij *aia;» + Gijajaj +G¥aa; + GY *a;[aj. + Wg(azai + a}aj)}
(i,
(3.26)

This is the spin wave Hamiltonian and describes fluctuations of the localised spins. While
the zeroth order Hamiltonian was only important for determining the magnetic ground
state and the first order Hamiltonian vanished, the second order Hamiltonian is the part
of the magnetic layer Hamiltonian that we need when describing the magnons and their
interactions with electrons in the NM layer. The operator ai a; gives a count of how many
fluctuations there are at site ¢, while a;(aj moves a spin fluctuation from ¢ to site 5. To
make the notation more tidy we have introduced the coefficients

G = (Wi + Wy, —i(Wii = W), (3.27)

G = _%[W;‘g SWH (Wi - W), (3.28)
In general, having such site dependent coefficients complicates diagonalisation of the spin
wave Hamiltonian significantly. In our case the periodicity of the ground state spin struc-
ture allows us to divide the lattice into a certain amount of sub-lattices where each sub-
lattice contains equally oriented spins. We can then characterise a lattice site ¢ instead by
what sub-lattice r it belongs to and its position ' on that sub-lattice. The nearest neigh-
bours j of this site in general live on different sub-lattices ¢, each with position 5’ on their
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given sub-lattice. We therefore rewrite the sum over 7 and j as a sum over two sub-lattices
r and t and the sites 7’ and j' in each of these sub-lattices

(2)_82 Z [GZJM*GZ Ta/t—’_GZ]Tt Z/ Ly
(ryt)y (i,5") (3.29)

i 5 rt i’ 5 rt t
+G] (0774 Taj/,—FG] j7j/t+WZ]T(Z/ Qg r+a/fa]/t)

Eq. (3.29) is written in a very general way, but we will see that it simplifies a lot since
the spin angles hidden in the coefficients only depend on the sub-lattice. We introduce the
Fourier transformed boson operators on each sub-lattice aq ., a};m describing collective
excitations with a wavevector g

1 —1q-T;
= VTT Zaqﬂ.e Ty (3.30)

CI,/,

Z af €T, (3.31)

where NV, is the number of sites on sub-lattlce r. In our case all the sub-lattices contain the
same amount of sites. Writing Eq. (3.29) in terms of these collective bosons rather than
single site operators finally gives us

HE =5 Z Z [F”* q)aq, ra I (g )a:f“,aq’t

(3.32)
+ rgS(q) a-graqs + T3 (a) alg ag, + 20" af aq, |
Note that we have defined new g¢-space coefficients
It (q Z Gy (dygj) e~ T bt (3.33)
I5'(a Z G5 (dyyr) e~ T4t (3.34)
("= Z W22 (dysj) (3.35)

where {d,; } is the set of vectors from a site on sub-lattice r to its nearest neighbours on

sub-lattice t. Here the coefficients Gilj " and ng " have simplified since we look at a
system where DMI is independent of lattice site the coefficients. They are written as as
functions of d,;, reflecting the fact that the DMI vectors only depend on the orientation
of the nearest neighbour vectors d,; . It now remains to diagonalise H@ | There is some
resemblance of this Hamiltonian to a Bogoliubov Hamiltonian, and it turns out that we can
write it in the form of Eq. (2.20) by performing a few simple steps. We just swap g with
—q for some of the indices and perform some commutations, giving us

H(Q Z Z [n’t q rQq,t T VTt( )a—q,raq,t

+ V:t(_Q) aj],ra’fq,t + 15t (—q) a,q,raiq’t} .

(3.36)
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3.2 Spiral phase ferromagnetic insulator

Constant terms have been ignored seeing as they only shift the ground state energy by

some amount. We write the expression H(?) = Z ’H( ) in the matrix form we used in
Section 2.3

*(— a
HP = afMa = [al a_ [n(q) y*( q)} { 1 ] ; 3.37
q [ q q] v(q) n*(—q) aT_q (3.37)
where M is a block matrix constructed from four matrices 7(q), n*(—q), v(q) and v*(—q);
it is the grand-dynamical matrix from Eq. (2.23). The matrix blocks contain the elements

mi(g) = 5T (q +sZ<T s (3.38)

vrs(q) = sT5(q). (3.39)

Using the diagonalisation scheme presented in Section 2.3 we can now find the Bogoliubov
transformation 7" that diagonalises the Hamiltonian into a basis of long-lived magnons.

HP = ADA,  A=Ta (3.40)

The spin wave Hamiltonian can thus be written

m

4@ — ZZ {w, A sAgr +Wrim(@)A_g AT_q T} , (3.41)

qg r=1

where m denotes how many sub-lattices our system is partitioned into, while w; 4, (q)
are spectrum bands for magnons with wavevector —q. These are just equal to the positive
momenta bands w,-(q) = wWy4m(—q), so that

H<2>—2ZZMT (A Aqr+2) (3.42)

q r=1

Our magnon spectrum therefore consists of m different bands, each representing a certain
mixing of collective excitations on the m sub-lattices. Our system is however deceptively
large, as the smallest possible spin spiral periodicity was 5 atoms but with two alternating
’spin chains” it means we have at least m = 10 sub-lattices. Since we diagonalise a 2m x
2m system a numerical treatment seems inevitable. We define the inverse transformation

matrix to be v, v

T = { ‘q} 3.43
the choice of notation motivated by the “textbook™ u-v notation often used for simple
cases of m = 1 Bogoliubov transformations. The decision of working with the inverse
transformation 7! rather than the transformation 7 itself is a deliberate choice, since
T~ is the matrix that is calculated in Colpa’s diagonalisation scheme. Furthermore, since
we are interested in replacing the specific sub-lattice excitations with the diagonalised
operators using o = T~ ' A it becomes natural to only work with T~!. The inverse
transformation is written as the following linear combination

m

Gqr = Z (uniAqi + 7fq?“iAJLqi) , (3.44)

i=1
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Chapter 3. Bilayer model

al =

m
—qr

(viq”.Aqi +ut Al qi) . (3.45)
=1

7

Indeed for m = 1 we find that the expressions do give the familiar u-v notation [15]. After
calculating the different bands w,(q) numerically for certain wave vectors q along some
high-symmetry directions we plot the resulting spectrum (shown in Figure 3.4) in the case
of a spiral phase with a 6-atom period and J = 10 meV. There are therefore 12 different
sub-lattices resulting in 12 different magnon bands. A few features of this spectrum should
be highlighted; the particular choice of DMI vector placement in the model results in the
1% BZ for the magnons being rectangular rather than triangular (similar to the situation of
[38]). Also the spectrum has a mass-gap for the excitation of magnons, and some of the
bands become seemingly degenerate on the border of the magnon 1% BZ between the Y
and S point.

wq [eV/h]

0.06f >Q©<

0.04} r
//\v L

X
0.02 L

O.OOX = % 5

qy

Figure 3.4: Magnon spectrum along a few high symmetry directions for a SPFMI of uniform rota-
tion with a spin period of 6 atoms and isotropic exchange.

3.3 Exchange coupling in the bilayer interface

Let us remind ourselves what the idea of studying superconductivity in the interface of
SPFMI / NM bilayer was; rather than a traditional phonon-mediated phenomenon the
superconductivity should instead be mediated by magnons in the SPFMI. There must be
some mechanism that allows for interactions between the localised electrons in the SPFMI
layer and the free electrons in the NM layer in order to get this magnon mediated effect,
and a natural idea is to extend the concept of exchange interactions from the magnetic layer
by accounting for exchange interactions between the two layers [6]-[10]. Since we defined
both the SPFMI and NM on triangular grid we have a one-to-one connection between sites
in the two different layers. The exchange interaction between localised spins S; in the
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3.3 Exchange coupling in the bilayer interface

Magnon 1%t BZ

Figure 3.5: Comparison of the full 1* Brillouin Zone and the magnon 1* Brillouin Zone.

SPFMI and free electrons on the corresponding site in the NM is written

Heem =2 Jiclrei - Si. (3.46)

For specific calculations in later sections we will consider the case where the exchange
coupling .J; between materials is equal at every lattice site, a so-called fully compensated
coupling. In general different sites could have different interaction strengths, making the
coupling uncompensated to a certain extent. Having now defined all the necessary parts
of our SPFMI / NM bilayer model we must choose the size of the different parameters.
The parameters listed in Table 3.1 will be used for the rest of the thesis. As mentioned
earlier it is important to note that the magnon 1% BZ is not the same as the full 1% BZ
(see Figure 3.5), with sums over g and k understood to go over the former and latter BZ
respectively.

Parameter Size
t leV
J 10 meV
J 10 meV
s 1

Table 3.1: Chosen values for certain parameters which are used throughout the thesis.
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Chapter

Magnon mediated electron-electron
interaction

4.1 Electron-magnon coupling

We now take a closer look at the part of the Hamiltonian that couples the two materials.

Heem =2 Jiclre; - S @.1)
(2
Here we have introduced a notation with the spinors cj = (C;FT, cj 1)- Since the SPFMI part
has a non-collinear magnetic structure we rewrite S; as a rotation of a spin aligned along
the z-axis in spin space. Like in the derivation of the magnon dispersion this is done in
order to facilitate the introduction of spin fluctuation creation and destruction operators
using the HP transformation, with the same rotation matrix (3.13).

U, = =2 Jaclre; - (U(Ba. v0)" ;) (42)
i€Q
Substituting the spin operators with bosonic creation/destruction operators and performing
the dot product yields a somewhat lengthy expression

’Hsz)m = —2\/§JQ COs (1/)52) Z

1€Q, 0

+ 2\/§Jg sin (0q) Z

(%Q(COS (6a) — o)el i o+ h.c)

(0@1-790;-[0 Cioc + h.c)

i€Q,o 4.3)
—2Jq cos (0q) Z o(s— az’ﬂaiﬁg)c;cm
i€Q,o
— 2Jq sin (6g) cos (1hg) Z (s — a}-,Qai’Q)CIUCL_O—.

1€Q,o
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Chapter 4. Magnon mediated electron-electron interaction

The terms including two boson operators will henceforth be ignored. Since the separate
Hamiltonians of both the FMI and NM are diagonalised in k-space it is reasonable to
also analyse the bilayer system in k-space. Furthermore, since constraints on momenta
are a central part of BCS theory, which will be the focus of the next chapter, it is natural
to consider an analysis in k-space. Thus a Fourier transform of the interaction term is
necessary, where the three-operator terms can then be rewritten using

VvV Nq
Z aﬂviczocia/ = N Z aQ:qclt-,-FQvack,U/ . (44)
i€Q k.q

We have neglected umklapp processes since this is outside the scope of this thesis. Thus
one obtains

No -
HSPm — 9,/ f22 o cos (1) Z (aq}g(cos (0q) — 0)0};4_%00;@,,0 + h.C)

2N ia
sNq - .
+2 e Ja sin (6q) kzq: (an@c;rﬁq’gck,g + h.c)
QJQSNQ .
TN cos (0q) Z acLyack,g + sin (Aq) cos (¥q) Z cLﬂck,,g

k,o k,o
4.5)

Note that o € {—1, 1} labeling ”spin up” and ’spin down”. A closer look at this expression
isin order. In general there are terms coupling magnons both to electron spin flip processes
and electron scattering without spin flip. Note that when we use the term “scattering
without spin flip” it is in the context of a global spin space z-axis. A magnon must always
have spin 1 as discussed in Section 2.1 and so there must be a spin flip along some axis
of quantisation, however it does not have to be along the global z-axis. There are also
some purely fermionic terms that correspond to a change in electronic properties of the
NM. This includes the possibility of lifting the energy band degeneracy in the NM and
changing the NM electron eigenstates. These terms may therefore be moved to the NM
part of the Hamiltonian so that

2s0 -
Ham = Z <€k + - N Z JaoNq cos (99)) cLﬁgckJ
Q

ko (4.6)

2s = .
¥ Z Z JaNq sin (6g) cos (wg)c};’gck,,g.
k,oc

One notices that the new terms in Hyy are non-zero if the net magnetisation is non-zero.
In that case the fermionic operators must be re-diagonalised if the magnetisation is not
aligned along the z-axis in spin space. However, the FMI structure we consider is a spiral
with zero net magnetisation, and so it is readily seen that the new contributions to Hym
vanish. Thus there is no need for a re-diagonalisation of the creation/destruction operators
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4.1 Electron-magnon coupling

either. The electron-magnon interaction containing only coupling terms now reads

Q 2 :
Hé—)'rn = (gizga’q»gcj-c-ﬁ-qm'ckv_“ + ggaa%QCL-FQ,UCkJ + hC) ’ (47)
k.q,c

where the magnon-electron coupling strengths for scattering with and without spin-flip are
defined respectively as

sNq -
g = -2 TNZJQ cos (1) (cos (0q) — o) (4.8)
and
Qo _ SNQ T 3
gy’ =2 N Jaosin (6g). (4.9

So far the interactions are written in terms of magnetic excitations contained to each sub-
lattice. These must be rewritten as combinations of the long-lived magnons in the FMI. We
remind ourselves of the Bogoliubov transformation used to diagonalise the FMI Hamilto-
nian

m

AqQ = Z (quFAq[‘ + UqQ[‘AT_qF> s 4.10)
I'=1
m
a'T_qQ = Z (’UtiI‘AqF + utirAT_qF) . “4.11)
I'=1

It proves useful to also write this in matrix form:

aq | _ | U Vq Aq
Lﬁ J [qu U, |AT ] 15
————
Tt

The interaction term is therefore written

Y, =% (gga/ (uquqF + quFAT_qF) Ch i gaChar + h.c) , 4.13)
k,q,I

o,a
where we have made the notation more compact by introducing

Qo /
aal 91, a0=—«
= . 4.14
90 {g;}a7 o o ( )

Armed with an electron-magnon coupling written in terms of the diagonalised fermion
operators and diagonalised boson operators we proceed with a derivation of the effective
interaction.

31



Chapter 4. Magnon mediated electron-electron interaction

4.2 Effective interaction

There are a few ways of deriving an effective interaction from the electron-magnon cou-
pling in Eq. (4.7). Greens function treatments in either S-matrix perturbation theory or
functional integral formalism are two possibilities [39]. These methods give some nice
physical insight, but are somewhat cumbersome. Instead we take some inspiration from
studies of magnetic impurities and use the Schrieffer-Wolff transformation that we dis-
cussed in Section 2.2, as this gives a somewhat simpler mathematical treatment and has
been used in many previous studies of superconductivity at the interface of other bilayers
or trilayers [6]-[9]. We write the total Hamiltonian as

H =Ho+nH1, (4.15)
where we have defined the interaction term as a perturbation to an uncoupled system
Ho = Hnm + Hew, nHi1 = He—m. (4.16)

The task is first to find a suitable transformation that should have a similar form as Eq. (4.7).
We make the following ansatz:

775(9) = Z (93(1/ (Xl?;tr,quFAqF + yl(:gliquFAT—qJ Clt+q,ackv"" o h.c) - (4.17)
k,q,I’

!/
a,a

In order to find the coefficients X,‘j‘qal: and yggr' we make use of a clever trick by introduc-
ing states |n) and |m) describing a single electron having some momentum and spin in the
presence or absence of a I'-mode magnon [40]. Thus we can use it to pick out individual
terms of 7 in order to find the coefficient of the corresponding term in nSY, using the
following relation

(n|nHq |m) = (n] (HonS — nSHo) |m) . (4.18)
The coefficients are found to be
1 / 1

’
oo (6707
kgl — 5 kgl — . 4.19)
a Ektq,a — Egoar —wrq a Ektg,a — Egar +wr g

Note that these are indeed the magnon propagators one would find in a Green’s function
treatment [18]. We repeat what the effective Hamiltonian looks like in the Schrieffer-Wolff
transformation:
1 Q ,
Hen =Ho— 5 Y [nHE ) pS@ )} . (4.20)

Q.

We are specifically interested in the electron pair interaction term, which now reads

8
Hpair = —% SN S H. @21)

QT kk’q aa! j=1
B8
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4.2 Effective interaction

In order to keep a somewhat readable notation we here have introduced #) to denote the

different operator structure terms

Palr

aa’ BB’

Hgi)r - Ez?—qiﬂ;lglilj;_jgz;;q * CL+q’°‘ck’a/CL'*q7Bck'>3" (4.22)
MY = g il s D)
H}()zi)r = EZ?aqg;g/B_uEI‘IZF; _ZSZ;II: a x C}L,afck-&-q,ac};/”glck'—q,ﬁ, 4.24)
Hir = E_k ? 5:7 ﬂgéé gzﬂguiqﬁrfq Xl o Chrqalh pow—qp  (425)
M = Gl piias, 420
Hf(’ii)f - E:fz:g_ﬁ ;Z?ij?gnq X ClJrs:-&-q,aCk»O/Cch',ﬁ/ck’Jrqﬁ» (4.27)
W - BT g 02D
H]gii)r = i UgortanT x CL@,Cwq,aCqu,ﬁck',B'- (4.29)

Epriqp— Exrpr +wr g

To simplify notation we will relabel these terms so that they all have the same fermion op-
erator structure as Egs. (4.22) and (4.23). For Egs. (4.24) and (4.25) this means relabeling
momenta k — k — q, k' — k’ + q and spins o <> ', 8 < ¢/, followed by swapping
k < Kk’ and anti-commuting the operators so that

B'B oo, * *
9o 9o UgarV—gqor f i
7‘[ X c Ck.co'Cr.s Cr’ 3/, 4.30
Pdlr Ero — Eriqo +wrg k+q,aCk,a’Cpr—q, BCK’ B ( )
B/ﬁ a/a * *
4 —9a 9o VgarU_gor
7‘[( ) g g X Cl1-c+q,ack7(¥/CL'—q,ﬁck'75" (431)

P:
alr Eko — Egtqa — Wrg

For Egs. (4.26) and (4.27) we only need to relabel k¥’ — k/ — g and 8 <> (3’ to get

" BB *
—95" 9o/ Ugorlgar t t
H®) L LU 4.32
Pair Ek',B’ — Ek"—q,B —Wrg k+q,a%k, 0’ Cpr_q gCK" B ( )
OLQ, IBIB *
6 9q 9ar VerVqqor
H( ) q X CL+q,aCkva/CL'—q}BCkl7ﬁ/' (433)

Pair Eyrp — Exr—q,8 +wrq

For Egs. (4.28) and (4.29) we must relabel K — k — q and spins o <> 8, o' + 3,
and subsequently perform the swaps 3 <> 3’ and k <> k’. Again we anti-commute the
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Chapter 4. Magnon mediated electron-electron interaction

operators to get

B,B aOé, *
Ny —9q 9or UgarUqQ'T t t 434
Pa‘r Exigo— Exo —wr X Chyq,aCh.o/ Cpr—q,5CK 55 (4.34)
q, e .q
BB ad’, *
e 9o 9qor VgarVqeQ'T 1 ¥ 435
Palr X ck+q7ack}a/ck,_q7ﬁck/’6/. ( . )

Ertqa — Ego +wrg

We can then rewrite

HPair: ZZ[( Al q,FOéOé,ﬁ ﬁ) AQ(Q,F,O{,O/,B,ﬁ/) )

Ek+q a T Ek: , o —Wr g Ek:+q,a - Ek,a’ + Wwr.q

kk/ ’
i ﬁﬂ 4.36
+ < Bl(quaaaa/aﬂaﬂ/) o BQ(‘LFaaaO‘/aﬂaﬁl) >:| ( ) )
By g0 — Exr—qp —Wrg  Errp — Elr—qp+wrg
X Cch+q7ac’°va/Cch'—q,BCk'vﬁ"
with
Al(qua Oé,Oé/, Ba B/) = Z (g gQ’ quFqu’F + gQ gQ’ uqﬂfquﬂ’ ) (437)
QQ/
Ay(q,T, 0,/ B,8) = '8 gaa' vx vgarr + vl oru’ (4.38)
2\q, L, o, 0, 0, 9da gQ’ qQIrlqQ'T gQ gQ’ qQr%—qQ'T :
QQ/
Bl ((L Pa «, O/a Ba B/) = Z (g @ gg/ﬁuqﬂl—‘uqﬂ/r‘ + gQ gQ/ uqﬂf‘quﬂ/f’) (439)
QQ/
B T / N aa’ B'B * aa’ BB’ 4.40
2(q, T, a,0', 8, 8") 90" 9o/ VgarVgor + 90" 9qr Vgartu—gor | . (4.40)
QQ/

The entire prefactor in front of the fermion operators can be interpreted as a scattering
matrix element V,f,jqﬁ 50 that

Hpair = Z Z Vkakcf g Ck+q aCk, a/cL, q.8Ck" B (4.41)

kk’q ao’

BB
At this point it is prudent to take a closer look at the squeezing parameters that appear
in the coefficients (4.37— 4.40), seeing as these will in general be complex numbers once
we venture beyond the simplest examples of collinear FMIs and AFMIs. We know that
the inverse Bogoliubov transformation 7, ! with squeezing parameters as elements is not
unique, as its columns are made up of eigenvectors that can each be multiplied by any
phase €*?. We must therefore be very careful to check that no such arbitrary chosen phases
manifest themselves in our electron pair potential, seeing as we perform a numerical cal-
culation of T;"! at each point g in the 1% BZ. Assume the I'-th eigenvector wr(q) (ie. the
I'-th column of T~ 1) is multiplied with the phase ¢??r(@). Tt is easy to see that the first
term in each of Eqs. (4.37—- 4.40) is the product of an element in wr(q) and the complex
conjugate of another element in the same eigenvector such that an arbitrary chosen phase
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4.2 Effective interaction

factor will cancel out. Indeed the same applies for the second term of each coefficient,
however now it can be a bit harder to see. Taking a look at (4.12) we for instance see that
ugor and v* o - are elements of the same eigenvector wr (q). Thus any arbitrary applied
phase also cancels for the second term in (4.39), and likewise one can show that the same
holds for the other three coefficients.

4.2.1 BCS pairing

We will focus on the BCS pairing mechanism, where one only considers opposite momenta

scattering processes k' = —k. Inserting this relation into (4.36) we can get rid of the
redundant momentum variable by relabeling k + g — k and k — k’. We then have
HBCS = Z Z Vlzﬁﬁ o (‘ —k BC k’,3' Ck’ o 5 (4.42)
kk’ aa’
BB
with

aﬁﬂ/o/ _ 72 |:(A1 k k, F o O[,ﬂ ﬂ) . AQ(kklvraava/aﬂaﬂ/)>

7
Vi Epo— Err o — Wr k—k By o — Egr o + Wr ks

( Bl(k:_k,ar7a7a7ﬁ7ﬁl) BQ(k-k',F,Oé,O/,ﬁ,B/) ):|
+ .
Eowp —E-kp—wrk—r Eowp —Egp+wrer

(4.43)

We note that in our case we have an electron dispersion relation that is even in k so that
Ex o = E_g . and since the net magnetisation of the FMI spin structure is zero the
dispersion relation Fy, , = EJ is also independent of spin. Thus the pair scattering matrix
simplifies further into

Vaﬁﬁ/a, _ 1 Z Al(k — k,7Fa a, O/a 57 5/) + BQ(k — klvra «, 0/7 57 5/)
k' T2 Ey — Epr — wr p—k
r ’ (4.44)
_ AQ(k - k’,F,a,a’,B,B’) + Bl(k - k,7r7a7a/76>ﬁl)>

Ey — By + wr —k

which in turn can be written in a similar form to the canonical BCS potential multiplied
by the factor A(k — k', T, , &/, 3, '), and with the inclusion of an additional term.

o o W k—k’
Vklgﬁ = 72 ( Ek: *Ek:/ 70}1%,{: K’ A(k_k,,F,Oz’a/’ﬁ’ﬂ/)
e 4.45
P (4.45)

(Ek_Ek) _UJ B(k_kI?F7a7al7/87B/)>'
! T,k—k’

Here we have defined the coefficients
A(k: - kla F7 «, 0/7 57 BI) = Al (k - k,7 Fa «, O/a ﬁa 6/) + BQ(k - kl7 Fa «, O/a 67 ﬂ/)

+ As(k— K\ T,a,d/,8,8)+ Bi(k — k' ,T,a,d, 3, 3).
(4.46)

35



Chapter 4. Magnon mediated electron-electron interaction

B(k - k/,]-—‘vaaalvﬁvﬁl) = Al(k - klvraava/aﬂaﬂ/) + BQ(k - klvr7a,a/a67ﬂ/)
- AQ(k - klaF7a7al7B7B/) - Bl(k - kI7F7a7a/7ﬁvﬂl)'
4.47)

We have until now not made any assumptions about the arrangement of spin indices in the
pair scattering matrix. From a physical point of view we must however have a conservation
of spin, which rules out any scattering matrix elements with an odd number of “’spin up”
and spin down” indices. Therefore the pair scattering matrix can only be non-zero if
either all indices are the same, or if half of the indices are ”spin up” and the other half are
’spin down”. We separate the Hamiltonian into a part contributing to unpolarised (S, = 0)
and polarised (S, = £1) Cooper pairs respectively

1 -
Hpcs = Z ka’CL,LCik,Tka',TCk',u (4.48)
kk’
: t Wit
HE%S Z (V kk’ Ck TC k TC k' 1Ck’ 1 + ka, Ck,ic—k,icfk',ick',i
e (4.49)
+ VTg}iCk TC]L k 1\C K/, |Ck’,| + V k’ Ck: J,CT . J,C K A Ch? T)

Note that we have used the fermionic anti-commutation property in order to gather the
different unpolarised Cooper pair terms into a single term of the same operator structure
as the conventional phonon-mediated BCS theory, where

Vi = Vieor + VT = VT — vt (4.50)

Now is a good time to take a step back and reflect on what has been found, for unlike
many of the previous studies of magnon mediated superconductivity in bilayers or trilay-
ers with collinear FMIs and AFMIs, we now have terms in our Hamiltonian that could
give rise to the polarised spin triplet states |11) and |]J). It is reasonable to assume that
this is a feature of the non-collinear spin structure that we study here, explained by the
fact that the electron-electron interaction is mediated by a nearest neighbour exchange
between two lattice sites of different magnetisation in the SPFMI layer. Non-collinear
spin structures have already been suggested to enable spin polarised Cooper pairs in other
types of superconducting systems [4]. One could picture the electron-electron scattering
as two Stern-Gerlach like measurements, where the act of an electron spin flip is akin
to a "measurement” of the spin direction. If the incoming electrons scatter at sites with
magnetisation directions of (01,1) and (62, 2), then the resulting spin states after the
scattering will be measured to be

lp1) = cos (61/2) |1) + €™ sin (61/2) 1), 4.51)

[p2) = cos (82/2) [4) + €2 sin (6,/2) |1) 4.52)

Thus there is a possibility for mixing states with different combinations of |1]), [11) and
|[44), and so one could indeed get polarised triplet states. This is a result of scattering on
the SPFMI spin structure essentially rotating the spins.
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4.3 Collinear AFMI potential

4.3 Collinear AFMI potential

As a way to check the result derived in the previous section we consider the simple example
of a collinear AFMI on a square lattice, which is described by a bipartite lattice with Néel
ordering. The motivation behind looking at such a system is that the magnonic properties
have well known analytical solutions. We label the two sub-lattices Q € {A, B} and
choose the z-axis as the axis of quantisation. There are equally many sites in the two sub-
lattices such that we may write N4 = Np = N/2. The sub-lattice angles are then given
by (64,%4) = (0,0) and (0p, %) = (w, 7), with the result that all terms with the factor
sin (Aq) are zero. Thus from Egs. (4.8) and (4.9) we immediately see that

A S - B 5 = A B
e N AR LT L)

G =g =gt =gy =0. (4.54)
As a result of Eqn. (4.54) all terms where o = o and/or 8 = (3’ vanish:

and

VT — i it it g (4.55)

Having ruled out half of the terms we must look at the factors (4.46) and (4.47) for the
other terms. We note that the magnon dispersion relations for the collinear AFMI are
degenerate (w4 = wp) and isotropic (wWq = w_g). The inverse Bogoliubov transformation
for the AFMI is

bq = ugBq + quT_

aq = ugAhq + quT_q,

. (4.56)

Here the squeezing parameters uq and vq are real numbers that are even in g. In matrix
form with the more generalised boson operator basis, the inverse Bogoliuabov transforma-

tion reads
ug 0 0 4
@ 0w, ug 0 4.57)
vg 0 0 wug

As a result the only non-zero enhancement factors in the pair scattering matrix are

Al(q7B7Ta \La\LaT) B1<an T \lf \lf T) - ngT BT 2 _|_gBTgi4 uqqu (458)

A?(qu7T7 J/a \L7 T) = BQ<Q7A7Ta \L7\L7T> - ngT BTU + gBT fiquQ7 (459)
Al(q7Aa\L,T7 Ta \L) = Bl(qvA,\IM Ta Ta \L) - gfl' A\L p —i_gA‘L BT’u’qvtp (4’60)
A2(q. B 111 L) = Balg, BoL 1 1 D) = 010t g + 019y Tvqug. (461

The fact that the magnon dispersion relations are degenerate means that the two non-zero
pair scattering matrix elements can be written

1 Wk
| ARG R Ak — k', T,1,1, 1, 1), (4.62
kk 9 (Ek: _ Ekl)2 7w]2c_k/ ; ( T \I/ \lf T) )
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1 Wie L’
VM = 2 k—k Ak — K T,1, 11, 1). 4.63
o Q(Ek_Ek,)Q_wiik'EFj ( L) (4.63)

We define J5 = J and J4 = CJ where the parameter C' determines the relative difference
of coupling strength to the NM for the two different sub-lattices. The pair scattering part
of the AFMI BCS Hamiltonian is

Hacs' = Z vkk’CL,¢CT_k7¢C—k',¢Ckf,¢, (4.64)
Kk’
where
- 25.J° Witk -
Vi ,:_<Vm¢ V¢u¢,)_ + Ak — K.0), (465
Kk —kgr T Vi "k N (B — Ew)? —wZ g ( ), (4.65)
and

A k — k/ Z kfk/al—‘,TwLa\l/aT)+A(k7k/’F’“L’T’T’\L))
4 (4.66)

=2(1 4 C?)(uj +v2) + 8Cugqug.

This result is in exact agreement with the findings of [8] for the BCS potential of an
AFMI / NM bilayer.

4.4 Investigating the pair potential: Numerical analysis

We now find ourselves at an impasse for analytical calculations regarding the pair poten-
tial, seeing as it contains magnon variables that must be treated numerically as discussed
previously. Thus in order to calculate any results for the system we must again turn to
numerical methods. We are for instance interested in knowing what the pair scattering
potential actually looks like and how its enhancement factor compares to the FMI and
AFMI bilayers. To get an idea of what the BCS potential may look like in the case of a
SPFMI / NM bilayer we choose a spiral period of 6 and a certain incoming wavevector
k on the Fermi surface (for a sufficiently low filling so that the Fermi surface is approx-
imately a circle of radius kr = a~'). We then calculate the potential around the Fermi
surface and additionally for a few different high-symmetry directions. The results are
displayed in Figures 4.1 and 4.2.

We observe that for an unpolarised interaction ka/ is repulsive on the Fermi surface.
It is important to note that a positive valued (repulsive) Vier does not necessarily rule out
superconductivity. Even if all the scattering matrix elements are positive, as long as it has
an odd part in k we can have superconductivity from triplet Cooper pairs. However one
would in this case expect singlet Cooper pair superconductivity to be suppressed. Along
the high-symmetry cuts of the BZ we see that there is only a thin strip surrounding the
Fermi surface that actually contributes non-zero values to the pair scattering matrix. The
width of this strip is determined by the highest frequency in the magnon band structure;
each mode gives rise to a singularity in the potential where the energy and momentum dif-
ference of the incoming and outgoing electron matches the corresponding magnon energy
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Figure 4.1: Illustrations of the pair scattering potential for an electron with incoming wavevector
k = [1,0]. Figure a) shows the incoming wavevector (black dot) and the four different cuts where
the pair potential is analysed (figures b-e)). Figure b) shows Vi for outgoing wavevectors k’ on
the Fermi surface (a circle with kp = a™ ). Figures c-e) show ka/ for outgoing wavevectors k’ in

three different high-symmetry directions.

and momentum. Since we have quite a lot of magnon modes the potential becomes quite
messy around the Fermi surface, however since our magnon spectrum in this case has a
small mass gap there is a thin interval surrounding the Fermi surface where there will be
no singularities, defined in this case by the smallest energy in the magnon spectrum.
Next we take a look at the BCS potential enhancement factors that we defined in
Eqgs. (4.46) and (4.47). Since these coefficients are dependent on the magnon mode we
must also take the magnon dispersion part of the BCS potential into account, which for the
collinear FMI and AFMI cases is unnecessary as the magnon bands in both those cases are
degenerate. For a comparison of the different systems we therefore find the enhancement
factors multiplied by the magnon dispersion since the electron-magnon energy difference
in the denominator of Eq. (4.45) should be regarded to have the same form for all modes
close to the allowed energies (given by the propagator singularities). We plot these BCS
potential enhancement factors along some high-symmetry directions to get an idea of their
magnitude in the NM / SPEMI bilayer, in addition to see what modes contribute at different
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Figure 4.2: Illustrations of the pair scattering potential for an electron with incoming wavevector
k = [1/2,+/3/2]. Figure a) shows the incoming wavevector (black dot) and the four different cuts
where the pair potential is analysed (figures b-¢)). Figure b) shows Vi for outgoing wavevectors

k’ on the Fermi surface (a circle with kr = a™1). Figures c-e) show Vi for outgoing wavevectors
k’ in three different high-symmetry directions.

magnon momenta. It turns out that the contributions from the factors (4.47) vanish, and so
we are left with a potential that indeed does have the canonical BCS form, at least for the
magnetic spiral structures considered in this thesis. As for the factors (4.46), values for
different magnon momenta are shown in Figures 4.3, 4.4, 4.5 and 4.6. It is interesting to
note how the sum of all the different mode contributions seems to be a very well-behaved
function of the magnon momentum, even as many different modes appear and disappear
when the momentum varies. The type of switching between modes could be related to a
crossing of the two different mode bands, and these transitions have a surprising likeness
to g-dependent phonon factors in a Master’s thesis by Lockert (see Figure 6.4 in [41]).
Another interesting observation is the fact that only one mode seems to contribute along
the path between the points I' and Y in the case of scattering without spin flip. Note that
even though some modes seem to have discontinuous contributions this is not the case, as

one will see by just ”zooming” close enough in. The contributions do however appear to
not be smooth at the Y -point.
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Figure 4.3: BCS potential enhancement factor along some high-symmetry directions of a spin
flip scattering process for two incoming/outgoing opposite spin electrons for the different magnon
modes. Here the SPFMI has a spin periodicity of 6 atoms. The sum of all mode contributions is
indicated by the black dotted line.

We know already that a bilayer with a collinear AFMI will give the optimal enhance-
ment, since the squeezing coefficients in this special case diverge in the magnonic long
wavelength limit. We do not see any sort of divergences in our case. Comparing to the
collinear FMI enhancement [6] for similar exchange parameters (see Table 3.1)

48.J J?s? 1 . 4.8-107°
—N (1 -5 Ze“l d) < Tevi‘*, (4.67)
d

we get a somewhat larger upper limit to the enhancement in the case of the FMI as opposed
to our bilayer with a SPEMI. Of course without a large gap in the FMI spectrum there will
be areas with much smaller enhancement at long magnon wavelengths, while the SPFMI
enhancement remains on the same order of magnitude across the magnon BZ. In any case
it seems like the squeezing parameters from our chosen non-collinear spin structure do not
help to enhance the superconductivity, possibly making it slightly worse.
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Figure 4.5: BCS potential enhancement factor along some high-symmetry directions of a spin flip
scattering process for two incoming/outgoing equal spin electrons for the different magnon modes.
Here the SPFMI has a spin periodicity of 6 atoms. The sum of all mode contributions is indicated
by the black dotted line.
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Figure 4.6: BCS potential enhancement factor along some high-symmetry directions of a scattering
process without spin flip for two incoming/outgoing equal spin electrons for the different magnon
modes. Here the SPFMI has a spin periodicity of 6 atoms. The sum of all mode contributions is
indicated by the black dotted line.
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Chapter

Superconductivity

5.1 Generalised BCS theory

The starting point of the BCS theory is a Hamiltonian consisting of a single particle occu-
pation energy and a two-particle scattering term

1 .
H = Z ekc};gckg =+ 5 Z Z Vka-]él(j20304chlctk0'207k’o-gckla4. 5.1
k,o

k,k’ 01,02,03,04

The system must be diagonalised to find the electron excitation spectrum, and in order to
deal with the four-operator terms we make use of a mean field approximation. Defining
the Cooper pair mean field as the ensemble average

bk‘UU’ = <kaack'o’>7 (52)
with a fluctuation
5bkaa’ = C—koCko' — <C7kcrcka’>a (53)
we write the four-operator term as
1 70102030
Hpair = 5 Z Z kal’ 0 4(b;rcazo1 + 5b£o’201)(bk'0304 + 6bk'0304)' (5.4)
or G
Making the approximation that
6blt:c7201 6bk030'4 ~ Ov (55)

we find that the BCS Hamiltonian can be written in terms of only two-operator interactions
[15]

1
H = Z Ekclt:zrckd - 5 Z Z (Ak’0102c;rcal er—kaz + ALO'10'267kdlck0'2)

k,o k 01,02

1
+ 5 Z Z Ak‘7102b£0201’

k 01,02

(5.6)
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where we have introduced the following quantities

E (70102030
Ak:alo'z - - Vk];l 298 4bk:’a3o'41 (57)
k/0'30'4
T _ 7030401021
Akolo'z = — g Viers bk’0'3(74' (5.8)
k'0'30'4

These are the superconducting order parameters; more well known as the gap functions
since they describe the onset of a gap in the dispersion relation of a superconducting phase.
They can be written as elements of a 2 x 2 matrix

Arry _ | Drrt Dkt
A(k) = [ IR E (5.9)

The fact that these are order parameters is evident from Eqn. (5.6). In the case where
(¢_koCror) = O there are on average no Cooper pairs and Eqn. (5.6) is already diago-
nalised in the NM phase. However for {¢_gsCro) # 0 the system is no longer diago-
nalised in the old electron operator basis, meaning that a transition from the NM phase
to a new phase must have occurred. The new phase is ordered in the sense that electrons
pair up in bound k-space states called Cooper pairs. The phase transition occurs at some
critical temperature T, for which the lack of thermal fluctuations allows the electrons to
condensate into Cooper pairs that are energetically favourable. In order to determine this
critical temperature it is necessary to diagonalise the system (for example by the means of
a Bogoliubov transformation) and then minimise the free energy with respect to the order
parameter. This yields a self-consistent equation

Akoros == Y VIZ27% Aoy xa(T), (5.10)
k/0'30'4
with
1 F, \/ 1 -
T) = —— tanh B, = 2+ —TrA(k)AT(k 5.11
() = gt (50 B[4 g TAMAIR, G

in the case of a unitary order parameter matrix A (k) [42].

5.1.1 Spin symmetry of the Cooper Pair scattering matrix
Taking a look at the scattering potential operator in the BCS Hamiltonian (5.1)
1 -
V= S Y Tgemrid, e wowen, (5.12)
k,k’ 01,02,03,04

we see that the pair scattering matrix elements are given by [42]

Vo280 = (k oy; —k, 09| 2V |k, 03, K, 04) . (5.13)
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Anti-commutation of the fermionic operators therefore requires that the scattering matrix
must have the following structure
70102030 (70201030 (70102040 (70201040
View: 20t = VI = =V T = VI (5.14)
The first obvious result of this is that all the spin polarised scattering matrix elements must
be odd in k
VAU Vo NN FA NN, y NANN
View = Viogw Ve = Vi

Vit ==V Valt=-Vhl

(5.15)

Again we can gather all the unpolarised spin terms together in the form of Eqn. (4.48)
with 1

Viar = 5 (VI + VIR, — VTG — L), (5.16)
where we have written Vi in terms of scattering matrix elements that obey (5.14). This
is the same quantity we defined in (4.50), however we note that in the previous case it was

written as a sum of matrix elements that had not been balanced in order to satisfy (5.14).
We will later find it useful to define this potential in terms of the even and odd parts in k

- 1/~ -
Vi = 5 (Vi + Vo) (5.17)

- 1 /-~ -
Vkok(/k) =3 (ka' - kak:') : (5.18)
i AT T : .
Using the fact that Vi;.,/* = V., 3" together with Eqns. (5.14) and (5.16) we can now write
Vi = VEIE 4 VA = VI VI (5.19)

ot - ~ ~ ~
Vil = Ve v = vt - v (5.20)

These relations will prove useful when discussing the superconducting order parameter.

5.1.2 The superconducting order parameter

The superconducting order parameter can in general take quite a complicated form, as we
have seen that the inclusion of triplet Cooper pairs makes it necessary to consider an order
parameter described by a matrix rather than just a scalar. The triplet pairings can further-
more give a non-unitary order parameter matrix which complicates the diagonalisation of
the BCS Hamiltonian considerably. As can be seen from Eqn. (5.10) the gap function
matrix elements are described by four pairwise coupled equations. It turns out that we can
decouple the two unpolarised gap matrix elements by introducing order parameters that
are odd and even in spin labeling

Ag,(Tsf = Ak,N, — Ak,i’h (521)
Afﬂ({? = Ay + Dkt (5.22)
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Inserting the two unpolarised gap functions into these relations and using the relations
(5.19) and (5.20) it is quite easily shown (see Appendix C.1) that

O(s E(k O(s
AR == ST VIR AL xw, (5.23)
k/
A == ST VAW AR, e (5.24)
kl
In the case of the polarised gaps we already know that only triplet pairing is involved, and

that we are restricted to odd potentials in k. We therefore do not decouple these two matrix
elements, but rather write them as a single matrix equation

Ak:,TT _ VTTTT VTT\L\L AkI7TT
<Ak,¢¢ - Z Vkili,ﬁ wa N Xk’ - (5.25)

In the case where VTTTT Viui and VTTu Vki,i,T T this simplifies to a scalar equation

AP == STVEAE v, (5.26)
k’
where we denote AP = Ag 11 = Agj; and V) = VI 4 I

5.1.3 Momentum symmetry channels for the pair potential

In order to get an idea of the symmetry of the superconducting state it is natural to explore
the k-space symmetry of the pair potential given the relation between the two quantities
described by the gap function. We can already make a few observations based on the
results from Section 4.4, where it was found that the unpolarised part of the pair potential
is purely positive for scattering events restricted to the Fermi surface. This would suggest
that there should not be any s-wave superconductivity. Thus we must investigate other
symmetry channels in our search for superconductivity which are described by the lattice
harmonics presented in Section 2.4. The potential in this case originates from a system
of triangular lattices, and so it is reasonable to assume that the shape of the potential
reflects this lattice symmetry and therefore can be expanded in terms of the triangular
lattice harmonics as follows

Vier = Z Lo Bo(k)Bo(k'), (5.27)

with the different lattice harmonics labeled here by « [43]. As of yet we have not made
any assumptions whether the potential V- describes a spin singlet or triplet state, and in
the latter case if it is spin polarised or not. We will however define Vi to be indepen-
dent of the lattice size (for example Vg = N f/kkz in the case of an unpolarised Cooper
pair). Multiplying both sides by basis functions Bg(k) and Bg(k’) before taking a double
integral over the 1% BZ gives an expression for the symmetry coefficient

Ty = / dkdk’ Vi Bs(k)Bs(k'), (5.28)
BZ
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where we have utilised the orthonormality of the basis functions. Similarly, the supercon-
ducting gap can be expanded in terms of the lattice harmonics

A= AuBa(k), (5.29)

where A, is a coefficient determining the contribution of the symmetry « to the supercon-
ducting gap. Inserting the symmetry expanded expressions of the potential and supercon-
ducting gap into the gap function we find

ST AaBa(k) == > TaBa(k)Ba(kK') > ApBs(k )y (5.30)
« k! « B

Again we make use of the orthonormality by multiplying with a basis function on both
sides and taking the integral over the 1% BZ

ZA /dkB ZZ/dkB k)B¢ (k)T oBa (k') AsBs (k') xr-
k! o,B
—60c :6(\,5

(5.31)
Thus we end up with the following expression for the gap coefficients

Ac=>" ( ZFCBC 5(k )x:«) Ap = McAp. (5.32)

B B

Note that each gap coefficient can in general have contributions from several symmetries,
however even (odd) symmetries cannot contribute to odd (even) coefficients since g is
isotropic and therefore even in k such that the sum vanishes in the case where only one
of o and 3 is odd. We could therefore choose to decouple Eq. (5.32) into two separate
equations; where one contains the even coefficients while the other contains the odd coef-
ficients.

5.2 Analysis on the Fermi Surface

It is now time to calculate some results from the expressions derived previously in this
chapter, and again this requires a numerical treatment. We note however that the size of the
problem is much larger than a lot of our previous simulations as a result of there being two
momentum labels in the BCS potentials. For example, calculating a result for Eq. (5.28)
requires a double integral over the entire 1% BZ, which is a sizable computational task if
one wishes to have a good resolution of points in k-space. Looking back at the results
from Section 4.4 there is a lot of variation in the potential close to the Fermi surface
since there are so many magnon modes. Thus one expects that a very good sampling
resolution is needed around the Fermi surface for a complete analysis of the pair potential
symmetry and superconducting gap, and we should indeed be wary of any result where
the k-space might be insufficient. Rather than looking at the entire BZ we follow the
example of [8] and restrict ourselves to scattering events where k and k’ both lie on the
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Fermi surface, with the intention of getting some idea what the actual results may look
like. It should therefore be made clear that the results of this section serve only as rough
approximations, however in this case we are able to bypass the k-space resolution problem.
For very low temperatures we can argue that this approximation is valid when discussing
the superconducting gap since the function yj is dominated by momenta situated on the
Fermi surface.

5.2.1 The pairing symmetry coefficient

We start off with a calculation of Eq. (5.28), which now is modified to be a double sum
over the Fermi surface

To(er) = /F S dkdk’ Vigw Ba (k) Ba (K'). (5.33)

Notice that I, is now a function of the Fermi energy; in other words how large the filling
factor is. In the case of a spin singlet we use the even part of the unpolarised pair scattering
matrix so that

Toler) ~ <<NVk’?,§’7>Bu(k)Ba(k’)>> € {5,25,duy, dya_yo}. (5.34)

FS,k,k’
Since we are dealing with a finite number of points in k-space the integral is rewritten as
a double average over the Fermi surface which we denote by ((...))ps k. k’ (defining the
Fermi surface average over Ngmp sampled points as (Zx k’)rs kb’ = 2 ps Lk,k’/ Nsamp
with k, k' € FS). The coefficients T',, for some different spin singlet symmetries have
been plotted in Figure 5.1 for different Fermi energies. We restrict ourselves to values up
to e = 0.5 eV where the Fermi surface does not deviate too much from a circle since
we have neglected any umklapp processes. Note that for the spin singlet symmetries the
coefficients are always positive. From Eq. (5.32) and the shape of the triangular lattice
harmonics we see that a positive I',, is typically linked to suppression of superconductiv-
ity in the symmetry channel «, since most of the lattice harmonics will be approximately
orthogonal on the Fermi surface (at least as long the Fermi surface is nearly circular). An
exception is coupling between the s and 2s symmetries since these will not be close to
orthogonal on the Fermi surface, so that the sign of I, will not tell the entire story. How-
ever from Section 4.4 we found that the unpolarised pair scattering matrix was positive
everywhere on the Fermi surface, and so we would still expect singlet pairing to not play
an important role in any emergent superconducting state.

Similarly in the case of the unpolarised triplet we take the double average over the
Fermi surface, this time with the odd part of the potential

Toler) ~ <<va?,§f“>3a(k)3a(k’)>> a € {pas vy - (5.35)

FS,k.k/
The polarised triplet symmetry coefficients can be found by swapping V,co ’gc) in Eq. (5.35)
with a scattering matrix element for the polarised terms. In the case of spin triplet pairing
all the symmetry channels are nearly orthogonal on the Fermi surface so that the matrix
in Eq. (5.32) is dominated by the diagonal terms. If we follow the example of [43] by
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Figure 5.1: Symmetry coefficient for unpolarised spin scattering, with singlet pairing in a) and

triplet pairing in b).

approximating Eq. (5.32) as decoupled equations then there is a direct link between the
sign of ', and existence of a superconducting gap for the symmetry channel «. Looking
at Figure 5.1 we see that there is a possibility for p-wave superconductivity, mainly in the
py channel in the case for unpolarised triplet pairing. At large Fermi energies there also
seems to be a small contribution to the f-wave channel. For the polarised triplet pairing
the results displayed in Figure 5.2 indicate that only the p,, channel would contribute. Note
however that it is an order of magnitude smaller than the unpolarised coefficient.
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5.2.2 The linearised gap equation

In general it is not a simple case of just solving the self consistent gap in Egs. (5.23) and
(5.24), since these are large systems of nonlinear equations that may have many non-trivial
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solutions. However, if we allow the temperature approach 7. from below the gap vanishes.
Treating Ay as an eigenvector, the norm approaches zero at the critical temperature, al-
though Ay still has some structure. This motivates removing the gap dependence of xx-
so that the gap structure is determined by the linear equation

1 |€x |
A = — Vi A tanh . 5.36
k %: Kkt Ag Sew] an <2kBTc> (5.36)

Here we let the sum go over a thin strip in k-space with energies between e — w, and
€r + w,, where w, is a cutoff energy. Here we choose w, to be the maximum energy in the
magnon spectrum. We now make an approximation in the spirit of the Bardeen, Schrieffer
and Cooper’s original treatment of conventional superconductors [3]; we assume that the
potential does not vary in the radial direction on the strip, but is defined only by its value
on the Fermi surface. In a sense we have made the “textbook™ constant potential approxi-
mation in the radial direction, while keeping the full potential structure tangentially along
the Fermi surface. Parameterising the momentum in terms of polar coordinates we write
the potential as Vigr = V (k, p, k', ¢’). We rewrite the sum as an integral in polar coor-
dinates and make a change of integration variable from momentum to energy by using the
relation D(e) de = D(k) dk
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Inserting the expression for k-space DOS on a triangular lattice and making the approx-
imation that D(¢) equals the Fermi surface density of states Dy in the relevant energy
range, we arrive at the expression

We 1 €
M) = ~Do V(o)A e [ degrrann (51°), 6w)

where we have written the angular part of the integral into an average over angles on the
Fermi surface
1

N > Ve, ) AY). (5.39)
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Here Ngump is the number of points sampled on the Fermi surface. We now introduce the
coupling constant A\, which we define as follows [8]

1 e 1 le] 1.14w,
- = de — tanh ~1 . 5.40
Y /_wc ol <2kBTC> n( kBTC> (>40)
Thus the linearised gap function is an eigenvalue equation of the form
AA(p) = Do (V(p, ¢ ) A(#"))gs o » (5.41)

which can be formulated in terms of a matrix equation where the chosen angles ¢, ¢’
correspond to indices of the vector/matrix elements.
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5.2 Analysis on the Fermi Surface
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Figure 5.3: Coupling coefficient for scattering on the Fermi surface as a function of Fermi energy in
the case of both unpolarised (blue) and polarised (yellow) spin triplet Cooper pairs. The gray stapled
line indicates the Van Hove instability.

In order to get an idea of how the coupling constant A varies with filling factor we
solve the linearised gap eigenvalue problem for different Fermi energies, and the results
are shown in Figure 5.3. Again we have chosen to look at the example where the SPFMI
spin period is 6 atoms. Since the even part of the pair scattering matrix is always positive
all eigenvalues should be negative for superconducting states that are even in momentum,
so we ignore spin singlet pairing and focus only on spin triplets. For both unpolarised and
polarised triplets the coupling increases with increasing Fermi energy, and we note that
for low filling there seems to be a phase transition at e ~ —2.5 eV where the polarised
triplet coupling becomes zero and consequently stops contributing to the superconductiv-
ity. While a positive valued A tells us that we have a superconducting state, to determine
what type of symmetry it has we must look at the structure of the eigenvector Ag. We
plot the eigenvector structure for the unpolarised triplet in Figure 5.4, and note that it has
a py-wave symmetry at high filling, as predicted from our results in Figure 5.1b. At low
filling it turns out to have a p,-wave symmetry.

It is also interesting to see how the coupling coefficient varies for different spin spiral
periodicities in the SPFMI layer. Recalling that the smallest possible period of our system
is 5 atoms we compute the coupling for a few larger periods in addition to 5, plotting the
results for both unpolarised and polarised spin triplet pairs in Figure 5.5 at e = —1 eV.
While the polarised triplet coupling quickly vanishes for increasing periodicities; again
indicating some phase transition; the unpolarised triplet pairing seems to increase linearly
at larger periods. Such a linear trend can obviously not continue indefinitely, at some
point the spin period becomes so large that the magnetic system approaches something
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Figure 5.4: Gap structure on the Fermi surface for an unpolarised triplet state at the critical temper-
ature. The normalised magnitude of Ay is plotted in a) and b), with the colour indicating the sign
difference (red/blue). Figure a) shows the p,-wave structure at low filling (e < —5.5 eV), while
b) shows a p,-wave structure at high filling (solid line: e = —5 eV, dashed line: ez = 0 eV, dotted
line: er = 0.5 eV). Figure c) shows the gap projection onto both p-wave symmetry channels on the
Fermi surface.

that looks like a collinear FMI. There is a point where the spin period is large enough that
the assumption of a net-zero magnetisation not contributing to the NM spectrum becomes
questionable. In any case, we see that the coupling coefficients for our system are very
small and the resulting critical temperatures for these simulations would basically be zero
given T,’s exponential dependence on \. However, this extreme sensitivity to the coupling
constant consequently makes critical temperature calculations very unreliable, and so for
a qualitative understanding it is better to just analyse the variation of A. The reason we
get very small coupling constants in our approximation on the Fermi surface could be the
fact that the magnon spectrum mass gap eliminates any divergences of the potential on
the Fermi surface, unlike the FMI and AFMI examples of [6], [8] where there is no such
magnon mass gap. In the case of a fully uncompensated collinear AFMI, the magnon
squeezing parameters additionally provide the potential with an enormous enhancement
factor for low-energy magnons.
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Figure 5.5: Coupling coefficient for scattering on the Fermi surface at ez ~ —1 eV as a function
of the spin period in the SPEMI. Figures a) and b) show the cases of unpolarised and polarised spin
triplet Cooper pairs respectively.

5.2.3 Remarks on a full BZ analysis of the superconducting gap

It is important to state that our results for the superconducting gap should be regarded as
qualitative; a consequence of the rather severe approximation of ignoring the singularities
in the BCS potential. A more correct treatment of the superconducting gap would be to
follow the example of Thingstad et al. [44] by computing the gap function as an eigen-
value problem over the entire 1% BZ with additional sampled points closely around the
Fermi surface where the BCS potential has a nontrivial structure. The continuum limit
gap function which is described by an integral can be calculated numerically for such
a non-uniform grid of k-points by approximating the integral as a weighted sum; with
the weights given by a Delaunay triangulation. While such a treatment worked well for
Thingstad et al. since they could invoke symmetry in order to analyse only a twelfth of
the BZ in addition to considering no more than 4 bosonic modes, our problem becomes
significantly more complicated. We made no assumptions of the symmetry of the super-
conducting state, as it is one of the things we would like to determine, and so we must
analyse the entire BZ. Also, we have more than 10 magnon modes making the structure
of the BCS potential very complicated in addition to it being significantly weaker than the
phonon-mediated interaction studied in [44]. In order to faithfully capture the details of
the potential we would therefore need a very good resolution of k-points close to the Fermi
surface. It is also essential that one has sufficient resolution to resolve the shape of g at
T. [45]. Although an attempt was made by using approximately 4000 points on the BZ
(most of them on an annulus around the Fermi surface) it seems like a significantly better
resolution is required.

5.3 The Eliashberg electron-boson spectral function

An alternative method of describing superconductivity is through Eliashberg theory, where
one of the central quantities is the electron-boson spectral function o F(w) (sometimes
just called the Eliashberg function). The electron-boson spectral function is defined as a
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double average of the electron-boson coupling matrix over the Fermi surface [46]-[49],
often written as

25(6k)(5(6k/)5(w —wk,klyl,). (542)

1
042F((JJ) = FO k;y |gz,k'

Here Dy is the density of states at the Fermi surface. We find the electron-boson coupling
matrix gy, ... from the electron-boson interaction in the Hamiltonian, which in general takes
the form

Hew=3 3 (gg,qya,g,%yc,i ta Ot ol + h.c) . (5.43)

!
k.quoo

Whatever boson of mode v and wavevector g chosen to mediate this interaction is created
and annihilated by the operators ¢4, and <pfw respectively. As we have seen, the magnon
modes of a non-collinear FMI can couple to several different electron spin structures.
Typically phonon-mediated superconductivity is studied where there is only a single spin
structure so that this is not a problem. We therefore generalise Eqn. (5.42) to include
different spin structure coupling strengths
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Figure 5.6: Schematic of the possible BCS scattering processes in the case of electron bands that
are non-degenerate in spin quantum number.

With our choice of only opposite-momenta scattering processes there cannot be any
contribution from unpolarised Cooper pairs if the single electron dispersion relation is non-
degenerate for different spin (the possible scattering processes in this case are illustrated
in Figure 5.6). In our case the electron dispersion is degenerate so that all pairings may
contribute. We rewrite Eqn. (4.13) so that it resembles Eqn. (5.43)

’ng,)m = Z [(g;f"‘ Ugpu + g “viqpy) Aql,cLJrq’ack’a/ +h.c|. (5.45)
k,q,v

oo
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5.3 The Eliashberg electron-boson spectral function

Determining gy, , , ,» in Eqn. (5.44) is now simply a matter of reading out the coefficient
from Eqn. (5.45), which yields the following expression for the SPFMI / NM electron-
magnon spectral function

Oé w DO Z Z <Z (g/()ya g;)l/(l (quVuZp’u + ’Uiqpyqup’l/)

k,k’ v a,af p,p’ (546)

+ gg a (ya (qupuqu y + UgorV—qp’ U))) X (5(€k)5(€k/)5(w — Wq,u).

For notation purposes we have kept the label ¢ = k — k’. There are some problems to
address before a numerical calculation of this expression can be done. Even though the
delta functions in single particle electron dispersion restricts the sum of k’s to momenta on
the Fermi surface one cannot hope to achieve a sufficient resolution so that a delta function
in magnon dispersion gives correct results. Consequently we approximate 6 (w — wg—g’,1)
by instead using a narrow rectangular function of unit area. We must also get rid of the
system size dependence in order to perform an analysis in the continuum limit. Looking
at the form of Dy and gg‘a/ we see that in total the sum has a factor of 1/N 250 we may
rewrite the sum to an integral that is independent of N

dkdk’ ;o

2 ao’ oo * *

«Q § / (gp gp’ (quuqu’u + v—qpuv—qplv)
FS BZ 0.0’

(5.47)
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In a similar fashion to Eq. (5.38) we find here that the expression can be calculated as
an average of sampled points over the Fermi surface. One of the important quantities we
can calculate from the electron-boson spectral function is the Eliashberg electron-boson
coupling constant
Cdw
A= 2/ —a*F(w). (5.48)
0 W

Figure 5.7 shows a numerical calculation of the Eliashberg electron-boson spectral func-
tion and coupling constant. Here we again get a quite small coupling strength, albeit a bit
larger than that calculated from the gap function eigenvalue problem on the Fermi surface.

57



Chapter 5. Superconductivity

0.00175
— a?F(w)
0.00150 Mw)

0.00125 -
0.00100 -
0.00075 -

0.00050 A w

0.00025 A

0.00000 A

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Figure 5.7: Eliashberg electron-boson spectral function and coupling constant for a SPFMI / NM

bilayer with a spin period of 6 atoms at an approximately circular Fermi surface of radius kr = a ™.
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Chapter

Conclusion and Outlook

We have utilised the general rotation model presented by Fishman [35] to develop a frame-
work for working with magnon mediated superconductivity at the interface of a metal and
a non-collinear in-plane magnetic structure of zero net magnetisation. Although the thesis
limits itself to studying a 2D magnetic structure the same principles can easily be gen-
eralised to 3D skyrmion lattices, with the downside of yielding a theory of much uglier
mathematical expressions. Furthermore we have tested that the framework in the specific
case of a collinear antiferromagnetic insulator gives a description that agrees with previ-
ous studies [8]. The framework was also applied to a bilayer with a spiral spin structure
on a triangular grid, for which both electronic and magnonic spectra were found and in-
corporated into an effective interaction describing the magnon mediated electron-electron
coupling. This bilayer model was found to in theory allow for p-wave superconductivity
with the addition of polarised S, = £1 Cooper pairs. However, the magnon mediated
coupling for superconductivity in this specific system is estimated to be very weak even
without considering Coulomb interactions, with the unpolarised triplet pairs dominating;
although as a result of the complicated form of the pair potential the findings should be
treated in a mostly qualitative manner. This was a necessary consequence of approximat-
ing the BCS potential to be constant in k-space magnitude, and while such approximations
seem common in BCS theory there is the danger of losing too much information about the
pair interaction. It would be desirable to perform a more complete calculation of the su-
perconducting gap as done by Tingstad et al. [44], but with our significantly weaker and
more complicated interaction a sufficient sampling of k-points was hard to achieve. An
investigation of the Eliashberg electron-magnon spectral function provided further indica-
tions that the superconducting coupling constant will indeed be quite weak. We conclude
that the spiral spin structure in a triangular lattice is not optimal for electron-magnon cou-
pling, but the emergence of polarised triplet pairs is interesting. We attribute the creation
of polarised triplet pairs to rotation of the spins as they scatter on the non-collinear spin
structure.

Even if the specific non-collinear structure studied here with our given parameters may
not give the best superconducting attributes this does not rule out other non-collinear struc-

59



Chapter 6. Conclusion and Outlook

tures being good superconducting mediators, and finding such a structure could be the fo-
cus of future investigations. One of the most interesting properties of the non-collinearity
was the possible appearance of spin polarised Cooper pairs, which could be applied in
spintronic logic devices, motivating the search for a bilayer with non-collinear structure
where the polarised terms dominate. Another interesting avenue to explore would be a
metal coupled to an insulating skyrmion crystal with topological magnonic states [50], or
using a topological insulator instead of a metal, with the aim of finding a tunable “topo-
logical superconductivity”. For an experimental study of such systems the metallic part
should consist of a non-magnetic metal that does not become a superconductor at low tem-
peratures, allowing us to be sure that any measured superconductivity is indeed mediated
by magnons in the magnetic part. Some suggestions would be monoatomic layers of cop-
per, silver or gold [13]. As for the non-collinear magnetic insulator part, a typical material
seems to be Cu,0OSeOs [51], [52].
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Appendix

Non-collinear magnet

A.1 Elements of the rotated interaction matrix

The elements of W are as follows:
W;{C = (Jy cosB; cosp; — Dzj sinf; — Dij cos §; sin ;) cos 6 cos ¥,
+ (Jy cosd; siny; + ngj sin 6; + Dij cos §; cos ;) cos 8 sin 9,
+ (Jysinf; — D;j cos 0; sin; + D;j cos §; cos ;) sin b,

W;{/ = (Jy cosB; sin); + D sin §; + DY cos 6; cos ;) cos Y,

— (Jz cos 0; cosp; — D;j sin; — DY cos 6, sin ;) sin;,

W;;JZ = (J, cosB; cos); — D;j sin@; — Dij cos 0; sin v, ) sin 0 cos;
+ (J,, cos 0; siny; + D sin 0; + D cos §; cos ;) sin 6; sin 1;
— (Jsinf; — D;j cos 6; siny; + D;j cos §; cos ;) cos b,

W;ﬂc = (Jycosp; — D sin ;) cos 0; sin);
— (Jpsinah; + DY cos ;) cos 0 cos ;
— (D} siny; + DY cos1p;) sin b,

Wi = (J, sing; + DY cos;) sine; + (J, cosyh; — D sing;) cosapy,
W;i = (Jycosy; — D sin 4);) sin 6, sin;

— (Jysinth; + DY cos ;) sin 0 cos ;
+ (DY cos; + D;j sin ;) cos 0;,

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)
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ng = (J sin 6; cos¥; + D;j cost; — Dij sin @; sin ;) cos 6 cos ;

+ (Jy sin0; sinyp; — D cos 0; + DY sin 0; cos ;) cos 0 sin1p; (A7)
— (J. cos0; + D sin 6; sinp; — D;j sin @; cos ;) sin 6,
W;g/ = (Jy sinf; sine); — chj cosf; + Dij sin 6; cos ;) cos ; A8
— (Jp sin@; cos; + D;j cos 0; — D sin 6; sin 1;) sin () ’
WZ = (Jysin6; cos; + D;j cos; — Dij sin 6, sin ;) sin 6; cos ¥;
(A.9)

+ (Jysiné; siny; — D;j cosf; + Dij sin 6; cos ;) sin 6 siny;
+ (J, cosO; + ngj sin 0; siny; — D;j sin 6; cos ;) cos 0;.
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Appendix

Effective interaction

B.1 Schrieffer-Wolff transformation

We identify the different parts of the interaction Hamiltonian

Q ’

WHg ) = Z 90" (UqQF AqFCJ]LJrq’ack,a’ +vgar AT_qFCLJrq,aCk,a'

k.q.l — — N——— —
N ™ RS

(B.1)

* Tt * T
+ Uugor AgrCi o Ck+a,a TVgar A—qreg o Chtq,a )v

(3) (4)

and write our ansatz for the corresponding generator of a canonical transformation that
should give an effective Hamiltonian where the terms of linear order in boson operators:

nSY = Z 95" (X(l)“qQFAqFCL-s-q,aCk,a’ + X(Q)UQQFAJLchL-S-maC’“*O‘/
k.q,l
al (B.2)

+ X(?))UZQFALFCL,Q/CICJFQ@ + X(4)'U:;QFA*QFCL,OA’CICJFQ"O‘) .
The Hamiltonian describing isolated NM and SPFMI layers is

Ho = Z Ekac;ackﬂ + quragraqlﬂ (B.3)
ko q

The task is to determine the unknown coefficients in the generator, which we can find by
using the fact that it has a similar form as the interaction Hamiltonian. This is done by
projecting Eq. (2.18) onto certain states that count the number of fermions and bosons
with quantum numbers matching the terms of the interaction Hamiltonian.

(nlH Y |m) = (] (HonS'D = nSDHo) m). (B4)

We now analyse term by term.
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Term (1)

Let
(n| = (k+q,0;0],

im) = |k,a’;q,T).
Then

(nl (HonS'™ = 98D Ho ) [m) = (Bt q.o = Brar = war) (nnS [m),  (B.5)

so that
D 7S [m) = XD (| yH® ) = — L1 B.6
< |77 | > < |77 1 ‘ > Ek+q1a*Ek,o/7qu ( )
Term (2)
Let
<TL| = <k+q,04, 7qu|7
Then

(nl (HonS® = nS@Ho ) Im) = (Bt g.a +w—qr = Bra) (0l nS@ [m), (B.7)

so that
nnS@ m) = X@ (n| nH{? |m) = ]ty B8
(nln |m) (n|nHy™ [m) Ertqa — Er,or + wqr 9
Term (3)
Let
(n| = <k7O/QQaF|’
Im) = |k + q,;0).
Then

(] (HonS™ —nS@Ho ) |m) = (B.ar +war — Bsqa) (ol 18 m),  (B9)

so that

(@)
| nS@ [my = X® (0| nHY |m) = — (nlnHy ™ |m)

= (B.10)
Ek+q¢a - Ek7a' — Wqr
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Term (4)

Let
<n| = <k:70/;0| ’

Im) = |k +q,0;—q,T).
Then

(] (HonS'® — 5D Ho) ) = (Ear — Brrqia —w-qr) (a5 [m), B.11)

so that
B H(Q) ‘m>
2| nS® [m) = 2@ (| pH |m) = (nln?,; . (B.12)
(nlnS® m) = X (™ ) = o PR
We determine the coefficients to be
1
xoo = xM = —x0) = (B.13)
qu EkJrq,a - Ek:,a/ — Wr,q
(2) _ _ @) _ 1
yqu = =-X (B.14)

Extq,0 — Ek,or + wr,q

B.2 Collinear AFMI enhancement factors

The inverse Bogoliubov transformation for an anti-ferromagnet has the well-known form
of Eq. (4.56) which can be expressed as

UqAA  UgAB UgAA VqAB ug 0 0 wg

Tt = UgBA  UgqBB  VqBA  UgBB | _ 0 ug vg 0 . (B.15)
Vigaa Vigap Ulqaa Ulgam 0 vg uqg O
UiqBA uiqBB uiqBA uiqBB vg 0 0 wug

in the framework of Colpa [20]. from this matrix we read out the expressions in Egs. (4.37),
(4.38), (4.39) and (4.40) to be

Ai(g, A a0, 8,8") = Z (98 ﬁggfx Ugn AUqr A + gg ﬁgg’auZQAv*—qQ’A)
QQ/ (B.16)

—gﬁﬁgaau +9A gB “uqug

Ai(g, B,a,d', B, B') = Z (9@ Pgq UgoRlq B + 9% ﬁgg’auZQBUti’B)
QQ/ B.17)

_gBB aa’ u? +gB,@gX(xuqv
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As(q, A, 0,0, B, ") = Z (gé %962 vi0ava0r a + 95 ﬁgg/%ZQAUti/A)
aq

— g2 Py Vg 24 g5 g% “vqug

Az(q,B,a,d', B, 8') = Z (gé ng? UgaBVe B + ggﬁz ng/av;QButqQ’B>
Qq’

— g7 g5 Vg 24 65 g% “vqug

Bila, A, a,0',8,8) = Y (987 90, tanaviyara + 96° 97 tanav-qora)
QQ/

= ¢5% g5 " uy + g3* 05 uqug

Bl (q7 37 «, ala ﬂ7 ﬁ/) = Z (g&%a gg/ﬁquBu;;Q’B + gga gé? quviqQ’B>
QO

’ ’ 2
=g5" gg ﬁuq + 95" giﬁ UqVq

BQ((L A7 «a, O/a 57 B/) = Z (gga gglﬂvqﬂA’U;Q/A + gga gé,ﬂ 'UqQAuqu’A>
QQ/

=g5" ggﬁ V2 + g5 957 vqug

BQ ((I» Bv «, O/a ﬁv ﬁl) = Z (gga gglﬂquBv;Q/B + gga ggl/é) ’UqQBuqu’B>

QO
= 9595 "2 + 95 91 vquq

We use that gf T= gf = 0 to show

Al/(q’ Q7T7 \L’ T’i) = 07 BV(q’ Q? T’ \l/? T? \I/) = O

Ap(g, L1041 =0, Bu(g, 41,11 =0
forv € {1,2}, Q € {4, B}. Furthermore

Al(qu7T7\La\J/7T) vaLaTvTv\I/ :O

Ai(q )
AQ(anaTwl/wLaT) AQ(q A i T T \l/)
Bl<qu7Ta\L7\L7T> Bl(qB\LTT\L):

(q ) =

BQ(anaTme\LvT) 2 A»LTTi

The only non-zero coefficients end up being
Bt BT 2

A1(g, B L) = Bilg, B4 L L) = g gl Tl + g gt ugug
As(q, AL L) = Ba(g, A1, L L) = g7 g T2 +gBTgf‘ Vqliq
A1 AL = Bi(g A L1 L) = gt gl + g gl Tugug
As(q, B, L, 1,1, 1) = Ba(q, B, L 11 1) = g1 g2 + g7 g T ogug

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)
(B.25)

(B.26)

(B.27)
(B.28)
(B.29)

(B.30)
(B.31)
(B.32)
(B.33)
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Appendix

BCS theory

C.1 Gap functions

We remind ourselves of the gap function for unpolarised pairs along with the unpolarised
spin singlet and triplet superconducting order parameters.

Akoror == Y V27 Aoy, Xae(T) (C.1)
k’0‘30’4

AYS) = Ay — Ay (C2)

AL = DMy + Dy (C3)

We can then show that the even part in k of the unpolarised potential gives us a gap function
for the singlet pair

O(s) _ 1441 Tt 1t 11
Al == {ka' Aty + Vi "B i1 = Vi B 11, = Viggr Ak',w} Xk

k/
_ T T T L
== Z { (Ve + Vi) Bk — (Vg™ + Vi) Ak’,u] Xk
e —_—
VkEk(Ik) V:;(Ik)

E(k O(s
- Zka(' )Ak'(m Xk’

(C.4)
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while the odd part in %k of the unpolarised potential gives us a gap function for the unpo-
larised triplet pair

B(s) _ T U 1A 11
Al == {ka, Apr ity + Vi B 10+ Vi Bier g + Viggr Ak'm} Xk!

kl
_ LT T T T
=- Z { (Ve = Vi) Brrpy + (Vi ™ = Vi) Ak’m} Xk
kS —
v i
_ O(k) A E(s)
== Vi D xw
kl

(C.5)
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