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Abstract

Many of the most fascinating and challenging phenomena in condensed mat-
ter physics occur in systems with coupling between quasiparticles of different
nature. This thesis is concerned with the study of collective effects which
may occur due to coupling between electrons, magnons, and phonons in
various two-dimensional systems, and is based on four research papers.

In the first paper, we examine a spin model analog of the Haldane model
which has a topologically non-trivial magnon band structure. We discuss the
effect of coupling the topological magnons to phonons, and suggest signatures
both in the transverse magnon spin Hall conductivity and through exotic
magnon-polaron edge states.

In the second paper, we use a tight binding approach to model electron-
phonon coupling in graphene, and study possible phonon-mediated supercon-
ductivity in doped graphene using a detailed model for the effective phonon-
mediated electron-electron interaction.

In the third paper, we provide a revealing physical picture for the eigenex-
citations of the quantum antiferromagnet, and discuss the implications of
this in various physical settings. Amongst others, we emphasize that cou-
pling asymmetrically to the two sublattices of the antiferromagnet through
an uncompensated interface may enhance the effective coupling strength to
the antiferromagnetic magnons.

In the fourth paper, we discuss superconductivity mediated by antiferro-
magnetic magnons in a heterostructure of a normal metal coupled to anti-
ferromagnetic insulators. We find that sublattice coupling asymmetry plays
an important role in determining the pairing symmetry of the superconduct-
ing phase. Using Eliashberg theory instead of BCS theory, we furthermore
demonstrate the importance of a proper treatment of the frequency depen-
dence of the effective pairing interaction for magnon-mediated superconduc-
tivity.
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Preface

This thesis is submitted in partial fulfillment of the requirements for the
degree of Philosophiae Doctor at the Norwegian University of Science and
Technology (NTNU) in Trondheim, Norway. The work presented in this
thesis has been conducted at the Department of Physics from August 2017
until June 2021 under the supervision of Professor Asle Sudbg, while Pro-
fessor Jacob Linder has been co-supervisor. I have been affiliated with the
research centre Quspin. During these years, I have also been enrolled in the
PhD program of the Department of Physics, and completed 30 ECTS credits
of coursework. In addition, I have completed teaching duties corresponding
to one year, which have consisted of teaching the course TFY4210 Quantum
Theory of Many-Particle Systems, as well as teaching student labs. The
work has been funded by the Faculty of Natural Sciences at NTNU and
the Research Council of Norway through Grant Number 262633 “Center of
Excellence on Quantum Spintronics”.

The core of this thesis are the four research papers enclosed in the back.
In addition, the thesis consists of introductory chapters on the broader topics
these papers are concerned with through a discussion of magnetism, topol-
ogy, phonons, and superconductivity in Chapters 2-5, while more specialized
discussions are given in Chapters 6-8, where I try to introduce the themes
and some of the results in the papers without going into excessive detail.

One of the best feelings I know, is the feeling of solving a puzzle or
understanding something new after thinking about it for a long time. During
four years as a PhD candidate, I have been fortunate to have that feeling a
number of times. I hope this thesis can help you to understand something
new, have a new idea, or view something from a new angle.
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Chapter 1

Introduction

Imagine taking two ice cubes out of the freezer, and placing one on top of
a piece of wood and one on top of an equally shaped piece of aluminium.
Which of the two ice cubes melts first?

Being able to answer the above question correctly may help you staying
cold on a hot summer day. Understanding why is one of the great achieve-
ments of 20th century physics.

The explanations of seemingly simple everyday phenomena like the one
above can be thought of as pyramid shaped. The simple answer to the
question is that the ice cube on the piece of aluminium melts first because
aluminium is a better conductor of heat than wood. Climbing one step down
the pyramid, however, we may ask why aluminium is a better conductor of
heat than wood. A proper explanation of this ultimately requires quantum
mechanics, the Pauli principle, band theory, screening, and a fundamental
understanding of the basic quantum degrees of freedom describing the solid
state.

In simple terms, the solid state can be thought of as being described by a
small number of the basic degrees of freedom. First, a solid consists of ions
organized in a periodic structure, and these ions may vibrate around their
equilibrium lattice positions. Second, electrons in the solid may either be
bound to ions or move rather freely around. Finally, both ions and electrons
have the quantum property of spin. Understanding the behaviour of these
three degrees of freedom is at the heart of condensed matter physics.

Condensed matter physics allows us to understand why aluminium is a
better conductor of electricity than wood, why electron spins may all align in
a ferromagnet, and why phonons and not electrons dominate the transport
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of heat in insulators.

Some of the most fascinating, surprising, and confusing phenomena in
condensed matter physics occur, however, when the basic degrees of free-
dom are allowed to interact with each other. Cooling the piece of aluminium
down to 1.2 K, it becomes superconducting due to interaction between the
electrons and vibrations of the lattice [5]. Fluctuations of spins explain resis-
tance minima in the Kondo effect [6], and seem to play an important role in
the superconductivity of heavy fermion compounds and high-T.. cuprates [7].

Phenomena due to coupling between the fundamental degrees of freedom
are also of great technological utility. For instance, superconductors are used
to generate large magnetic fields in MRI scanners, and coupling between
electron currents and the magnetization of ferromagnetic domains can be
used to read a hard drive through the giant magnetoresistance effect [g].

In this thesis, we study collective effects arising due to the coupling be-
tween electrons, magnons, and phonons in low-dimensional quantum sys-
tems. In Paper [I], we discuss the coupling of topological magnons in a
magnetic systems to the quantum excitations of the lattice called phonons.
The resulting excitations are superpositions of lattice vibrations and spin
flips, and we discuss how this affects the notion of topology in the system.
In Paper [2], we discuss how the coupling between lattice vibrations and
electrons may give rise to superconductivity in graphene. In Paper [3], we
provide a physical picture for the magnetic excitations in an antiferromag-
net. Building on this, we complete the triangle in Paper [], and use an
Eliashberg theory framework to discuss how coupling between electrons in a
normal metal and magnons in an adjacent antiferromagnet may give rise to
superconductivity.

The thesis can be thought of as consisting of two parts. First, in chapters
2 to 5, we introduce the basic condensed matter phenomena and formalisms
used in the research papers through separate chapters on magnetism, topol-
ogy, phonons, and superconductivity. Second, in the chapters 6, 7, and 8, we
bring these phenomena together, and provide an introduction to the papers
and their main results.

Paper [1] is discussed in Chapter @ and is based on material introduced
in the introductory chapters on magnetism, topology and phonons.

Paper [2] is discussed in Chapter 7] building on material introduced in
the introductory chapters on phonons and superconductivity.

Papers [3] and [4] are discussed in Chapter[8] The discussion of Paper [3]
is based on material introduced in the chapter on magnetism, while the dis-
cussion of Paper [4] in addition builds on material introduced in the chapter
on superconductivity.



Chapter 2

Magnetism

Unlike most condensed matter phenomena, the phenomenon of magnetism
is truly ancient, and its discovery dates thousands of years back. Yet, a
proper understanding of magnetism must be built on quantum mechanics
and condensed matter physics. Historically, the study of magnetism is also
intimately connected with the development of the modern understanding of
phase transitions, including concepts such as spontaneous symmetry break-
ing and the Berezinskii-Kosterlitz-Thouless phase transition [9].

Today, magnetism is a rich and varied topic. Fundamental research is
performed along a multitude of directions for a multitude of reasons. Within
spintronics, magnetic systems are investigated as possible platforms for low
dissipation data storage and manipulation [I0], while magnetic fluctuations
are also studied in the pursuit of a theory for the poorly understood high-
temperature superconductors [I1HI3]. Furthermore, magnetic systems may
host strongly correlated and massively degenerate phases of fundamental
interest [14], [I5], and magnetic systems continue to function as working plat-
form to study novel phase transitions which cannot be understood within
existing paradigms of phase transitions [I6HIS].

In this chapter, we will primarily be discussing magnetism within the
context of magnetically ordered insulators. In Sec. 2.1} we introduce the
basic description for such systems. In Sec. we introduce the concept of
a magnon in ferromagnetic systems. In Sec. we generalize the concept to
antiferromagnetically ordered systems, and this will be particularly relevant
for Papers [3, [4]. Finally, in Sec. we discuss the Dzyaloshinskii-Moriya
interaction, which plays an important role in Paper [1].

3
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2.1 Spin models

We consider a set of quantum spins {S;} with spin quantum number S
localized on lattice sites labelled by 7 on some lattice. A spin model can
then be specified by a Hamiltonian on the form

H =% hi(S)+> hi(5:,8;)+ > hi;.(S:i, S;,Sk) + -, (2.1)
i ij ijk
where the various terms correspond to a single spin contribution h}, two-
spin-interactions h?j, and so on. This quantum Hamiltonian dictates the
ground state of the system, along with its excitations and thermodynamics.
In the research discussed in this thesis, we encounter spin models which
mainly consist of terms on the form

H=3J;Si-8;~ Ky (S;)*-BY) S;. (2:2)
] % 7

Here, K > 0 is an easy-axis anisotropy, B represents a homogeneous magnetic
field, and J;; is the exchange interaction strength between spins on lattice
sites ¢ and j. We will only be considering spin models where J;; is non-zero
only for nearest and next-to-nearest neighbours on the lattice, and denote the
nearest neighbour exchange coupling by Ji, and the next-to-nearest neigh-
bour exchange coupling by Js. Furthermore, we will be considering spin
models on the square and the honeycomb lattice, which are so-called bipar-
tite latticeﬂ Thus, they can be separated into two sublattices denoted by
A and B, as shown in Fig. (a) and (b).

In the above model, the easy axis anisotropy tends to favour spins point-
ing along direction Z in spin space. Depending on the sign of the exchange
interaction, the exchange coupling between the spins S; and S; tends to
favour them pointing along the same direction when J;; < 0, and in oppo-
site directions when J;; > 0. Assuming the nearest neighbour interaction
J1 to dominate, we therefore expect ferromagnetic order when J; < 0, and
antiferromagnetic order on bipartite lattices when J; > 0, as illustrated in
Fig. (c) and (d).

Since a general model on the form in Eq. contains a macroscopic
number of interacting spins, deducing the ground state and its excitations

1To define the notion of bipartite, we may think of a lattice as a set of points, where
we have defined a set of “neighbours” for each of the points. The lattice is then bipartite
if the set of lattice points can be split into to disjoint sets such that each lattice site in one
set only has “neighbours” in the other set. Such a separation is possible for the square
lattice and the honeycomb lattice (if we assume that two lattice points are “neighbours”
when their distance is as short as it gets), but not the triangular lattice.
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(@) (b) (©) ‘ ‘ ‘ “
A (d)$’$*$
B

A B A B A

Figure 2.1: Lattices and magnetic order. (a) The square lattice is bipartite
since it can be split into two sublattices. (b) Honeycomb lattice. (c) Each
lattice site in a spin model is associated with a quantum spin. Loosely
speaking, the system has ferromagnetic order when all spins are pointing
in the same direction. (d) Antiferromagnetic order with spins on the two
sublattices pointing in opposite directions.

is in general not a trivial task. Therefore, several techniques have been
developed to analyze the behaviour of spin models.

The arguably most basic is known as linear spin wave theory, and applies
to the situation where the ground state has long-range magnetic order, and
there are only small fluctuations around this order. For low temperatures,
this allows us to restrict our analysis to a low-energy subspace consisting of
states with few spin flips on top of the ordered state. We will be reviewing
this in the next section.

We also mention, however, a few techniques beyond linear spin wave
theory. A technique which does not depend on any particular magnetic order
is the introduction of Schwinger bosons or Schwinger fermions [19], which
can be combined with mean field or saddle point approaches. Furthermore,
in one-dimensional systems [20] and certain two-dimensional systems [21],
it may be useful to map the spin system to a set of fermions using the
Jordan-Wigner transformation. Finally, a path integral representation for
the spin system allows for various field theory techniques and gauge field
theory descriptions [I9, 22]. In one dimension, certain properties can some
times even be calculated analytically using a so-called Bethe Ansatz [23].

2.2 Magnons

To introduce the concept of a magnon, we consider a ferromagnetic spin
model, which we assume to take the form in Eq. .

For simplicity, we assume that J;; = J; < 0 when ¢ and j are nearest
neighbours, and zero otherwise. One may then show that the ground state
of the system is the ferromagnetically aligned state, where every spin is in the
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Figure 2.2: (a) A spin flip in a ferromagnet costs a significant amount of
energy due to the antiparallel alignment of neighbouring spins. (b) Magnons
are delocalized spin flips.

state with magnetic quantum number S with respect to the spin quantization
axis B2 [23

In our research, we are specifically interested in the excitations on top of
this state. The conceptually simplest excitation we can make is the flip of a
spin on a given site, as shown in Fig. (a). However, this excitation costs
a significant energy of order |Ji|, as the spin is no longer parallel with its
neighbours. An excitation with lower energy is instead obtained by delocal-
izing the spin flip, creating a superposition of spin flips at different lattice
sites, as shown in Fig. (b). Such delocalized spin flips are referred to as
magnons.

The elementary excitations on top of the ground state in a condensed
matter system can often be represented in terms of bosons through bosoniza-
tion techniques. In line with the low energy behaviour we expect, we there-
fore want our bosons to represent delocalized spin flips. This can be achieved
through the so-called Holstein-Primakoff representation [23H25]

St =1/25-ala;a; (2.3)
Sy = a;r\/ 25 - a;rai (2.4)

Si=5- aiai, (2.5)

where the boson operators a;, aI represent local changes in the magnetic spin

2To be more specific, one may show that each term in the Hamiltonian takes on its
minimum possible value in that state, and thus, the ferromagnetic state must be the
ground state of the system [23].
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quantum number along the quantization axis 2. One may show that the S-
operators satisfy spin commutation relations when the a-operators satisfy
boson commutation relations, and vice versa.

In line with the qualitative reasoning above, we assume that the number
of spin flips in the system remains small, so that the ferromagnetic insulator
is close to being perfectly magnetically ordered. Up to quadratic order in
the boson operators in the Hamiltonian, we may then use the linearized
Holstein-Primakoff transformation

SF =V2Sa; (2.6)

S; =V2Sal (2.7)
S7=S-ala. (2.8)

From the local spin flip bosons, one may construct delocalized spin flip
operators through the Fourier transform

1
Qg = —— ) € ks 2.9
q \/N Zn: n ( )
where a,, annihilates a spin flip on the lattice site at position x,, + 7, for
atom k in unit cell n, and where IV is the number of unit cells in the system.
Within linear spin wave theory, one may then derive the excitation spec-
trum of the quantum ferromagnet on the two-dimensional square lattice to
show that the Hamiltonian takes the diagonalized form

H =Y wqalaq, (2.10)
q
with magnon excitation spectrum

wq =2KS + BS +2|J1|5(2 - cos ¢, — cos gy ), (2.11)

and where we have set the lattice constant a to 1.

The spin model considered above is symmetric with respect to spin ro-
tations around the spin space 2-direction. This symmetry can be broken by
adding another easy axis anisotropy ¥.; K,(S¥)? or considering an in-plane

exchange coupling anisotropy. In addition to terms on the form az

then generate terms on the forms a:;aiq and aqa_q. In that case, the Hamil-
tonian can be diagonalized using a Bogoliubov transformation, as discussed

in further detail in the next section.

ag, We
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2.3 Antiferromagnetic magnons

In the antiferromagnetic Heisenberg model, we expect there to be antifer-
romagnetic order, where the spins are on average pointing in opposite di-
rections on the two sublattices A and B of a bipartite lattice. The linear
spin-wave theory above can easily be generalized also to these systems. In
Papers [3] and [4] we make use of the excitations on top of the ground state
of an antiferromagnet, and we will be discussing these excitations in the
following.
Our starting point is the Hamiltonian

H=3Ji;S;-8; - K> (S7)?, (2.12)
1,9 7

where we let J; > 0, K > 0, and consider a square lattice. The classical

ground state is the so-called Néel state, where neighbouring spins on the

two sublattices of the system are pointing in opposite directions along the

spin quantization axis Z.

As one may easily check, however, this Néel state is not an energy eigen-
state of the quantum spin Hamiltonian, and it can therefore also not be the
ground state. Yet, since we do expect antiferromagnetic order in the ground
state, we assume that the system can still be understood in terms of a small
number of spin flip excitations on top of the Néel state.

Therefore, we again introduce the linearized Holstein-Primakoff repre-
sentation. Denoting the spin flips on the lattice sites i € A and j € B by a;
and b;, we have [23]

4= V254, Siea  =V2Sa! Sis=S8-ala;  (2.13a)
o = V2Sb! Sip  =V25b; S5 =-S+blb;. (2.13b)

In terms of the local spin flips bosons, the spin Hamiltonian then takes the
form

H = 2S(21J1 - 22J2 + K) Z(aj»ai + bj:bi) + 221J15 Z(aibj + aib;)
i (i5)
+222JQS Z (a;raj + b:bj), (214)
(&)
consisting of an onsite energy term, a term describing the simultaneous cre-
ation or annihilation of sublattice magnons on neighbouring lattice sites, and
a next-to-nearest neighbour magnon hopping term.
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Since the system is translationally invariant when we assume periodic
boundary conditions, we introduce the Fourier transform to diagonalize the
system. As before, we therefore introduce Fourier transformed boson oper-
ators aq and bg through the transformation

1 .
a; = NS e %iag (2.15)
q
1 .
b= o Ty (2.16)
q

With spins oriented in opposite directions on the two sublattices, the peri-
odicity of the system is enhanced with respect to the square lattice, and the
number of atoms in the basis is doubled by introducing different operators a
and b on the two sublattices. To preserve the number of degrees of freedom in
the system, the Brillouin zone is therefore reduced, and the momenta g run
over the so-called reduced Brillouin zone indicated in orange in Fig. (d).

Furthermore, we also introduce the Fourier transforms of the nearest and
next-to-nearest neighbour interactions through

1 . - 1 i
Va =~ P Fg=— 2%, (2.17)
16, 22§,

where the sums run over the sets of nearest- and next-to-nearest neighbour
vectors 01 and do, and z; and 29 are the number of vectors in these sets.
The Hamiltonian then takes the form

H=) C’q(agaq + biqb_q) +Dg(aqb—_q + agbiq), (2.18)
q

where we have introduced coefficients

Cq=221018 —220J25(1 - 74) + 2K S (2.19)
Dq = 221J15’}/q. (220)

The Hamiltonian thus consists of two kinds of terms. The first term,
which is proportional to Cg, corresponds to an energy cost associated with
the creation of the excitations described by the boson operators aq and bg.
This term conserves the boson number. In contrast, the second term couples
sectors of the Hilbert space which do not have the same number of bosons.
A quantity which is however conserved, is
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Ng = alaq bl jb_q. (2.21)

It can be thought of as a momentum resolved Néel order parameter. Thus,
we may separate our Hilbert space into sectors with different values for Ng
for each momentum g, and diagonalize the Hamiltonian separately within
each sector. This can be achieved through the Bogoliubov transfornﬁ

(g = UqOig + vqﬁiq (2.22a)
biq = uqﬁiq +Vq0lq, (2.22b)

with some coefficients uq and vqﬂ As one may easily show by solving for ag
and qu above, the inverse transformation is given by

Qg = Uglq — ’Uqbiq (2.23a)
ﬁjq = uqbtq - Vqlq. (2.23b)

Since we want the new operators o and B4 to satisfy boson commutation
relations, the coefficients ug and vq have to satisfy the hyberbolic constraint

ug vy =1. (2.24)

The so-called coherence factors ug and vq can therefore be expressed as

ugq = coshfy vg = sinh 6. (2.25)

We may now choose the hyperbolic angle 8, so that the Hamiltonian is
diagonalized. One may show that this corresponds to the choice

1 -1 Dq 1 -1 lel’Yq
04 = —= tanh — | = —=tanh 2.26
q 2 an (Cq) 2 an 21J1+K—2’2J2(1—’?q) ’ ( )

and that the Hamiltonian then takes the form

H =FEy+ Y we(abag+Bi8,), (2.27)
q

3More generally a Bogoliubov transform allows the diagonalization of a quadratic
Hamiltonian with any number of coupled bosonic modes, where the boson number is
not necessarily conserved [26H29].

4The Bogoliubov transform given here has been defined according to Paper [4. We
notice that the parameter vg in Paper [3] has been defined with a relative sign difference.
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Figure 2.3: (a) Magnon spectra along high-symmetry path in (d) for various
K. (b) Magnon spectra for various J3. (c) Coherence factors ug and vq. (d)
Brillouin zone (BZ) and reduced Brillouin zone (RBZ) with high symmetry
path and points.

where Ej is a constant and the excitation spectrum wq is given by

wq =+/C2 - D2. (2.28)

Inserting the explicit expressions for Cq and Dg, we have

wq =25V [21J1 — 20J2(1 = 34) + K12 = (211174)2. (2.29)

The spectrum is shown for various easy axis anisotropies K with J; = 0 in
Fig.[2.3|(a), and for various J; with a small easy axis anisotropy K/J; = 1074
in Fig. (b).

Any state can be constructed from the Néel state by superimposing states
with multiple spin flips. Since the mode aq only couples to the mode b_q
and the quantity Ny is conserved, it should therefore be possible to write
the ground state on the form

GS) =TT fa(alblg)I0) (2.30)
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where fq is a function of the creation operators, and |0) the Néel state, corre-
sponding to the vacuum state for the sublattice magnon operators aq and bg.
Since the eigenoperators o and B4 represent eigenexcitations, the ground
state in the system is clearly the state without any a- or S-excitations. Thus,
the ground state should satisfy

ag|GS) = B4GS) = 0. (2.31)

These conditions can be used to derive differential equationsﬂ for the function
fq, which are easily solved to give

fq(aflbiq) = % exp (an};biq) . (2.32)

q

Calculating the ground state inner product to fix the normalization con-
stant] one then finds the normalized ground state

& tanh” 6, \ (al )"(bi )"
GS) = 114 27 _|0) = P, , 2.33
65)- 3Tt ) o - S @, (239)
where [n4,np)q is the state with na delocalized spin flips with momentum
q on the sublattice A and np delocalized spin flips at momentum -q on
sublattice B. The weight P,(q) is given by

(2.34)

Po(q) = (tanh" 0q) .

cosh 6,

For small 64, the weight P,(q) of the states with a large number ng
of pairs of spin flips on the two sublattices in the above superposition is
small. When g — 0 and K/z1J7 is small, however, |04| approaches 1, and
the ground state has significant weight also for states with a large number
of spin flips. At the same time, the magnitude of the coherence factors can
be approximated by

gl % [vgool ~ (2101 K)M*, (2.35)

5This is achieved by utilizing that [a, f(at)] = f’(a) for a function f depending only
on a' and not a.

6The result can for instance be shown by Taylor expanding the two exponentials in the
inner product and utilizing a”(at)"|0) = nl.
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which becomes large for small easy axis anisotropiesﬂ This is also shown
in Fig. (¢), which shows the coherence factors uq and vg along a high
symmetry path for K = 107%J;. This observation becomes important when
we discuss squeezed magnons and magnon-mediated superconductivity in

Chapter

2.4 Dzyaloshinskii-Moriya interaction

So far, we have considered a restricted class of spin interactions, namely
ferromagnetic or antiferromagnetic exchange couplings on the form JS§;-S;,
and an easy-axis anisotropy on the form K(S7)?. In general, there may of
course also be more exotic two-spin interactions. In addition to anisotropic
versions of the exchange interaction, we may have a so-called Dzyaloshinskii-
Moriya or antisymmetric exchange interaction between two spins, and we will
be considering a model with such an interaction in Paper [IJ.

A Dzyaloshinskii-Moriya interaction between two spins S; and S; is an
interaction on the form

H)M' = Dy - (Si x S;), (2.36)

where Dj;; is a vector which determines both the interaction strength D;; =
|D;j| and the direction of the interaction. The Dzyaloshinskii-Moriya in-
teraction typically occurs due to the presence of spin-orbit coupling in an
underlying electronic system. In the following, we discuss two examples of
this.

In Mott insulators, the antiferromagnetic exchange interaction can be ob-
tained through second order perturbation theory based on a Hubbard model
with hopping parameter ¢;; and onsite repulsion u to produce exchange in-
teraction J;; o< [t;;|°/u. By assuming that there are in addition spin flip
hoppings proportional to s;; in the Hubbard model originating from spin
orbit coupling, a similar procedure produces a Dzyaloshinskii-Moriya inter-
action Dij < tijsij/u [307 31]

Similarly, in systems of localized spins with itinerant electrons, the local-
ized spins interact through an RKKY exchange interaction mediated by the
electrons. If the electrons are spin-orbit coupled, a similar mechanism pro-
duces a Dzyaloshinskii-Moriya interaction linear in the spin orbit coupling
strength [32].

"The fact that this may actually happen is a consequence of the hyperbolic nature of
the constraint in Eq. (2.24]), which contrary to the corresponding constraint for a unitary
transformation does not constrain the absolute values of the matrix elements uq and vq.
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To understand qualitatively how the Dzyaloshinskii-Moriya interaction
affects the ground state of a spin model, we may use classical considera-
tions. When the spin cross product S; x S; is aligned oppositely with D;;
and the spins are orthogonal, the energy associated with the Dzyaloshinskii-
Moriya interaction is minimal. The Dzyaloshinskii-Moriya interaction there-
fore favours spin textures where the spins are no longer collinear, and that
may cause various spiral or skyrmion phases.

To see why, we may consider a pair of spins at lattice sites i and j
which are interacting through a ferromagnetic exchange interaction and a
Dzyaloshinskii-Moriya interaction, so that

Hij = —JSZ . Sj +Dz- (S2 X SJ) - h(SZZ + SJZ), (237)

where we have assumed the Dzyaloshinskii-Moriya interaction to be oriented
along the 2-direction. In terms of spin raising and lowering operators, the
pair Hamiltonian can then be written

Hij=-JS; 9% - %(e—wsgs; +e"?8;S7) ~ h(S} +57), (2.38)

where V =+ J2+ D? and ¢ = arctan D/J. To analyze it further, one may

rotate one of the spin coordinate systems around the Z-axis relative to the

other by introducing the rotated spins

Sv_j: _ eioisz Sie—zﬂisz _ eiioi S_j: (2 39)
() N

3

where the last equality can be shown by utilizing the Baker-Hausdorff-
Campbell lemma [33]. By choosing §; = 0 and §; = ¢, one may then eliminate
the phase ¢ in the Hamiltonian to produce the effective model

Hij=-JS;S; -V (S;Sy +§$S;/) —h(S7 +S5). (2.40)

If we first consider h = 0, the classical ground state simply consists of ferro-
magnetically ordered spins in the xzy-plane. In the original coordinates, this
corresponds to a state where one of the spins is rotated with respect to the
other.

Turning on the magnetic field, we expect that the two spins will even-
tually align along the 2-direction. Then, the Dzyaloshinskii-Moriya interac-
tion does not affect the ground state energy of the pair Hamiltonian, but
it will affect the excitations, and in Paper [I], we will see that a particu-
lar Dzyaloshinskii-Moriya interaction plays an essential role in generating a
topologically non-trivial magnon band structure on a honeycomb lattice.
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Let us now go beyond the simple two-spin model, and think of a one-
dimensional spin chain with neighbouring spins interacting according to the
above pair Hamiltonian in the absence of a magnetic field. The classical
ground state is therefore a spin spiral where the spins in the chain are aligned
along a position dependent quantization axis which rotates with a fixed angle
¢ for every step we move along the chain.

Depending on the lattice and the pattern of the Dzyaloshinskii-Moriya
vectors D;;, it may in higher dimensions not be possible to minimize all the
pair Hamiltonians at the same time. This makes the spin model frustrated,
and it may consequently host exotic phases and excitations [34, [35].
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Chapter 3

Topology

An informal investigation of the abstracts in the condensed matter section
of the preprint server arXiv in May 2021 indicated that roughly 20 % of the
abstracts contain the word “topology” in some form. The concept grew pop-
ular through the classification of electronic band structures to explain the
integer quantum Hall effect. Nowadays, however, the usage has exploded.
The concept is applied to describe the ground states and excitations of mag-
netic systems [36], superfluids [37], superconductors [38], and lattices [39],
while major technology companies invest millions and millions of dollars to
realize topological quantum computation [40].

With such a broad range of applications in physics, one may suspect
that the core concept is very general. Indeed, the concept itself comes from
mathematics, where the notion of a topological space is defined with great
mathematical rigour [4I]. To the physicist, it is simpler and more useful to
think of topology as the qualitative study and classification of continuous
mappings. To make this statement less abstract, we consider two examples
in the following.

Consider first a chain of XY spins with periodic boundary conditions.
The orientation of an XY spin can be specified by an angle 6 € [0,27).
Let us furthermore assume that we have a continuum of these spins. The
configuration of the spin chain can then be specified through the function
0(x), where x € [0,L) is the position of a given spin, and we have 6(0) =
0(L). We now also require the mapping x ~ 6(x) to be continuous. The
domain of the mapping can be considered equivalent (homeomorphic) to a
unit circle, which we denote by S7. Since the target space is also a unit circle,
configurations in the system can be represented by the various continuous

17
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mappings S1 = S7. This illustrates that a spin configuration can be thought
of as a mapping [42].

Furthermore, from this simple example, it is also clear that the various
mappings can be organized into various classes according to their winding
number. If we think of a continuous mapping = — (), it is clear that since
6(L) = 0(0), the angle 6 can only complete an integer number of complete
turns. This number is known as the “winding number” of the mapping, and
can be expressed as

L A
wzfo dz ' (z), (3.1)

where 6’(z) is the derivative of §(«) with respect to its argument. We no-
tice that although the winding number is a global property describing the
mapping as a whole, it can be calculated by summing over the instantaneous
local changes in the angle. Furthermore, mappings with different topological
invariants cannot continuously be deformed into each other, and the wind-
ing number therefore introduces a non-trivial equivalence relation between
mappings [24, [42].

As a second example, we consider the electronic states of a quantum
system with translational invariance. Assume we have M different energy
levels E,, (k) and eigenstates 1, (k) associated with the quasimomentum k,
where the quasimomentum k takes on values in the first Brillouin zone. For
simplicity, we consider a two-dimensional system with M =2 energy bands.
The physical states of the system can now be represented by points on the
Bloch sphere, which is equivalent to the unit sphere Sy consisting of unit
vectors n. The eigenstates of the system can therefore be thought of as a
mapping from the torus to the unit sphere, 7 — Sy, where k — n(k).

Although more challenging to visualize and understand, the topological
invariant of this mapping is the so-called skyrmion or wrapping number [42]

1
S = - Ld% n- (0;n x Oyn), (3.2)

where 9, denotes the partial derivative with respect to k, and A7 is the
area of the torus. This skyrmion number can be thought of as the number
of times the mapping wraps around the unit sphere [22] [42].

The two examples given above represent two of the most common notions
of topology used in condensed matter and statistical physics, namely the
notions of topological band structures and topological excitations. In this
thesis, we will primarily be concerned with the notion of topological band
structures.
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Based on the above discussion, it should be possible to classify electronic
band structures into topologically distinct classes. Yet, for such a classifi-
cation to be useful, we need to relate it to some physical properties of the
system. Historically, the whole concept of the topology of band structures
was introduced to explain the quantized levels of conductance in the integer
quantum Hall effect [43]. Thus, at our level of understanding, we should
expect that Hall conductivities in condensed matter systems are somehow
related to topological invariants of the band structure, and that materials
can be classified topologically according to their Hall response. Furthermore,
as we will see, the topological classification can also be used to understand
the presence or absence of edge modes in a system through the so-called
bulk-boundary correspondence.

In this chapter, we will be introducing the concept of topology in con-
densed matter physics. In Sec. we discuss the connection between topol-
ogy and Hall conductivities, while in Sec. we introduce the Haldane
model as an example of a model containing topologically non-trivial phases.
This model will be relevant for Paper [I]. Building on the discussion of the
Haldane model, we introduce the bulk-boundary correspondence in Sec. [3.3]
Finally, we discuss topological bosonic band structures in Sec. 3.4} while a
more detailed discussion of the specific instance of topological magnons is
given in Chapter [6]

3.1 Hall conductivity and Berry curvature

The classical Hall effect was discovered in 1879 by Edwin Hall [44], who
discovered that when a conductor is placed in a magnetic field B = BZ, the
application of an electric field F, gives rise to a transverse voltage V.. We
may understand this due to an off-diagonal term o0,, in the conductivity
matrix, so that the electric field E = E,§ gives rise to a transverse current.
Because of this, a boundary charge builds up and causes a transverse voltage.

In the original discovery, Hall made use of rather small magnetic fields.
In the classical picture, this gives rise to large cyclotron orbits, which renders
the electron motion essentially classical. Increasing the magnetic fields, the
cyclotron orbits shrink, and at sufficiently large magnetic fields, we would ex-
pect quantum effects to become important. When von Klitzing and cowork-
ers [43] measured the Hall conductivity at magnetic fields reaching 18 T,
the measurements showed plateaus, and the Hall conductivity o, took on
quantized values
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(3.3)

where v € Z is an integer.

To explain this phenomenon theoretically, we therefore need a quantum
mechanical description of the system and a method to calculate Hall con-
ductivities. In the following, we will therefore be discussing currents within
a second quantization framework, and how to calculate Hall conductivities
using linear response theory. As we will see, this calculation allows us to as-
sociate the quantity v with the so-called Chern number of the bands, which
is a topological invariant.

3.1.1 Current operator

We consider a system of spinless electrons described by a tight binding hop-
ping model on a lattice. In the absence of an electromagnetic field, the
system can thus be described by a Hamiltonian on the form

H = —ZtijC;er, (34)
1]

where ¢;; = ¢7; is in general complex. For systems with translational in-
variance, it is useful to introduce the Fourier representation of the electron
creation and annihilation operators through

R e (3.5)

1
Cha = —— )y €
N5

1 —
o —ikwd
Cha = \/Nzk:e s (3.6)
where ¢, is the annihilation operator for an electron on sublattice a within
the Bravais unit cell n, and where x{, is the position of the lattice site, while
N is the number of unit cells. The Hamiltonian then takes the form

H=3Y has(k)ch  crs. (3.7)
k apf
This Hamiltonian can be diagonalized by introducing new fermion opera-
tors dg, through the unitary transformation dg, = X5 Uag(k:)ckg to obtain
eigenenergies Eg,, where « is a band index.
We now aim at deriving a second quantized expression for the current
operator in the system. Since the canonical and kinematic momenta are in



3.1. HALL CONDUCTIVITY AND BERRY CURVATURE 21

general different [45], the current operator j,, along direction p in general
has two contributions, one paramagnetic and one diamagnetic. The dia-
magnetic part is simply given in terms of the electron density n; and the
vector potential A; on site i. Letting H be the Hamiltonian in the absence
of an electromagnetic field, the paramagnetic part can be extracted from the
Heisenberg equation of motion [33]

en; = —%[ni, H] (3.8)

by comparing with the continuity equation
em + Zji,i-HS =0 (39)
5

for the electron charge. Here, j; ;45 is the operator corresponding to current
flowing from lattice site i to lattice site i + 6. We discuss this in more detail
in Appendix [A]

We now define a local current density operator

Z]m i (3.10)

'LlC J

where d;; is the displacement vector between lattice sites 7 and j, and Vi is
the real space volume of the unit cell. As shown in Appendix[A] the Fourier
transformed current operator j,(q — 0) then takes the form

ju(q—>0)=(v f) ZZ(ahqﬁ(k))Ckackg (3.11)

k ap

Furthermore, we introduce the velocity matrix

Ohas(k)
af _ of 12
v =y ( ok, ) . (3.12)

When the matrix hqg is diagonal, the result therefore has a very simple
interpretation, and can simply be thought of as the number of electrons in
a given state multiplied with the group velocity.

3.1.2 Linear response and Berry curvatures

Knowing the second quantized form of the current operators, we are ready
to calculate Hall conductivities using linear response theory. We consider a
system described by the Hamiltonian in Eq. (3.7)), and subject the system
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to a time dependent electric field E(t) = Ee ™! where we eventually let
the frequency go to zero. This electric field is incorporated in the theory
through the time dependent vector potential

E _.
A(t) = —e ™, (3.13)
iw
which is coupled to the electric current in the system through the interaction
term

Hern = —V;lc ZA(J:]) ]J (314)
J
Using linear response theory to linear order in the vector potential as dis-
cussed in Appendix [A] the Hall conductivity can be expressed as [46], [47]

o= 5 5 [, S (Br) - ne (B lF (). (319
Here Eg. is the single particle energy of a particle in eigenstate «, and
np(Ekq) is the corresponding Fermi-Dirac distribution. We have further-
more introduced the curvature matrix

~a6,UBa _ ,Daﬁ,vﬁoz
B (k) = ipt v "y r 3.16
FP(k) =i (Bra ~ Frs)? (3.16)

expressed in terms of the velocity matrix elements 17;‘[3 in the band eigenstate
basis, which are obtained from the sublattice basis matrix elements UZ‘B
through

577 (k) = UL, (k) (k)Uss(k), (3.17)

where Uyp(k) is the unitary transformation which diagonalizes the Hamil-
tonian.

We now assume that there is an energy gap in the spectrum, and that
the chemical potential lies in the middle of the gap. Furthermore, we also
assume that the temperature is small compared to the gap. This allows us
to replace the Fermi-Dirac distributions above by unity or zero depending
on whether the bands lie above or below the Fermi surface. Thus, the Hall
conductivity can be written

2

oy = 27rhaz fBZ 2w Fo k), (3.18)

filled
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where the sum runs over the filled bands and the band curvature

Fo(k) =Y F*P(k) (3.19)

B+a

is obtained by summing over a given row of the curvature matrix.
As also shown in Appendix[A] this curvature equals the Berry curvature
Q%(k) of band «, which is defined as [46], 48]

Q% (k) = i[{Orug|0yug) = (Oyuicldruic)]- (3.20)

Here, 0,, denotes the derivative with respect to k,, and we have used the bra-
ket notation |ug) for the column vector « of the matrix Ugq (k). Integrating
the Berry curvature over the Brillouin zone one obtains the so-called Chern
number C®, so that the Hall conductivity can be expressed

62

aacy:% y

where C = ¥, fniea C is the Chern number of the filled bands and e?/27h is
the so-called quantum of conductance.

The concepts of Berry phases and Chern numbers in physics were first in-
troduced to describe the adiabatic evolution of the states of quantum Hamil-
tonians described by parameters which depend on time [48]. Since the system
we consider is translationally invariant and momentum is conserved, we may
similarly consider the quasimomentum k as a parameter which can be varied
to control the matrix h(k) and its eigenvectors. This allows us to construct
a hierarchy of quantities which will prove useful in the following.

For simplicity, we consider a two-dimensional system, so that k = (k, k)
lives on the torus. One may then define the Berry connection [49]

(3.21)

A% (k) = iug| Vi|ug)- (3.22)

Considering some path P in the Brillouin zone, the Berry phase vp is ob-
tained by integrating the Berry connection along the path, so that

73:/7;dk:-A“(k). (3.23)

Motivated by Stokes’ theorem, we may furthermore define the Berry curva-
ture

Q% (k) = (Vi x A%), | (3.24)
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and this definition is completely equivalent with the definition given above
in Eq. (3.20). Finally, the Chern number is given by

co = /BZ - (k), (3.25)
as already discussed above.

While the skyrmion density n- (0,1 x 9yn) used to define the wrapping
number in Eq. can be thought of as the unit sphere area spanned out
by the vectors n corresponding to an infinitesimal area around the point k
in the domain, the Berry curvature F(k) can similarly be thought of as
the portion of the Hilbert spanned out by eigenstates of the Hamiltonian for
the momenta around k.

3.1.3 Quantization of the Chern number

We have now shown that the Hall conductivity is related to a quantity called
the Chern number, which we have defined in terms of the eigenstates of the
system. At this stage, however, it is not clear what these quantities have to
do with topology. In particular, it is not clear yet why the Chern number
should only be allowed to take on integer values. This is what we discuss in
the following.

The Berry curvature F(k) is a gauge invariant quantity, and is not
affected by the gauge transformation [4§]

uge) > e “®ug). (3.26)

In contrast, the Berry connection is not gauge invariant, and transforms
according to

A%(k) > A%(k) - ViC(K). (3.27)

As starting point for our argument, we consider a square Brillouin zone
which we denote by D, and a curve P which encloses a domain Dy c D,
such that P = 0D;. However, since the Brillouin zone has the topology of
a torus, the curve P does not have a well defined inside and outside, so in
fact, we could equally well think of the curve P as enclosing the conjugate
domain Dy, as shown in Fig. (a). Considering the integral of the Berry
connection around the closed path P and using Stoke’s theorem, we may
now write
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(a) (b)

glIClke

Do I 11

Figure 3.1: (a) Stoke’s theorem on a torus. A curve P enclosing the domain
Dy can equally well be thought of as enclosing Ds. (b) The location of
exceptional points in the topologically non-trivial regime depends on the
choice of gauge.

/Pdk:.Aa(k:)HfDl &2k FO (k) (3.284)

fpdk~A“(k)=—/Dz &2k FO(k), (3.28b)

where the opposite signs occur because the path P is oriented in opposite
directions with respect to the two domains D; and Ds. By subtracting the
second equation from the first, we obtain an integral over the entire domain
D. Thus, it may at first glance appear as if the Chern number is always
trivial, so that C* = 0. However, this is not the case, and the reason is
subtle. The eigenvectors of the Hamiltonian are associated with arbitrary
phases. To be able to calculate the Berry curvature, we need to calculate
the derivatives of the eigenstates, and this requires us to fix the phases of
the various states (i.e. fix the gauge). However, it may not be possible to do
this in a continuous way over the entire Brillouin zone within a single gauge,
and we may then have exceptional points, as indicated in Fig.|3.1] (b). By
changing the gauge, however, the exceptional point can typically be moved
from one domain to the other, and we should then evaluate the two equations
in Eq. in different gauges which we denote by I and II. Subtracting the
the two equations and utilizing that the Berry curvature is a gauge invariant
quantity, we then have

27rC°‘:fDko}'o‘(k):ﬁdk-[A?(k)—Aﬁ(k)], (3.29)
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where A¢(k) and A%, (k) are the Berry connections in the two gauges.
Assuming that gauge II is obtained from gauge I via a gauge transformation
specified by ¢ through Eq. (3.26)), we then have

yg?dk[Af‘(k)—Aﬁ(k:)] - ﬁdkvkg(kz) - 2mm, (3.30)

where m € Z is an integer and we have utilized the uniqueness of the phase
factor exp(i¢(k)) upon completing the loop. This proves that C® is integer
valued. Hence, conductivity is quantized, and the Chern number allows a
topological classification of electronic band structures. In experiments, the
quantization of conductance has been found to be extremely precise, with a
precision down to 107 [50].

From the above argument, we also realize that the Chern number is
always trivial when we can choose a consistent gauge in the entire Brillouin
zone. We will be commenting on this in a concrete context when discussing
the Haldane model in Sec. 3.2

An infinitesimally small change in the model through the matrix hqog(k)
cannot usually change the Chern number significantly, and since the Chern
number must be an integer, it therefore cannot change at all. Thus, a dra-
matic change in the model is needed to change the Chern number. Such a
dramatic change is a gap closing. When a gap closes, the involved eigenstates
become degenerate, and this makes the otherwise gauge invariant Berry cur-
vature ill defined at the gap closing point, and as opposed to case of the
exceptional point discussed above, this problem cannot simply be solved by
moving to a different gauge. When a gap opens again, the Chern number
may have changed.

3.2 The Haldane model

Both the original discovery of the Hall effect and the discovery of the integer
quantum Hall effect were done in systems with a net magnetic field pene-
trating the sample. However, a net magnetic field is in fact not necessary
to give finite Hall conductivities. In systems with broken time reversal sym-
metry, the band structure itself may provide a finite Hall conductivity. An
explicit demonstration of this was provided by Haldane in 1988 [51], who
investigated what we today know as the Haldane model.

In Paper [1], we will be studying a spin model with magnon excitations
which perfectly mimic the electronic states in the Haldane model. To prepare
for this, we will therefore be discussing the Haldane model in an electronic
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(a) (b)

Figure 3.2: (a) Honeycomb lattice with sublattices A and B. Next-to-nearest
neighbour hoppings are associated with a phase v;;¢, where v;; = £1 is +1
for hoppings along the arrows and —1 for hoppings against the arrows. (b)
The Brillouin zone of the hexagonal lattice with high-symmetry points and
a typical high-symmetry path.

K’

context in this section, and also use it to illustrate the main concepts in
topological band theory.

The Haldane model is a model describing hopping of electrons between
the lattice sites of a honeycomb lattice, as shown in Fig. [3:2l The model is
given by [406, 511, (2]

H=-t Z czcj —t Z eid’“c;‘cj +M chjci, (3.31)
(i7) {igh i

where t; is the nearest neighbour hopping amplitude, and where €; = +1 for
i€ Aand ¢; = -1 for i € B, so that M is the strength of a staggered potential.
The special term that was added by Haldane is the next-to-nearest neighbour
hopping with amplitude ¢5. In this term, each hopping is associated with a
phase ¢;; = v;;¢, where the sign v;; = £1 is chosen according to the pattern
in Fig. (a). These phases can be thought of as generated by a staggered
magnetic field through the unit cell, but where the net magnetic field is still
ZEro.

In his paper introducing the Haldane model, Haldane remarked that
“the particular model presented here is unlikely to be directly physically
realizable”. Several decades later, it has, in perfect fulfilment of the irony of
fate, been realized in ultracold atom systems [53].
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3.2.1 Bulk spectrum

To determine the bulk energy spectrum, we introduce the Fourier represen-
tation for the fermion creation and annihilation operators. The honeycomb
lattice can be thought of as a hexagonal lattice with a two-atomic basis.
The lattice sites of the honeycomb lattice are then located at positions wr? ,

where n is a unit cell index and D € {A, B} a sublattice index. We define
the Fourier transform according to

1
CnD =
D N,

Z eikz-mf CkD, (332)
k

where the operator ¢, p is the electron annihilation operator on the D sub-
lattice in unit cell n. The first Brillouin zone of the hexagonal lattice is
shown in Fig. 3.2 (b), and has the shape of a hexagon. The high symmetry
points K and K’ are inequivalent.

Using the above Fourier transform, the Haldane Hamiltonian takes the
form

H=Y cLh(k)e, (3.33)
k

T
where we have introduced electron spinor cg = (ck A Ck B) , and the Hamil-
tonian matrix h(k) is given by

(M =2t ¥ 5cos(k- B+ ¢) 11 Y, e
}“k)‘( h Y, ek M2ty Ygcosk-B-g)) B3

where the sums over o and 3 are over the sets of three nearest and next-to-
nearest neighbour vectors shown in Fig. [3.2] (a).

Since the matrix is Hermitian, it can also be expressed in terms of Pauli
matrices, which form a basis for Hermitian 2 x 2 matrices. Thus, we may
also write

h(k) = do(k) + di (K)o, (3.35)

where o; denotes a Pauli matrix, and i € {1,2,3}. Here, the coefficients



3.2. THE HALDANE MODEL 29

d,(k) are given by

do(k) = =2ty cos 6 Y cos(k - B) (3.36a)
dy(k) = —t; 3 cos 15 ‘a (3.36b)
dy (k) =+t isink: ‘a (3.36¢)
ds(k) = M +a2t2 sin ¢ %j sink - 8. (3.36d)

The energy spectrum of a Hamiltonian on the given form is known to be

Egs = do(k) = |d(k)], (3.37)

where we have introduced the vector d = (dy, da,d3). For the Haldane model,
this spectrum is shown along a high-symmetry path in Fig. for ¢ = /2
and two different values of M.

The gap in the spectrum is determined solely by the magnitude of the
vector d. Since the two vector components d; and dp vanish only at the
special points K and K’ in the Brillouin zone, these are the only two points
where the gap can actually close. At these points, the last component d3 is
given by

d3(£K) = M + 3V/3tysin ¢, (3.38)

so that the gap closes at the point +K for M = ¥3\/3tysin¢. As we have
already argued, the topological properties of the system can only change
under a gap closing. Thus, we suspect that one may draw a phase diagram
in the ¢-M-plane which has the curves defined by setting d3 = 0 as phase
boundaries.

3.2.2 Topology

To verify our suspected phase diagram, we need to know the topological
invariants within the different regions of the ¢-M-plane. A simple way to
do this, is to calculate the Berry curvature and integrate it numerically over
the Brillouin zone to obtain the Chern number.

For Hamiltonians on the form of Eq. , the Berry curvature can
conveniently be calculated using the formula [4§]
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Figure 3.3: Haldane model energy spectrum for ¢ = /2 and M = 0 (blue)
and M = 3/3ty (green), corresponding to the gap closing point.

OF = %d - (O, d x O, d), (3.39)

and the result is shown in Fig. [3.4] (a) for four different parameter choices as
indicated in Fig. [3.4] (b). Integrating over the Brillouin zone to obtain the
Chern numbers, we obtain the phase diagram in Fig.[3.4] (b), which shows the
Chern number of the lowest band in the M-¢-plane. There are three phases,
where the Chern number takes on the values C = 0 (topologically trivial)
and C = +1 (topologically non-trivial). The model transitions between these
phases in a so-called topological phase transition when the gap closes. As
illustrated in Fig. [3.4] (¢), this topological phase transition can be thought
of as an exchange of a unit Chern number at the point K.

To understand some aspects of this result, we may consider the Haldane
model in the atomic limit M — +oo. The model is then trivially solvable,
and the eigenstates and energies become momentum independent, clearly
corresponding to a topologically trivial phase. To calculate the Chern num-
ber in the remaining sectors of the phase diagram, one may show that a unit
Chern number is transferred between the bands in a gap closing within a
low energy effective theory valid close to the gap closing point [46]. We will
not be discussing this further here.

Earlier, we remarked that non-zero Chern numbers may only occur when
it is not possible to choose a consistent gauge over the entire Brillouin zone.
The topologically trivial regime corresponds to |[M| > 3v/3ty sin ¢, and in this
regime, dz(k) > 0 for all k. In contrast, the topologically non-trivial regime
also has a set of momenta k where d3 < 0. Thus, while the mapping from
the torus to the unit sphere spanned out by d covers the full unit sphere
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Figure 3.4: (a) Berry curvatures for four different parameter choices (1)-
(4) indicated in the Haldane model phase diagram of (b). The Haldane
model has topologically trivial (C = 0) and non-trivial (C = £1) phases. (c)
Approaching a topological phase transition, the negative Berry curvature
(in blue) becomes more and more peaked around the point K where the gap
closes. The bands interchange a unit Chern number in the transition.

in the topologically non-trivial regime, in the topologically trivial regime, it
does not.

The eigenstates of the Hamiltonian at a given momentum k are aligned
along the vector d(k) on the Bloch sphere. However, as discussed in Sec. 8.6
of Ref. [49], there exists no gauge where the mapping from the unit sphere
to a spinor 1 representing the eigenstate is continuous over the entire unit
sphere. Thus, within any gauge, there always exists a point k where the
mapping k - d — v is discontinuous. This represents an exceptional point
as discussed in Sec. and the presence of such an exceptional point gives
rise to a non-zero Chern number and non-zero Hall conductivities.

3.3 Bulk-boundary correspondence

So far, we have been considering systems with periodic boundary conditions.
In systems of finite size, or which do not have translational invariance, it
turns out that topological classification is also intimately connected with
the presence or absence of edge modes. The association of bulk properties
with the properties on the edge of the system is known as the “bulk-boundary
correspondence”.
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Simply put, the bulk-boundary correspondence states the following: The
interface between two materials characterized by topological invariants 14
and v, has a set of |1 — 15| localized boundary modes.

Thus, when a material undergoes a topological phase transition, this is
always associated with the emergence or disappearance of boundary modes
at the edges of the material. Remarkably, the bulk-boundary correspondence
therefore provides us with a tool to say something about the physics on the
edges of a system based only on the physics of the system with periodic
boundary conditions.

Proving the bulk-boundary correspondence is not an easy task. In some
cases, it can be done based on index theorems in fibre bundle theory [41],
but there is no general proof [54]. The bulk-boundary can be checked in
multiple systems, where one may show that closing the gap changes the
topological invariant, and at the same time introduces edge modes. Proving
or justifying the bulk-boundary correspondence convincingly beyond very
hand-wavy arguments is however very challenging. The basic problem is
that whereas the bulk properties are concerned with infinite systems with
translational invariance, the boundary properties can only occur when we
explicitly break translational symmetry in the system.

Instead of venturing into mathematical details, we will simply see how the
bulk-boundary correspondence unfolds for the Haldane model. We will be
doing this through two approaches. First, we break translational invariance
in the Haldane model by considering a ribbon geometry, and calculate the
band structure numerically. Second, we develop an effective low energy
theory in which the boundary modes can be calculated analytically.

3.3.1 Ribbon geometry

Consider a Haldane model on a ribbon geometry, where we consider periodic
boundary conditions in the Z-direction and a finite number of unit cells in
the g-direction, as shown in Fig. 3.5 (a). Since the system is translationally
invariant in the Z-direction, it is useful to perform a Fourier transform there,
but use a real space description in the remaining direction. This can be done
through the partial Fourier transform

1 ik 5D
Cngny = Z ezkmm Tn Ckyny, D> (340)

N

where 2 is the position of the atom on sublattice D in the Bravais lattice
cell labelled by n = (ng,ny), and N is the number of Bravais unit cells in the
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Figure 3.5: Zigzag ribbon geometry spectrum for the Haldane model. (a)
Honeycomb ribbon with zigzag edge. Periodic boundary conditions in the
horizontal direction and a finite number of layers in the vertical direction.
(b) Labelling of unit cells on the honeycomb ribbon. (c) Ribbon geometry
spectrum with inverse participation ratio indicated with color. (d) The bulk
part of the ribbon spectrum can be thought of as a projection down on the
indicated line.

Z-direction. The operators c,n,,p are our new partially Fourier transformed
operators. The surface Brillouin zone is determined by the periodicity in the
direction %, which is v/3d for the zig-zag edge ribbon geometry, where d
is the nearest neighbour distance. Thus, the surface Brillouin zone can be
chosen as k, € [0,27/V/3d).

Introducing this partial Fourier transform in the Hamiltonian of Eq.
on the ribbon geometry, the Hamiltonian takes the form

H =" c'(k,)h(ky)e(ks), (3.41)
ko

where c¢(k,) now denotes a vector of size 2N,, containing the various oper-
ators ¢, p(kg). Similarly, h(k,) is an 2N, x 2N, matrix. Diagonalization
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Figure 3.6: Haldane model edge states. (a) Ribbon geometry spectrum in
the topologically non-trivial regime with edge modes crossing the gap. (b)
Edge state probability amplitudes for the states indicated in (a). The two
edge states are localized on opposite edges. (c) Different Chern numbers
across the sample edges imply the existence of edge modes.

of this matrix gives the 2NN, eigenvalues and eigenvectors corresponding to
momentum k.

The spectrum that results from this is shown in Fig. [3.5| (¢) for parame-
ters M =0 and ¢ = 7/2 corresponding to the topologically non-trivial regime.
The bands have been colored according to their inverse participation ratio.
Assuming that a state in the band structure corresponds to probability am-
plitudes +; with i € {1,..., N}, we define the inverse participation ratio as

pip = % (Z |¢Z-|4)_1 . (3.42)

When a set of M amplitudes in the eigenvector are equally probable and the
remaining amplitudes are zero, this gives pip = M /N. Thus, a localized edge
state would have a vanishing edge participation ratio in the thermodynamic
limit N — oo, while a delocalized state would have a finite value.

Although the bulk spectrum is gapped (see Fig. , the spectrum on
the ribbon geometry still has states crossing the gap. Since there are no
bulk states within this energy range, the states must be edge states, as also
indicated by their purple color. This is also shown in Fig. where (b)
shows the spatial profile of the edge states indicated in (a). From the group
velocities of the states, it is furthermore clear that these are chiral edge
states, since they are only propagating in the counter-clockwise direction
around the sample, as illustrated in Fig. (c).
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3.3.2 Effective low energy theory

The existence of chiral edge states in the Haldane model can also be demon-
strated within an effective low energy theory describing the system [46], [50].
We are interested in the physics close to the situation where the gap closes,
and therefore expand the Haldane model Hamiltonian around the points + K
to obtain the effective low energy theories

tid
h(+K +q) =3ty cos o + %(iqxax —quoy) + (M = 3v/3ty sin p)o. (3.43)

describing the electrons close to the two special points +K. Introducing the
velocity v = 3t1d/2 and the gap parameter my = M + 3V/3tysin g, the two
theories can be written

hi(q) = v(2que0z + Qyo'y) + Moz, (3.44)

where we have disregarded the constant term, which is insignificant because
it does not affect the eigenstates of the system. From this low energy effective
theory, we may now go back to a real space theory by replacing the momenta
according to ¢, — —i0,,. We are interested in the possible existence of edge
modes. We therefore have to consider a system which contains an interface
between topologically trivial and non-trivial subsystems. We therefore allow
the mass m to depend on the position coordinate y in such a way that
m(y - o0) =m and m(y - —o0) = —m, as shown in Fig. [3.71 We then have
real space theory

h* = —v(£0,i0, + 04i0y) + My (y)o . (3.45)

The above Hamiltonian is separable, as it can be written on the form
h* = h3 + hy with Hamiltonians hj , acting only on the x or y coordinates.
Furthermore, the z-dependence is trivial and describes a freely propagating

particle. We therefore write the eigenstates of the system on the form

[) = €97 [p1(y)71 + d2(y) 2], (3.46)

where v, and 7, are the two eigenvectors of o, with corresponding eigenval-
ues (1,2 = +1. These eigenvectors are given by

"= (1) V2 = (_11). (3.47)
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Figure 3.7: Edge states in effective low energy theory. If the effective sub-
lattice asymmetry m(y) changes sign as function of y and takes on values
+m for y — +o0, an edge mode eigenstate occurs on the boundary between
the two regions. Thus, as shown in (c), two regions in space with differ-
ent topological invariants have an edge mode travelling in the direction Z in
between.

In the regimes y - +o0, one may now show that the model has eigenstates on
the form [1)) oc €/(42+0Y) with energies E = +1/v2(¢2 + q2) + m?. These are
the bulk eigenstates. However, the model also permits a localized solution
on the form

[v) = 9% (y)vi (3.48)

with energy F; = +(;vq, originating only from the term A% in the Hamilto-
nianf'| The eigenequations for ¢;(y) then become

[Givdy —m.(y)]ei(y) =0, (3.49)

and the solution is

¢i(y)=exp[% /Oymi(y')dy']- (3.50)

In the limits y — +o0, this function approaches an exponential. Crucially,
however, the wavefunction is normalizable for both y - co and y - —co only
when my (y) changes sign. This corresponds exactly to the situation where
the material is in different topological phases in the two half planes of the
system. Thus, only one of the two eigenvectors v, 2 may give a properly
normalized edge state. Which of the two this is depends on sgnm(y — o),

1By carrying out the full analysis, one may show that the localized eigenstates of
the effective low energy model can always be written on this form, and that the energy
contribution from hzi/ is always zero.
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and determines the direction of propagation along the interface since the
energy of the edge mode is E; = £(;vk,.

If we were to introduce models for the upper and lower half-planes with
Chern numbers =1, the effective low energy Hamiltonians corresponding to
both valleys would have masses m.(y) with a changing sign. Consistent
with the bulk-boundary correspondence, we would then get two edge modes.

3.4 Topological bosonic systems

We have seen that the band structure of an electronic system can be viewed
as a mapping from the Brillouin zone to the Hilbert space of the model for
non-interacting electron systems, which are described by quadratic Hamil-
tonians. The band structure and diagonalization procedure in such a case
does, however, not depend on the fermionic nature of the electrons. We can
therefore equally well classify the band structures of bosonic particles and
excitations through the topological classification scheme.

As discussed previously, the whole concept of topological band structures
was invented to explain quantized Hall conductance, which had not been
predicted before it was observed experimentally. Furthermore, the fact that
the Hall conductivity in electronic systems is simply proportional to the
integer valued Chern number is a consequence of the Pauli principle, as it
rests on being able to replace the Fermi-Dirac distributions in Eq.
with unity or zero. Since bosons obey different statistics, we would not
expect bosonic transverse conductivities to be quantized. It is therefore by
no means a coincidence that topological band structures were first discussed
within an electronic setting.

Recently, however, there has also been significant interest in topological
bosonic systemsﬂ Topological bosonic band structures can now be real-
ized in a multitude of settings. Ultracold atoms in optical lattices have band
structures similar to condensed matter systems which can engineered to real-
ize topologically non-trivial phases [55H57]. Topology is also used to classify
the lattice vibrations and edge modes in acoustical and solid state materi-
als [58H62]. The suggestion and observation of topological photons [63H65] in
photon crystals has lead to the emergence of topological photonics [66], and
in magnetic materials, both magnon and Schwinger boson band structures
can become topologically non-trivial [36, [67]. In short, topological band

2By topological bosonic systems, we will be referring to systems with a topologically
non-trivial band structure. A spin texture hosting skyrmions can also be considered
topological, but this is not what we will be considering.
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theory is no longer restricted to electronic systems.

A key question is, however, where we can find topologically non-trivial
bosonic band structures. A good place to start, is to think of how topo-
logically non-trivial phases occur in electronic systems. To demonstrate the
theoretical possibility of a topologically non-trivial band structure without
a net magnetic field, Haldane added the famous next-to-nearest neighbour
hopping term breaking time reversal symmetry. Similar symmetry break-
ing is required to produce bosonic analogs of the Haldane model within the
contexts above. In ultracold atom systems, artificial gauge fields can be
engineered with astonishing precision using lasers [53]. In acoustic metama-
terials, one may use acoustic elements with rotating parts [59] [68], and Cori-
olis forces originating from rotation of the sample may produce topological
phonon band structures [61]. In magnetic systems, topologically non-trivial
band structures often occur due to the presence of a Dzyaloshinskii-Moriya
interaction originating from spin-orbit coupling [36].

Although there is no quantized conductance in topological bosonic sys-
tems, the description of the band structure within the framework of topo-
logical band theory may still provide important insights on experimentally
accessible observables. Hall conductivities are typically still related to the
Berry curvatures of the system, not through the Chern number, but weighted
with some Bose distributions. As a consequence, various Hall conductivities
may often have a non-trivial dependence with temperature as various energy
ranges in the band structure with different Berry curvatures are filled [69, [70].
Furthermore, the connection between topological bulk band structures and
the emergence or disappearance of edge modes is independent of particle
statistics. Thus, the boundaries of topological bosonic systems may provide
channels for edge transport.

Contrary to fermions, bosonic topological edge states may hybridize with
other bosonic excitations. In Paper [I], we exploit this in a system of topo-
logical magnons coupled to lattice vibrations. We show that the edges may
host exotic magnon-polarons composed of chiral edge magnons hybridized
with edge phonons. Thus, coupling effects may produce bosonic topological
insulators with new and exotic edge states. The mixing may also lead to a
chirality in the phonon transport of the system, and we will be discussing
this in more detail in Chapter [6]



Chapter 4

Phonons

In the solid state, translational symmetry is broken spontaneously, and the
atoms may organize into periodic structures in space, forming crystalline
order. However, just like there can be magnetic fluctuations around a mag-
netically ordered state, there may also be fluctuations around the crystalline
order. The basic degree of freedom describing these fluctuations is the devia-
tion of an atom from its equilibrium position. Delocalizing such excitations,
we obtain a quantum mechanical description in terms of collective quasipar-
ticles called phonons [71].

Phonons play an important role for material properties such as heat ca-
pacity and thermal conductivity [72]. Importantly, however, phonons also
play a very important role in condensed matter physics due to their in-
teraction with other degrees of freedom. Most notably, phonons interact
with electrons to produce superconductivity in weak coupling superconduc-
tors [73]. Lattice distortions may also interact with magnetic degrees of
freedom to produce magnetostriction and new exotic magnon-polaron quasi-
particles [74], which are excitations of both magnetic and phononic character.

In this Chapter, we will be discussing the aspects of phonons relevant for
the research in Papers [I] and [2]. We start by discussing how force constant
models can be used to model phonon spectra in Section [£.1] Subsequently,
we will be discussing how phonons couple to electrons in Sec. [L.2] This is
relevant for Paper [2], where we study the possibility of a superconducting
instability in graphene due to a phonon-mediated mechanism. In Sec.
we will be discussing magneto-elastic coupling. This will be relevant for
Paper [1], where we discuss the coupling and hybridization of phonons with
topological magnons.

39
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4.1 Force constant models

Phonons are quantum excitations corresponding to lattice vibrations in crys-
talline solid systems. We assume that the lattice can be considered a Bravais
lattice [75] with several atoms in the basis. In their equilibrium configura-
tion, the atoms are then localized at positions x;,, = x; + 7,,, where x; is the
position of Bravais lattice site ¢, and 7, is the relative position of atom n
inside the Bravais unit cell.

A general model for the solid state must in addition to kinetic terms
for electrons and ions in the system contain interactions between the ions,
between electrons, and between electrons and ions. To understand the bare
phonon properties of the system, however, it usually suffices to consider the
interaction between ions in the material, which we assume to take the form

Z(P’”)2 53D U(Ri - Ryn), (4.1)

%, m,n
where R;, is the position of ion n in the basis of Bravais unit cell ¢, and
which may deviate from the equilibrium position @;,. Furthermore, we let
atom n in the basis have mass M,,, and P;,, denote its momentum. The form
of U(8) is typically isotropic, and has a minimum at some distance ro. Due
to homogeneity of space, the interaction between the atoms depends only on
the relative displacement of the two atoms.

Assuming the ion displacements u;, from the equilibrium positions are
small, we may write R;, = @;, + u;, and Taylor expand the Hamiltonian in
small u;,, to obtain

(Pzn

=X S

i,Mm ’fl

1
5 Z Z Z (I)nm nm mujm (4'2)
i, mn pv
Here, the indices u,v denote directions the ions may be displaced in, and
for now, we may think of them Cartesian indices, so that u,v € {z,y, z}.
Furthermore, ijm = & jm—;p is the vector connecting the equilibrium lattice
sites at positions x;, and x;,,. In the above Hamiltonian, we will typically
only keep interactions between deviations on lattice sites which are fairly
close, but in principle, they can be arbitrarily far apart.

Since the above Hamiltonian is quadratic in momenta and ion deviations
from equilibrium, it can be diagonalized. As a first step, we introduce the
rescaled coordinates

'ain =\ MUnWin Rn = 7Rn7 (43)
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where we have defined a relative mass pu,, for basis atom n such that M, =
unM and M =[1,, %/M,,, where N, is the number of atoms in the basis.
This rescaling has been chosen such that the canonical commutation relations
are preserved, so that

[ ” PV ]—Zh(sz]&uu(smn (44)

'm,’

The idea is that the Hamiltonian then takes the form

ph_Z(Pzn) 72%;\/m@nm(6 ) al ]m7 (45)

with a kinetic term that is now described by a unit matrix instead of a
matrix with different entries along the diagonal. Thus, we may freely perform
unitary transformations on the momenta and deviations in the Hamiltonian
without having to fear producing off-diagonal kinetic terms.

In the research papers, we are interested in diagonalizing a Hamiltonian
on this form on the honeycomb lattice for two different kinds of geometries.
First, the bulk spectrum can be obtained by assuming periodic boundary
conditions and introducing the Fourier representations

figy, = ﬁ Z ig(@i+Tn) g (4.6)
q

P, = ﬁ M@ p. (4.7)
q

Second, we will be interested in the phonon spectrum on a ribbon geom-
etry, as discussed in Sec. Then, we may introduce a partial Fourier
transform analogous to the transform of Eq. , which we used to find the
edge modes of the Haldane model. In the following, we will be discussing the
calculation of the bulk spectrum. The ribbon geometry calculation requires
us to work with a far larger number of coupled deviations, but is otherwise
perfectly analogous.
Assuming the force constants to satisfy translational symmetry, the Fourier

transform renders the Hamiltonian on the form

L ~ nm ~v
H= m —q’ann + = Z Z ZuﬁanltV q)uq’m' (48)
n,q

nm pv q

Here, we have introduced the dynamic matrix
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nm _ 1 nm/snmy _iq- 6"7"

Dy (q) ; W‘P (05" )e ; (4.9)
where the sum over j corresponds to a sum over the equilibrium displace-
ments vectors 5;”” which lattice sites on sublattice m may have relative to
an atom on sublattice n in any Bravais unit cell.

We now combine the deviations af,, corresponding to various Cartesian
directions in various atoms in the basis into a spinor ,. We then introduce
a unitary transform

U, =Uqu, (4.10a)

- U,Q, (4.10b)

The unitary transformation preserves canonical commutation relations. Choos-
ing U, to diagonalize the matrix D(q), the Hamiltonian takes the form

ZQ Q4 +*ZZdév*qvq, (4.11)

where the index A labels the various entries of the deviation and canonical
momentum spinors, and dé are the eigenvalues of D(q). We may recognize
this as the Hamiltonian for uncoupled harmonic oscillators with eigenfre-

quencies given by
wax = \/dg/M. (4.12)

Such a Hamiltonian can be expressed in terms of phonon creation and anni-
hilation operators aqy and al o through [25]

A h?

+
q \ m(aqk + a_q/\) (413)

o~
Il

" ( J ) ( )
(a.y —a_gx 4.14
\ 2thq ar 4

O
a3
I

to obtain the diagonalized phonon Hamiltonian

1
H = Zhwq)\( qAan-r 2) (415)
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nm

Assuming the force constants ),

cedure is now clear.

Not all of the force constant in the matrix ®j7"(67™) are independent.
Utilizing the symmetries of the system, it is typically possible to reduce the
number of independent force constants significantly. In Papers [1] and [2],
we apply a force constant model on the above form to derive the phonon
spectra for the out-of-plane and in-plane modes in graphene using nearest
neighbour and up to third-nearest-neighbour models. Some details of the
symmetry analysis for the in-plane modes are presented in Paper [2].

In principle, the lattice structure, lattice constant, and the force constants
can all be determined from ab-initio calculations [76]. Instead, our approach
will rather be to adjust the force constants so that the resulting spectrum
fits with experimental data [77].

(67™) are known, the diagonalization pro-

4.2 Electron-phonon coupling

Although phonons are important quasiparticles in their own right, some of
the most interesting phenomena in condensed matter physics occur when
we allow bosonic quasiparticles such as phonons to interact with electrons.
In Paper [2], we discuss phonon-mediated superconductivity, and therefore
need to understand electron-phonon coupling, which we will be discussing in
the following. Our discussion here will also provide a useful prequel to the
discussion of magnon-mediated superconductivity in Paper [4].

The standard electron-phonon interaction is a many-body interaction
between electrons and phonons on the form

I’
Hopn =3 g0k (agy + aiq,u)cjﬁm,ackm, (4.16)
ko quv

and describes the scattering of an electron with spin ¢ and quasimomentum k
in band 7 to a state with quasimomentum k+q in band 1’ through absorption
of a phonon with momentum g or emission of a phonon with momentum —q.
Here, gzz,’” is the electron-phonon coupling matrix element. The above
form is generic, and to understand electron-phonon coupling in more detail,
it is necessary to understand the behaviour of the electron-phonon coupling
matrix element with momenta and band and mode indices.

To calculate the electron-phonon coupling matrix element, we therefore
need to go to a more elementary description of the system [72] [7T8-80]. The
earliest works on electron-phonon coupling were based on Bloch wave matrix
elements [8IH83], and this is often referred to as the Bloch approach. An
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alternative is the so-called Frohlich or tight binding approach [84], where
it is assumed that electrons follow the ion cores almost adiabatically due
to the slow time scale of the ionic motion compared with the electron time
scale [85HO0]. It has been shown, however, that the two approaches are
equivalent up to order \/m./M, where m, and M are the electronic and
ionic masses [91]. Since then, there has also been significant progress in the
calculation of electron-phonon coupling using ab-initio approaches based on
density functional theory methods [80].

In Paper [2], we will be using a tight binding model to describe the
electron-phonon coupling in graphene and to study superconductivity. To
illustrate the methodology, we apply it to a square lattice model in the
section below.

4.2.1 Modelling the electron-phonon coupling

Consider a system of atoms with a square lattice structure and some free
electrons described by the single band tight binding model [79] 92]

H-=- Ztijc;rcj - Z c;rci. (4.17)

i,j
Due to the time scale separation of electrons and phonons, we may then think
of the hopping matrix element ¢;; as an almost instantaneous function of the
positions of the ions on the lattice [79, [03]. Since the overlap integrals ¢;;
are then functions of the relative positions of lattice sites i, j, we may write
ti; = t(d;;), where d;; is the relative displacement between the atoms at
positions x;+u; and x;+u;. Expanding around the equilibrium displacement
0;5 = xj; — x;, we obtain

tij(dij) = tij(0iz) + (wi —u;) - Vatij(d). (4.18)

When the system is mirror symmetric with respect to the line connecting
the equilibrium lattice sites ¢ and j, we may furthermore write

1
tij(dig) =13 + ;'Vijt?j‘sij (wi - uy), (4.19)

where t?j is the hopping integral when the atoms are at their equilibrium
positions, a is the lattice constant, and where

o2
Yii=\ o7 2 0ij - Vatij(d)|a-s,, (4.20)
t3;10451
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is a dimensionless parameter of order 1, which can be thought of as the
logarithmic derivative of the overlap integral with respect to inter-atomic
distance.

Assuming we keep only the nearest neighbour contribution, the tight
binding electron-phonon coupling then takes the form

Hoopn = -'ZT’; 50 (s - w))el e, (4.21)
where the sum over é now runs over the nearest neighbour vectors.
From this simple expression, it is already clear that the electron-phonon
coupling should take the form in Eq. .
As discussed in the previous section, lattice site deviations can be ex-
pressed in terms of the phonons of the system through

52 1q-x; eu(q)
w; =/ VAN (;Ve a m (agw +aly,), (4.22)

where e, (q) is the polarization of the phonon mode v, and would in general
correspond to an eigenvector of the matrix Uy introduced to diagonalize the
phonon Hamiltonian. Thus, the polarization vector is in general momentum
dependent, but for the square lattice, we may simply take e, (q) to be unit
vectors along the three Cartesian directions.

By introducing the Fourier transform also for the fermion operators, the
electron-phonon coupling takes the expected form

Helfph = Z Zgz,k+q(aqu + aiq,u)cL+q’gckU7 (423)

ko quv

with electron-phonon coupling matrix element

Lyt h? —i(k+q)5 g5
Pt Lo N S o PP 95 _1)e,(q) 6. (4.24
Ikera = 757 2M N a?hwg, 25:6 (e Jev(a) (4.24)

Thus, for the square lattice, only longitudinal modes couple to the electrons.

Above, we have introduced the electron-phonon coupling through a lat-
tice model. In the long-wavelength limit ¢ — 0, the matrix element reduces
to

1’)/t1 h? —ikS -
Vg = = | e S -8)(eu(q) - 9), 4.25
9k, k+q 2 a 2MNa2hwqu a € i(q-0)(e.(q)-9) ( )



46 CHAPTER 4. PHONONS

which apart from the insignificant phase factor e’*? matches the jellium
model electron-phonon coupling [6], and where ~¢; plays the role of the de-
formation potential. Furthermore, the electron-phonon coupling vanishes in
the limit g — 0 for acoustic modes with wq o< |g|. Letting wp be a characteris-
tic phonon frequency, the characteristic energy scale for the electron-phonon

coupling is

e ) )

Thus, it can be thought of as the electron energy scale multiplied with the
square root of the kinetic energy of an ion inside a box of linear size a divided
by the phonon energy scale.

In Paper [2], we generalize the above calculation to systems with two
sublattices. The results are very similar, but it is necessary to also incor-
porate the rotation of the electron basis and the sublattice structure of the
phonon polarizations.

4.2.2 Normal state electron-phonon coupling effects

Due to the electron-phonon coupling, the electronic properties of the system
are in general affected by the phonons, and vice versa. Since we are primarily
interested in whether electron-phonon coupling (and electron-boson coupling
in general) may give rise to superconductivity, we are primarily interested in
the effect the phonons have on the electrons, and not the other way around.
We will be discussing this in the following.

As starting point, we use the model H = Hq + Hpp + Hel_pn With

Ha = kel cro (4.27a)
ko
Hpn = qu,jafwaqy (4.27b)
qv
Horph = 2 Y 0% eoq(aqu + alg )b oo Cho (4.27¢)
ko qu

where we assume that the electron spectrum &g = € — ¢ and phonon spectra
wgqy for are known, and that we also know the form of the electron-phonon
coupling matrix element g;,...

To understand the electronic properties of the system, one may consider
the electronic Green’s function G(k,t). This Green’s function can be cal-
culated using the Matsubara Green’s function technique within many-body
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perturbation theory. In Chapter [5] we will be deriving a perturbative expan-
sion for the renormalization of both normal and anomalous correlations. The
calculation of normal state effects is similar. In this chapter, we therefore
simply outline the procedure and the results to arrive at a qualitative un-
derstanding of some of the normal state effects of electron-phonon coupling.

For the electron-phonon interaction as given, one may use many-body
perturbation theory to show that the electron Green’s function is given by
the self-consistent expansion

G(k,iwy) = G (k,iwy) + GOk, iwy, ) S (K, iw, )G (k,iwy, ), (4.28)
where GO(k,iw,) is the non-interacting Matsubara Green’s function, and

Y(k,iwy) the self energy. In the following, we keep only the lowest order
contribution to the self energy, which can be written [6]

1+ nB(wq) - nF(£k+q) 4 nB(‘*”q) + nF(£k+q)
z= (£k+q + Wq) z = (€k+q - wq)

Z(k:a Z) = Z |gz,k:+q‘2
qu
(4.29)

To obtain the retarded Green’s function Gy at real frequency w, we have to
evaluate the self-energy ¥ at frequency z = w + 9, where § > 0 is infinitesi-
mal [45]. Decomposing ¥ into its real and imaginary parts X' and X", we
then obtain the decomposition X g(k,w) = X' (k,w+1d) +i2" (k,w+1d). The
real frequency Green’s function then takes the form

1

Gr(k = 4.30
T A D B 30
and the spectral function is
257 (k
A(k,w) = -2Im G(k,w +1id) = - r(k,) (4.31)

[w= &k = Xk, w)]? + S (k,w)?

This function is peaked at the so-called effective quasiparticle energy &g,
which corresponds to the solution of the equation

&k = & + Xr(k. &), (4.32)

and is shifted with respect to the bare electron value .
To understand the effect of renormalization somewhat better, we now
assume that the quasiparticle energy shift is small. The spectral function
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can then be Taylor expanded around the renormalized quasiparticle energy.
Then, it is useful to introduce the mass enhancement parameter

oA (k)

= 4.
k dw (4.33)
w=§},
Subsequently, the Green’s function can be written as
G(k,w) = “k (4.34)

w=& -l /2’
where we have expanded the real part of the self energy to linear order
in w— &g, but only to zeroth order for the imaginary part. We have here
introduced a wave function renormalization factor zx = 1/(1 + A\) and a
quasiparticle decay rate I'y, = 22, X" (k, &;,).

From the above quantities, we may now derive various electronic proper-
ties. First, we consider how renormalization affects the Fermi surface group
velocity. From Eq. 7 the slope of the renormalized quasiparticle exci-
tation energy is given by

Vs = Vil + Vi2' (k. &). (4.35)

Utilizing that the self energy typically varies much faster with the energy
than with the explicit momentum dependence, we may then express the
renormalized quasiparticle energy slope as

1
v *: —_—=
i (14—)\

k

) Vilk (4.36)

where we have used VpX'(k, &) ~ Ak V&g Thus, the quasiparticle energy
slope velocity is reduced by a factor of 1+ . This relations also explains the
term “mass enhancement parameter”, as it corresponds to a mass renormal-
ization m — (1 + A\)m within the free electron gass picture widely adopted
to understand the properties of normal metals.

To connect this renormalization with physical observables, we may now
calculate the renormalized electronic density of states through

N: - %%5(52) ~ (1+3)Np, (4.37)

where we for simplicity have assumed that the system is nearly isotropic, so
that A\g » \ is weakly dependent on momentum k. Since physical properties
such as the electronic contribution to the heat capacity and the electrical
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resistivity are directly proportional to the density of states [72], the mass
enhancement parameter is necessary to explain observed values for these
quantities in metals.

4.2.3 Dimensionless electron-phonon coupling strength

The quantity M is dimensionless and a measure of how much the slope of
the energy spectrum is increased by the electron-phonon coupling. Thus, it
also represents a sensible measure of the electron-phonon coupling strength
in the system.

However, we may in fact also introduce a whole hierarchy of quantities
which say something about the electron-phonon coupling strength. Let us
start by introducing the function

0P F(€,9Q) = 3|9k krql 0 (2 = wan )(€ = Eiaq), (4.38)
qv

which represents the scattering strength of processes with phonon energy 2
from a state at momentum k to states on the isoenergy contour correspond-
ing to energy £. This function can subsequently be used to define what we
will refer to as the state dependent dimensionless electron-phonon coupling
strength

= |giorer |26 (Enr = Eke)- (4.39)

A = f 0 %aZF(fkﬂ) -y

k'v Wk-K v

Performing Fermi surface averages, we may introduce the function o F (w)
given by

0P () = 1 3 Pl 0 - e DEIE), (1)

where Np is the electronic density of states at the Fermi surface. The cor-
responding dimensionless electron-phonon coupling strength A is given by

R (D) (4.41)

kk’ v Wk-K'v

From Eq. (4.38)), it then follows that a?F(w) and X are related through
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A= fdw %azF(w). (4.42)

In fact, as discussed in Appendix it can be shown that when o Fi (¢, w)
is weakly dependent on &, which is typically the case, the dimensionless
electron phonon coupling A\, and the mass enhancement factor Ay, introduced
in the previous section are approximately equal for momenta on the Fermi
surface. Thus, we have A » A

In Chapter [5] we will be discussing how electron-phonon coupling may
provide an effective interaction between electrons, and scatter electron pairs
from +k to +k’ through the pair scattering potential

2Wk—kr v
Vi = Y |ghger|? * :
kk’ ; |gkk'| (fk _ gk’)Q _ w]%_kl’l,

Thus, we may also think of the dimensionless electron phonon coupling as
A = —=Np(Vir)rs, where (Vi )rs is the average of the potential for momenta
k, k' ranging over the entire Fermi surface. Since superconductivity is known
to occur due to pairing because of effective interactions mediated by phonons,
we may already now suspect that the quantity A plays an important role in
the description of superconductivity. We will be discussing this in more
detail in Chapter [5}

Using various spectroscopic methods such as photoemission spectroscopy
and neutron scattering [78], it is possible to map out the spectral function
A(k,w). Since the spectral function contains information such as quasiparti-
cle energies and their associated linewidths, one may use these to extract the
self energy. This allows experimental determination of the electron-phonon
coupling strength [78], [94] [05].

(4.43)

4.3 Magnetoelastic coupling

When the magnetization of a ferromagnetic material is changed, the change
in magnetization is associated with a deformation of the material. This is
called magnetostriction [96], and indicates that the magnetic and vibrational
degrees of freedom are coupled. The effect is known to give rise to an audible
sound from transformers [97], which have rapidly changing magnetic fields.

Considering a ferromagnetic insulator, we may similarly expect that the
magnetic excitations are coupled to lattice site vibrations. Within the lan-
guage of collective quantum excitations, this corresponds to a coupling be-
tween magnons and phonons. Such an interaction was first studied by Kit-
tel [98, [@9], who showed that within a classical model for a system with
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magnetic order along the z-direction, the magnetoelastic interaction can be
written on the form [100]

Oy a“”] : (4.44)

H3P f &BrM, M, ;
me Cxuz,:‘ et 0z, Ox,

where M), is the magnetization component along the Cartesian direction p,
and u, is the deviation from the equilibrium position. Considering small
magnetic fluctuations around the magnetization MZ, the magnetoelastic
coupling in a two-dimensional system can be written

ou ou
2 z z
Hype o /d r(Mm 5t Mo, ) (4.45)
where the magnetization along the Z-direction is assumed to be constant.
In a lattice model description where we assume that nearest-neighbour lat-
tices sites are separated by nearest-neighbour vectors d, the magnetoelastic
coupling then takes the form

Hine = 5 Y(8 85) (us —u?), (4.46)
©,0

with magnetoelastic coupling strength x. Expressing the spin operators in
terms of magnon operators in linear spin wave theory and using the usual
second quantized description for the lattice site deviations u;, this magneto-
elastic coupling represents a bi-linear magnon-phonon coupling. A more
detailed discussion of lattice models for magnetoelastic coupling is given in
Ref. [101] from a symmetry point of view.

To understand the basic effect of magnon-phonon coupling in a quantum
system, we may use a very simple model describing the coupling of a single
magnon mode to a single phonon mode. Thus, we consider a Hamiltonian
on the form

H-= nghaflaq + ng‘bgbq + Zg(albq + bflaq)7 (4.47)
q q q

where aq is the annihilation operator for a phonon mode with associated
phonon spectrum wgh, and by the annihilation operator for a magnon mode
with eigenfrequency spectrum wg'. Here, g is a magnon-phonon coupling
strength, which we assume to be momentum independent. For simplicity,
we will be assuming that the magnon spectrum is constant and that the
phonon spectrum is acoustic, so that

wfl’h = woq/a wg' = wo, (4.48)
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with constant magnon energy wg, and where a is a momentum scale which
determines the slope of the bare phonon spectrum. The Hamiltonian can
then be written on the matrix form

H = %j (af 0F) (w};h w%@) (Z:) . (4.49)

g q

To diagonalize it, we may introduce a unitary transform U(q) to obtain
eigenmodes dq1 and dg2 given by

(Zz;) = U(q) (ZZ) . (4.50)

The resulting eigenvalue spectrum w,(q) is given by

ph

2
1 w _wm
Wy = i(wgh +w:1n) + (‘1211) +gz. (451)

When the two uncoupled excitation spectra cross so that wgh = wy', the
energy difference between the two bands is 2|g|. Thus, the magnon-phonon
coupling strength determines the direct gap in the system.

The eigenmodes in the system are in general linear combinations of
magnons and phonons. The total phonon content P.(q) and magnon content
M. (q) in each mode can be written

P.(q) = [U1(q) M. =|Us.(q)|*, (4.52)

where U;; is a column in the unitary matrix U and corresponds to the
eigenvector with eigenvalue w,. The unitarity of the transformation matrix
U gives the relations P; + M; =1 and Py, + P, = My + My = 1.

Calculating the magnon and phonon content explicitly for the eigenstate
with energy w,, we obtain

1 1

T 1+ (p2)? T 1w (1pg)? (453)

+

where we have introduced the quantity

2

A A

Py = 1+(q) + 1 (4.54)
lgl g
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Figure 4.1: Excitation spectrum for hybridized magnons and phonons. The
bare spectra are indicated with dashed lines. Colors indicate the magnon
content M, (q) of each mode, where yellow modes have a predominant
magnon character and purple modes a predominant phonon character.

m_

and where 2A4 = w,
phonon excitations.

When the energy difference is large compared to the coupling, pg is large
or small depending on the sign of A4. Thus, the excitation is either purely
magnon-like or phonon-like. At the crossing point for the uncoupled models,
where Ay =0, we have pj = 1, and therefore, P, = M, =1/2.

The energy spectrum can be plotted as function of momentum, and this
is shown in Fig. [} where the bands are colored according to their magnon
content M, (q), where yellow color corresponds to a magnon-like excitation
and purple color to a phonon-like excitation. Whereas the bare phonon and
magnon spectra cross at g = a, the coupled spectrum instead has an avoided
crossing. Close to this avoided crossing, the eigenexcitations are magnon-
polarons of hybrid nature [74].

wgh is the energy difference of the bare magnon and
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Chapter 5

Superconductivity

The history of superconductivity is packed with surprises. In 1911, it was
discovered that the electrical resistivity of mercury drops to zero below a
critical temperature [I02]. Naturally, this first main characteristic prop-
erty of the superconducting state was at odds with all existing theories for
the low temperature behaviour of resistivity in metals. The magnetic flux
expulsion from bulk superconductors known as the Meifiner effect was dis-
covered experimentally in 1933 [103], and is the second main characteristic
property of the superconducting state. At the time, superconductors were
thought of merely as perfect conductors, and solely within the framework
electrodynamics, this property could not be predicted. Only after further
experimental leads, Bardeen, Cooper, and Schrieffer were able to identify
the basic mechanism causing superconductivity and explain these two main
characteristic properties microscopically [104]. With the evolution of BCS
theory into Eliashberg theory [T05HI0T7], it seemed like most properties of su-
perconductors could be understood within the established theories. This was
radically changed with the discovery of superconductivity in heavy fermion
compounds [108] and high-T, cuprates [109]. Challenging established truths
about superconductivity, these discoveries placed theorists in zugzwang, and
stimulated massive activity on new theories and new mechanisms of super-
conductivity.

From the above historic examples, it should be clear that the develop-
ment of theories of superconductivity has always been heavily guided by
experiments, and that understanding the microscopic origin of superconduc-
tivity is very challengingﬂ The magnitude of the challenge can partly be

I Felix Bloch is known to jokingly have postulated that any theory of superconductivity

55
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explained by the dramatic nature of the superconducting transition, induc-
ing a qualitative change in the system preventing superconductivity from
being understood within naive perturbation theory around the free electron
gas. Second, the collective and strongly correlated nature of electrons in
superconductors makes it tough to understand what the superconducting
ground state is.

In this chapter, our main goal is to introduce the main theoretical frame-
works which we use to study the possible superconducting instabilities in Pa-
pers [2] and [4]. The BCS theory of superconductivity is reviewed in Sec.
which we apply to investigate the possibility of phonon-mediated supercon-
ductivity in graphene in Paper [2]. In Sec. we discuss Eliashberg theory,
which is used to study the possibility of magnon-mediated superconductiv-
ity in heterostructures in Paper [4]. In this chapter, we introduce both BCS
theory and Eliashberg theory with a phonon-induced mechanism in mind.
In Sec. [5.3] however, we instead discuss the spin fluctuation mechanism of
superconductivity which had to be investigated in detail with the discovery
of superconductivity in heavy fermion compounds and the cuprates. This
provides important background also for the discussion of magnon-mediated
superconductivity in Chapter 8| and Paper [4].

5.1 BCS theory

The paper “Theory of Superconductivity” by Bardeen, Cooper, and Schri-
effer from 1957 [I04] culminated a period of intensive search for a micro-
scopic theory of superconductivity. In addition to providing an explanation
for the basic mechanism behind superconductivity and a description of the
electronic ground state, the theory was able to explain many of the exper-
imentally observed properties of superconductors. In short, the roughly 30
page long paper provides almost everything we can expect from a proper
theory of superconductivity.

BCS theory did not just appear out from nothing. The search for a
theory of superconductivity dates back to its very discovery. From the be-
ginning, these models were naturally of classical nature, and phenomenolog-
ical descriptions were devised based on classical electromagnetism and fluid
models [TT0]. The works culminated with the Ginzburg-Landau description
of superconductors [ITI], which accurately describes the superconducting
state, but remains purely phenomenological, and fails to identify a micro-
scopic mechanism and give any description of the microscopic state [112].

is refutable [73].
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This much was however clear: Driven by some sort of interaction, the
electrons in the superconducting state reorganize from the free electron gas
known to describe the normal metal well, and into some other state with
different properties. From measurements of the critical magnetic field h,
where superconductivity breaks down, it was furthermore known that the
energy gained by such a reorganization was tiny [73].

A crucial lead was discovered in 1950 with the discovery of the isotope
effect [I13, [114], namely that the critical temperature of an elemental su-
perconductor scales roughly as T, o M~'/? with the isotope mass M of
the atoms in the system. Thus, the critical temperature seemed to be re-
lated to the motion of the ions. Independently, Frohlich had suggested that
electron-phonon interaction was responsible for superconductivity, and had
even derived the isotope effect using perturbation theory [73| I15]. Yet, he
soon came to suspect that perturbation theory is not sufficient to under-
stand superconductivity [73]. Importantly, however, Frohlich demonstrated
that electron-phonon coupling could provide an effective attraction between
electrons [84].

Previous works using Ginzburg-Landau theory had indicated that su-
perconductivity could be understood due to coherent behaviour of entities
with charge 2e [I12]. Motivated by this, Leon Cooper investigated how a
pair of electrons interacting with the Fermi sea would behave [I16]. With
an attractive interaction close to the Fermi surface motivated by Frohlich’s
effective potential [84], he was able to solve a simplified problem exactly. In
the process, he showed that the system gained energy by adding a pair of
electrons on top of the Fermi surface in a coherent manner. This indicated
that the Fermi surface was unstable, and paved the way for the BCS theory
of superconductivity.

5.1.1 Formulation of the theory

Based on the newly gained insights, Bardeen, Cooper, and Schrieffer realized
that the essential physics in superconductivity is contained in the interaction
between pairs of electrons in opposite spin states and with zero net momen-
tum. The starting point for BCS theory is therefore the so-called reduced
BCS Hamiltonian

H= kacldckg + Z ka,cL,Tcik,lc,klcm, (5.1)
ko Kk’

which describes the scattering of a pair of electrons with opposite spins
at momenta +k and to momenta +k’ through a scattering potential V.
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Since other scattering processes take the electrons out of these pair states,
we assume them to play an negligible role in the physics.

The effective potential in BCS theory can in principle be due many dif-
ferent mechanisms. In the most paradigmatic explanation of superconduc-
tivity, however, the potential is due to electron-phonon coupling. Following
Cooper [116], Bardeen, Cooper, and Schrieffer assumed the effective pair
scattering potential to take the form

_ ) —u/N for &, 6| <wp
Viek = { 0 otherwise ’ (5.2)

where u is a constant attractive potential, N the number of unit cells on the
Bravais lattice, and wp is a characteristic phonon frequency in the system.
We may keep this potential in mind for now, but will be discussing the form
of Vg in further detail in Sec. [5.1.4]

In BCS theory, one starts out from the above BCS Hamiltonian, and
derives a so-called gap equation. There are several ways to do this. The
most standard is to perform a mean field theory expansion around a finite
pairing amplitude [6] 112], 117]. Alternately, one may also use a Green’s
function formalism based on an equation of motion approach for the Green’s
functions [83] 118 119], or a saddle point approximation in a functional
integral formalism [6 120]. Remarkably, the reduced BCS Hamiltonian is
in fact sufficiently simple that an exact solution exists [73], 117, 12I]. In the
following, however, we will be outlining the derivation of the gap equation
within a mean field approach.

5.1.2 Mean field theory and gap equation

To derive the BCS gap equation, we will be following Ref. [IT17]. Considering
spin singlet pairing, we introduce the mean field parameter bq = (c_qiCqt),
while the more general description allowing also for spin triplet pairing is
discussed in Ref. [122] within the BCS approach. Using mean field theory
to neglect deviations from the mean field parameter, we obtain

H == Viawbibe + 3 Eelclycrr + Ly eny) + %(AZC—MCM + Drejyel ),

kk’ k
(5.3)
where we have introduced the gap parameters
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Ag =) Vikbr (5.4)
k/

AL =S Viwbiy. (5.5)
k/

Consistent with the notation, these are easily shown to be complex conju-
gates of each other by utilizing the property V), = Viri, which follows from
the hermiticity of the reduced BCS Hamiltonian.

By introducing the Nambu spinor ¢y, = (¢, cik l)T, the Hamiltonian can
be written as

H=Ey+Y &+ Y U hitbr, (5.6)
% %

with matrix hg given by

hi, = (g’; —Afi) (5.7)

and a constant term Fj originating from the constant term in Eq. and
fermionic anticommutation relations.

The Hamiltonian can be diagonalized by a Bogoliubov-Valantin trans-
formation. Introducing a transformation ~yg = (’ykT,'yikl)T = Ug ¥, the new
operators in g satisfy fermionic anticommutation when Uy, is unitary. We
may therefore WriteEI

_ Vet — Uk _’U;:; Ckt = U 58
T (VTM) (”k u’:)(CTkl) KOk 58)

where the unitarity of Uy, imposes |ug|? + |vg|? = 1. By computing the eigen-
values of the matrix hg, it is then clear that the diagonalized form of the
Hamiltonian is

E
HZEO‘F%fk‘F%(’YLT v—m)(ok _%k)(%k’;), (5.9)

and that the excitation spectrum Ej, is

Ek, =\/£i+|Ak|2. (510)

2The form below is in fact not the only way to introduce fermion operators so that the
Hamiltonian is diagonalized. An alternate version is employed in Refs. [112] [123].
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Furthermore, by computing the eigenvectors, it follows that this diagonal-
ization is achieved by choosing

Up = %(1+2—’;) Vg = %(1—2—’;) (5.11)

Writing out the terms in the Hamiltonian explicitly, we now have
H = Eo+ Y Ex(vhy vt + 90 v-k1), (5.12)
I

with a ground state energy Ey depending on the fields {bz}, {b;.}-

To determine the mean field parameter Ag, there are two equivalent
options. Either, one may minimize the free energy with respect to Ag,
or one may use the the self-consistency equation in Eq. to derive an
equation for the gap. Irrespective of the chosen approach, we obtain the
BCS gap equation

Ak == Vi X D, (5.13)
kl
where we have introduced susceptibility

1 tanh S E) /2

Xk = E[l -nr(Ek)] = T om,
The key microscopic input in the gap equation is the pair scattering potential
Vikr, which we will be discussing in more detail in the next section. We solve
the equation with a simple model for Vi in Sec. [F.1.5] but let us for now
try to understand the behaviour of the equation qualitatively.

The gap equation is a non-linear eigenvalue problem whose solutions are
eigenvectors Ag of the matrix Mg = Vir xxr corresponding to eigenvalue
1. The eigenvalue problem is non-linear because the matrix Mgy depends
on Ay itself through the excitation spectrum in y(FEg). Furthermore, we
notice that introducing a gap increases the excitation energy, so that x(Fg)
is always reduced with increasing |Ag|.

Start at large temperatures, yg is suppressed, and the largest eigenvalue
of My is smaller than 1, so that the equation does not have non-zero solu-
tions. At a certain critical temperature 1., however, the largest eigenvalue
of the matrix becomes 1, and we may have solutions with an infinitesimal,
yet non-zero gap. Decreasing the temperature further, the gap Ag in the
solution of the gap equation grows beyond infinitesimal values to keep the
eigenvalue of Mg at 1.

(5.14)
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5.1.3 Ground state

From the diagonalized Hamiltonian in Eq. , it is clear that since the
operators 7 represent excitations on top of the ground state, the ground state
itself is the vacuum state in the basis of the y-operators. It is not yet clear,
however, what the ground state looks like in terms of the original fermion
operators. To obtain such a representation, we start by noticing that in a
fermionic system, the condition 7|t)) = 0 uniquely defines the occupation of
the single particle state corresponding to a fermion annihilation operator ~.
Thus, the ground state of the mean field BCS Hamiltonian can be uniquely
defined by demanding

YeolYBes) =0 Vk,o (5.15)

for the BCS mean field ground state |wgcs)ﬂ Since, (V1)? = (k)2 = 0, the
operator [ VetYky acts as projection operator projecting any state down on
its ground state component. Since the state Igyrty-g|0) is non-zero, where
|0.) denotes the vaccuum state in the c-operator basis, it must therefore be
proportional to the ground state. Thus, it is readily shown that the BCS
ground state can be written on the form

1
lvBCs) = G I;I (g + UkCiMCLT) 0c), (5.16)

where N is a normalization constant. Alternately, one may expand the BCS
ground state in terms of the c-operator number states, and derive explicit
conditions for the expansion coefficients to show that the ground state takes
this form.

5.1.4 Effective phonon-mediated potential

Although BCS theory was developed to describe phonon-mediated super-
conductivity, the theory itself is completely indifferent to the origin of pair
scattering potential, as long as it is attractive. Thus, the effective potential
may in principle occur due to phonons, spin fluctuations [I25HI27], any other
boson [I128HI31], or be of purely electronic origin [I32HI34]. In the follow-
ing, we will be discussing how to obtain an effective electron-electron pair
scattering potential for a phonon exchange mechanism, but the methods can

3An alternate route to deriving the ground state is given in Ref. [124], and is based
on an effective isospin description, where the ground state is obtained by rotating the the
ground state for Ag to align it with the direction of the effective magnetic field n given
such that h =nyg - o.
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also be generalized to other boson exchange mechanisms. We thus consider
the electron-phonon coupled Hamiltonian

H =Y &ch,Cro+ Y Waublybay + 30 D 0k kaq(bay + bl gu)Chrq oo (5.17)

ko qv qV ko

The system consists of electronic and bosonic degrees of freedom which in-
teract through a non-linear interaction. Thus, the electrons in the system
affect the phonon system, which again affects the electron system, and so
on.

In the BCS Hamiltonian, the bosons do not appear explicitly, and the
only trace of their presence is the effective interaction Vig. We therefore
need a way to decouple the bosons from the electrons, and transform the
electron-phonon coupling into an effective electron-electron interaction. This
decoupling can be performed through a Schrieffer-Wolff transformation [135-
137] as first shown by Frohlich [84], and we outline the procedure in the
following.

Following Ref. [I38], we write the Hamiltonian on the form

H=H0+7’]H1, (518)

where Hj is the non-interacting part of the Hamiltonian describing the free
electrons and bosons, H;j is the electron-phonon interaction, and 7 is an
expansion parameter. The basic idea of the Schrieffer-Wolf transformation
is to transform the Hamiltonian through the canonical transformation

H— H' =e " He", (5.19)

which effectively changes the basis of the many-body Hilbert space slightly.
Using the Baker-Hausdorff-Campbell lemma [33] and expanding in small 7,
we then have

H' = Hy +n (Hy + [Ho, S]) + 172 ([Hl, ]+ %[[HO,S], 5]) fe (5.20)

Choosing S so that

H1+|:H07S] ZO, (521)

the linear terms in the electron-phonon coupling strength are eliminated.
After also utilizing this identity in the second order contribution in 7, we
are left with H’ = Hy + H.g and an effective interaction Hamiltonian
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772
Hep = < [H, 5], (5.22)

Furthermore, it can be shown that an appropriate choice is to write .S on
the form [138]

S = Z Zglz,kﬁq(l‘z,qbql/ + yz,qbiqu)cic_,_qackay (523)
ko qv

and that choosing the parameters zy, , and yy, . appropriately, the effective
pair interaction becomes

2wqy
(Ekvqg —Ek)2-w2,

The above derivation is essentially perturbation theory in the electron-
phonon interaction. BCS theory can thus be viewed as a perturbative
method to compute the effective potential joining forces with non-perturbative
methods to find the ground state of the BCS Hamiltonian [I39]. The canon-
ical transformation method can also be generalized to systems with coupling
to magnons, as shown in Refs. [140] [141].

Although Frolich’s canonical transformation is the most standard way to
derive the effective potential, it is not the only one. The effective decou-
pling of the bosonic system can also be performed within a flow equation
approach [I42] [T43]. Remarkably, since the condition in Eq. does
not uniquely determine the matrix S, this approach gives rise to effective
potentials which are on different forms than the Frohlich effective potential
in Eq. [T42, 144, 145]. However, as the free electron Hamiltonian
is also affected by the transformation within this approach, these effective
potentials cannot immediately replace the Frohlich potential.

In a diagrammatic expansion similar to the one we will be considering
in the section on Eliashberg theory, the interaction between electrons is me-
diated by a phonon. Letting Dr(q,w) be the retarded phonon propagator,
the effective potential can therefore be thought of as

Vie kg = Z |9k k+q|2

(5.24)

2wqu

Vk k+q Z |9k k+q|2DR(qvw) Z |9k k+q|2 (5.25)

w2,
This is a frequency dependent effective potential, which unlike the effective
potential above should not be thought of as an interaction term occurring in
the Hamiltonian. Instead, the frequency w occurs in the diagrammatic ex-

pansion for a frequency dependent Green’s function, and has to be summed
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over. Clearly, the Frohlich effective potential can be obtained from this ef-
fective potential through the replacement w — &g1q — &k, but the formal basis
for this is through the canonical transformation. In BCS theory, one there-
fore replaces the properly frequency dependent potential with an effective
description where, somewhat strangely, the momentum dependence accounts
for the frequency dependence.

5.1.5 Morel-Anderson model

The above approaches give rise to detailed effective potentials. In the original
BCS paper, however, the approach was to simplify the potential as much as
possible while still keeping the main qualitative features. In the Frohlich
potential, the interaction is attractive close to the Fermi surface, while it
becomes repulsive for electron energy transfers exceeding the characteristic
boson frequency, which acts as resonance frequency and effective cutoff for
the attractive part of the potential.

Bardeen Cooper and Schrieffer therefore postulated that superconduc-
tivity could be explained with the effective interaction in Eq. , which is
attractive for electrons k and k' closer to the Fermi surface than the energy
wp, and that the potential vanishes otherwise. We will instead consider a
somewhat more general potential, where we also include a constant repulsive
potential, which we think of as coming primarily from Coulomb repulsion
between the electrons. This is known as the Morel-Anderson model [146],
and within this model, the effective pair scattering potential is assumed to
take the form

(—u+v)/N  for [§l, [§w| <wp
Vi =1 v/N for wp <&k, & | < W ¢, (5.26)
0 otherwise

where W is the electron bandwidth, u the strength of the attractive potential,
and v the strength of the repulsive potential. The potential is illustrated in
Fig. and the standard BCS potential is regained by letting v = 0.

With the standard BCS potential, we need the effective pair scattering
potential to be negative on the Fermi surface to be able to find a solution.
Thus, we would naively expect that one may only find solutions to the BCS
gap equation for u > v. However, this is not the case, and we will see why in
the following.

Since the potential takes on different values in the two different regions
corresponding to electron energies |{x| < wp, and wp < [€x| < W, we assume
that the gap can also be written on the form
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Figure 5.1: Morel-Anderson potential and gap Ansatz.

Ay for €, [§w| < wp
A =1 As forwp <&, [&|<W 3}, (5.27)
0 otherwise

as shown in Fig. We now insert the given profiles for the gap and
the potential into the gap equation. Since the potential Vig and the gap
Aj depend on momentum only through the electronic energy &g, the gap
equation can be written on the form [6] [123]

A©) =-Dr [ dEV(EENENAE), (5.28)

where we have introduced the susceptibility

_ tanh(ﬁ\/§2+A2/2). (5.20)
2\/&2 + A2

x(&,A)

Separating the integrals over the two regions of the Brillouin zone, we obtain
a gap equation

() ) o

where we have introduced the functions
wp
fidn =2 [T (& A (5.31a)
w
f2(82)=2 [ x(g o). (5.31b)
wp

Since a homogeneous linear set of equations can only have non-zero solutions
when the determinant vanishes, we may only find non-zero solutions when
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[1+Dp(v-u)fi][1+Dpvfa] — (Dpv)? fifa = 0. (5.32)
This condition relates f1(A1) to f2(Asz), and solving for f1(A;), we obtain
-1
DF’U
Ay)=|Dpuy - ——————— 5.33
A0 = [Dpu- ot ) (5.33)

In principle, we should now solve the two coupled equations for A; and A, in
Eq. for each temperature T', and any such solution then automatically
satisfies the condition in Eq. . However, in the weak coupling regime
where fwp <« 1, the hyperbolic tangent in the integrand of fo(Ajz) can be
considered constant, so that that

W/wp dx w
f2(Az) » fl T ~ log(g), (5.34)

where we have assumed that W/wp > 1 in the last step.

Notably, this makes fo(As) independent of A,, so that we may simply
solve the equation in Eq. by using the constant value log W /wp for
f2. The equation is then simply the well known gap equation which results
BCS theory letting v = 0, but where Dpu = X\ has been replaced by A — u*,
and we have introduced the Coulomb pseudo-potential

DF’U
- ) 5.35
H 1+DpvlogW/wD ( )
Once the gap A1(T) is known, one may obtain Ay(T") using
Ay(T) = —H— Ay (D), (5.36)

A-p
which follows from either of the equations in Eq. together with Eq. .
The gap equation in Eq. has solutions with a finite gap A (T)
for temperatures below a critical temperature T,. Following the standard
calculation [I12] [I17], one may show that the critical temperature in the
weak coupling limit Swp <« 1 is given by

T. ~ 1.14wp exp (— (5.37)

A—p* ) ’
and the gap A1(0) at zero temperature is given by

A1(0) = 2wp exp (— ) (5.38)

A—p*
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Although the characteristic phonon energy wp sets the energy scale for the
critical temperature, the dimensionless electron-phonon coupling strength A
has to be significantly larger than the Coulomb pseudo-potential to avoid
complete exponential suppression of the critical temperature. If X is smaller
than p*, there are no non-zero solutions of the gap equations, neither at
finite nor zero temperature.

Remarkably, the Coulomb pseudo potential p* is limited to values of
1/1log(W |wp) even in the limit v - co. Thus, even an infinitely large repul-
sion v is not able to prevent the superconducting instability.

This can be understood in terms of the processes contributing to the
pairing. While processes from a point k on the Fermi surface to a point k'
close to the Fermi surface contribute repulsively in the gap equation due to
the positive potential v — u, the repulsive part v of the interaction is coun-
teracted by the processes between k and points k' far away from the surface
acting attractively due to the sign change in the gap amplitude. The dip in
the total pair scattering potential due to the phonon-mediated potential is
then able to produce superconductivity because the gap adapts to the effec-
tive potential to cancel out most of the effect of the repulsion. This effect
is only possible due to the large energy scale separation between the char-
acteristic phonon frequency wp and the electron bandwidth W. Thus, the
Morel-Anderson model provides a concrete justification for the often para-
phrased saying that superconductivity can occur in spite of strong electronic
repulsion because electrons are able to avoid each other in time.

The Morel-Anderson pseudo-potential is shown as function of the re-
pulsion strength Dpv in Fig. (a). At intermediates temperatures, the
gap equation has to be solved numerically, and the solutions are shown in
Fig. [5.2] (b) for various values of v, where the gap component A; is shown
with solid lines and the gap component Ay with dashed lines. As v in-
creases, the pseudopotential p* also increases, before eventually saturating
at a finite value. As shown in (b), the critical temperature shows similar
behaviour. With the increasing p*, the gap component A, (7 = 0) increases
to compensate for the repulsive interaction, as discussed above.

5.1.6 Experimental consequences

By inspecting the expressions for the critical temperature and the gap at
zero temperature from the calculation in the previous section, we notice
that their functional forms are in fact identical. Using this, one finds the
so-called universal amplitude ratio
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Figure 5.2: (a) Coulomb pseudopotential p* as function of v. (b) Gap
temperature dependence for various v, with solid lines for A; and dashed
lines for Ay. The gap amplitudes and temperatures are normalized against
the critical temperature 7" and gap A} obtained by setting v = 0.

220(T=0) 3.52. (5.39)

T,
This very famous result matches experiments in weak coupling superconduc-
tors well, and provided compelling evidence for the BCS theory. As shown
here, the prediction holds also within the Morel-Anderson model.

The BCS theory is also able to explain the so-called isotope effect, which
was historically one of clues which promoted electron-phonon coupling to
prime suspect as underlying mechanism for superconductivity. In elemental
superconductors, it was noticed that the critical temperature in samples
constructed of different isotopes with different masses M scaled according
to T. ~ M~Y/2. As seen from Eq. ([#12), the typical phonon frequencies
are proportional to M~/2, while the electron-phonon coupling strength A is
typically independent of the isotope mass. For the electron-phonon coupling,
this can be seen from Egs. and , as both the coupling matrix
element and phonon frequencies scale with M~/2. Thus the BCS theory is
able to explain the isotope effect in elemental weak coupling superconductors.

Upon inclusion of a Coulomb pseudo-potential, we expect corrections to
the exponent —1/2, as the Coulomb pseudopotential depends on the isotope
mass through the phonon frequency. A simple calculation gives that a small
change dM in the isotope should produce a small change dT in the critical
temperature given by
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N2
dT:dM(—l)[l—( K )] (5.40)
T M\ 2 A—p*
A comparison between experimental results and the isotope effect coefficient
calculated with similar methods shows good agreement [139] [147].

The two primary properties of the superconductor, namely zero resis-
tivity and the Meifiner effect, can both be understood from BCS theory if
we couple the system to electromagnetic fields. These properties can conve-
niently be understood within linear response theory and a Green’s function
formulation of BCS theory [45] [I18]. In the research in this thesis, we are
primarily concerned with whether various mechanism can give rise to super-
conductivity, and not the properties of the superconducting state itself. We
will therefore not review this in further detail.

5.1.7 Numerical solution of the gap equation

Above, we have solved the gap equation with a simple assumption for the
effective pair scattering potential V. If we instead use a detailed potential
Vikr, the equations can no longer be solved analytically. Thus, numerical
methods are required.

In this thesis, we will primarily be interested in locating the supercon-
ducting transition and the gap profiles close to the superconducting insta-
bility. In this regime, we expect the gap to be small. The gap equation can
then be linearized in the gap to obtain the equation

tanh 2
Ap=-)" ka’%’c/Ak’;
" 9%

where the gap dependent excitation spectrum Fj has been replaced with the
single particle energy &g.

In the following, we discuss two methods which can be used to solve such a
gap equation, and which are applied to phonon-mediated superconductivity
in graphene in Chapter [7]

(5.41)

Fermi surface averaged equation

In the simplest possible BCS theory, one assumes that the effective potential
is constant close to the Fermi surface, and zero otherwise. An alternate
approach keeping more details of the effective potential is to derive Fermi
surface averaged equations.
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In the linearized gap equation , the dominant contributions come
from regions close to the Fermi surface. In the spirit of BCS theory, we
then assume that the effective potential Vi for pair scattering of a pair at
momenta +k on the Fermi surface is attractive for scatterings to momenta
+k’ within a region corresponding to electron energy |{x/| < wp, but zero
otherwise. Assuming that the gap and the effective potential vary slowly
along the direction perpendicular to the Fermi surface, we may then sepa-
rate the integration into integrations along and perpendicular to the Fermi
surface. Neglecting the perpendicular momentum dependence of the effective
potential and the gap, we then obtain

1 ]
Ay, :—A—Bzfd

where Apy is the Brillouin zone volume. This equation now represents an
eigenvalue problem for the gap Ay, on the Fermi surface, where the critical
temperature T, is determined as the largest value of T" which is consistent
with a solution of the equation. While the eigenvalue problem

1 | de
- d¥ 1Lk ‘7
Agy f M ak,

in general has many eigenvalues )\, we thus have to pick out the largest Aeg,
and the inverse critical temperature 3, = 1/T, is then obtained through

1= At f tanhﬁf/? & Ao lg(—ﬁwD) (5.44)

which has the well known BCS solution

-1 Wb h
Vigwy B [ dgta“jg/% (5.42)

-1

Vi Akg = AAy, (5.43)

T, ~ 1.13wpe et (5.45)

The gap profile on the Fermi surface close to the critical temperature is
simply the eigenvector Ay, corresponding to the largest eigenvalue Acf.

Although the above approach contains many of the same simplifications
as BCS theory, it does allow a calculation of the gap profile on the Fermi
surface based on detailed information about the pairing potential and the
shape of the Fermi surface.
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Full momentum dependent solution

In Paper [2], we solve the gap equation in two dimensions on a momentum
grid with a finite number of momentum points. To ensure an appropri-
ate resolution in the most important regions around the Fermi surface, we
introduce points on a coarse grid in the entire Brillouin zone and add addi-
tional denser points close to the Fermi surface to pick up the sharply peaked
features in the effective potential and in the susceptibility. Through a trian-
gulation technique, we may then partition the Brillouin zone into triangles
with these points as vertices. Since a point k may be a vertex of several
triangles ¢, we associate the point k with the weight wg given by

Wi = ZAtékEt/Sa (546)
t

with dge; = 1 if k is a vertex in the triangle ¢, and 0 otherwise. The gap
equation can then be written on the form

Ay = S > Viekr Xbrwier Aer (5.47)
BZ
where Apy is the Brillouin zone area. Linearizing this equation in the gap
and and setting the largest eigenvalue of the linear eigenvalue problem to
1, we obtain an equation for critical temperature T,. Furthermore, the gap
structure Ag just below the critical point is given by the eigenvector corre-
sponding to the largest eigenvalue of the linear eigenvalue problem.

5.2 Eliashberg theory

In the discussion of the Morel-Anderson model in the previous section,
we saw that even a strong Coulombic repulsion only results in a surpris-
ingly small renormalization of the dimensionless electron-phonon coupling
strength. Thus, the qualitative properties of the superconductivity are
hardly changed. From the argument, it was clear that this occurs due to
the time scale separation of the electron and the ion dynamics through the
large ratio W/wp, and we gave a rough interpretation of this in terms of
electrons avoiding each other in timd?]

Yet, when we consider the BCS theory and the Morel-Anderson model,
time does not appear anywhere. The BCS interaction potential is in fact

4The argument can even be extended in terms of a discussion of the screening of the
interaction from an oscillating ion on the lattice [123].
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both instantaneous and non-local, as it depends, not only the scattering
momentum k-k’, but also on k and k' individually. An alternate description
of BCS theory was formulated by Gorkov based on Green’s functions [83]
118, [148], which give electron correlations at different times. While the
original formulation of the BCS theory was based on mean field theory, this
particular formulation of BCS theory allowed the problem to be studied
within the recently developed methods of quantum field theory [II8]. The
natural generalization of this BCS theory formulation lead G. Eliashberg to
develop what we now know as Eliashberg theory [106} [107].

Although the BCS theory described the properties of many supercon-
ductors well, there were some exceptions. In the simplest BCS theory, the
ratio 2A(0)/kpT, takes on a “universal” value of approximately 3.53El Al-
though this matched well with observed values in most superconductors at
the time, it deviates significantly from the values in lead and mercury, which
have ratios of roughly 4.3 and 4.6 [149]. These were superconductors with
a relatively small phonon Debye frequency and large values for the electron-
phonon coupling strength, as witnessed for instance by the ratio T./wp or
the effective mass enhancement factor extracted from specific heat measure-
ments. At the same time, the dependence of the upper critical magnetic field
in these materials deviated from the BCS expectation [149]. These deviations
therefore called for a theory of “strong coupling superconductors”. When
the amplitude ratio was calculated within Eliashberg theory [I50, I51], there
was excellent agreement, and Eliashberg theory seemed to fill this need.

Whereas BCS theory is only able to describe weak coupling supercon-
ductors with small A < 0.3, Eliashberg theory can describe superconductors
with larger A\. An interesting difference between BCS theory and Eliashberg
theory is in fact that whereas the critical temperature within BCS theory
would saturate at the phonon Deybye frequency as A — oo, the critical tem-
perature in Eliashberg theory for large A in principle approaches infinity as
V/A. Yet, even Eliashberg theory is expected to break down at large A [152],
and for this reason, it is some times referred to as intermediate coupling
theory today [153].

In the following, we discuss how one may formulate a Green’s function
approach for phonon-mediated superconductivity. Using a framework which
can easily be generalized to treat also magnon-mediated superconductivity,
we thus derive the Eliashberg equations. This is a multi-step processes,

5In fact, the “universal” amplitude ratio is not universal anymore even within BCS
theory for larger electron-phonon coupling strength A. Yet, the value seemed to saturate
at 4 within BCS theory, so that BCS theory did not seem able to explain the values
observed in mercury and lead, as discussed below [I49].



5.2. ELIASHBERG THEORY 73

which we discuss in some detail in the following subsections.

5.2.1 Model Hamiltonian

The starting point of BCS theory is the reduced BCS Hamiltonian in Eq.
which describes electrons interacting with each other through some potential
Vikr. In contrast, the starting point of Eliashberg theory is a more funda-
mental Hamiltonian H = H + Hy, + Ho_p, describing both electrons, bosons,
and their interaction explicitly.

To keep our discussion sufficiently general, we consider a model on the
form

H =3 hchy i + D wablyban + Y 3 0l Banthogocho:  (348)
ko qv

kq oo’

where ¢, and c;fw are annihilation and creation operators for electrons with
spin ¢ and quasimomentum k, while & is the electron single particle spec-
trum. Similarly, bg, and bIIl, are annihilation and creation operators for a
boson in mode v with quasimomentum gq. Furthermore, Bg, represents a
bosonic excitation which can in general be constructed as a linear combina-
tion of the boson creation or annihilation operators carrying momentum q,
while 91:1:: ' is the associated matrix element. In this thesis, we will encounter
both phonon-mediated and magnon-mediated superconductivity, which can
both be described within such a model.

To be concrete, the boson operator By, for phonon-mediated supercon-
ductivity is given by

_ T
Bqu =aqu + A_qu

(5.49)
as seen in the general electron-phonon coupling Hamiltonian of Eq. (4.16)),
and where v labels the phonon modes in the system. For magnon-mediated
superconductivity as considered in Paper [], we instead let By, correspond
to four different magnon operators Mé%’U, (MEI’U)Jr constructed as linear

combinations of the eigenmagnon operators in the system, as discussed in
more detail in Chapter

5.2.2 Building blocks: Green’s functions

As already mentioned, Eliashberg theory is based on Green’s function tech-
niques and many-body perturbation theory. Thus, the basic building blocks
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for the theory are electron and boson Green’s functions. In the following,
we will be working within a Matsubara Green’s function formalism, and for
an introduction to this, we refer to Refs. [0} 118]. In the following, we define
the Green’s functions we will be interested in. First, the electron Green’s
function G,,/(k,7) is defined as

Goor(k,T) = ~(Trepo (7)ch . (0)), (5.50)

where k is the electron quasimomentum, o and ¢’ are the spins of the elec-
trons in the Green’s function, 7 the imaginary time, and 7; the time ordering
operator in imaginary time. As it will turn out to be useful later, we also
introduce the Green’s function

Goor(k,7) = ~(Trcly, (T)eok0(0)). (5.51)

As we saw in the section on BCS theory, the BCS ground state is not a state
with a fixed number of particles. Instead, the BCS ground consists of a linear
combination of states where the single particle states k with opposite spins
are occupied and empty, as given in Eq. . Thus, cross terms from the
two contributions give rise to a finite BCS ground state expectation value
for the operators c_gckr and CLTcikl. A Green’s function formalism which
can successfully describe superconductivity must therefore also include the
so-called anomalous correlations Fi,o and .+ defined by

Fyr(k,7) = ~(Trcr.o (T)c k.0 (0)) (5.52)
Fogr(k,7) = ~(Trcty, (T)c, . (0)). (5.53)

Our theory consists of both an electronic and a bosonic part. When
studying superconductivity, however, we are primarily interested in pairing
of the electrons, which interact with the bosons operators By, through the
electron-boson coupling. Since it is always the operators B, that couple to
the electrons, the relevant boson propagator is therefore

Dyu(q,7) = ~(Bgu(7)B-qu(0)), (5.54)

which in general has a matrix structure in the presence of several bosonic
operators.

The above Green’s functions are formulated in terms of quasimomentum
and imaginary time. In the following, we will instead be working with their
Fourier representations, which are given through the Fourier series expan-
sion [118]
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1 .
H(k,7)= B Z e T H(k,iwy) (5.55)
B ’ .
H(k, iw,) = f dretn™ H(k,7), (5.56)
0

where the function H represents either electronic or bosonic Green’s func-
tions. Furthermore, w,, = (2n+ 1)7/8 in the fermionic case, and w,, = 2n7/8
in the bosonic case. In the following, we will typically be using the notation
wy, for a fermionic Matsubara frequency and v, for a bosonic Matsubara
frequency.

5.2.3 Spinor representation

To structure the forthcoming calculations, it is useful to collect the interact-
ing electron and boson operators in spinors, and the corresponding Green’s
functions in matrices.

Since we are interested in both normal and anomalous Green’s functions,
we introduce a Nambu spinor ¢ given by

T
wk:(cm Chey CikT cikl) . (5.57)

The electronic Green’s functions we have introduced this far may therefore
be combined into the electron Green’s function matrix

Gy (k,T) Foor(k,T
which in the Fourier representation takes the form
. (G (kyiwn)  Foor(k,iwy)
Gk, iwn) = (le(kz,iwn) Gl ivsn) ) (5.59)

With a single band and two spin species, this matrix consists of 16 elements.
However, due to various relations between the the operators in the spinors,
the Green’s function matrix satisfies several symmetry relations, so that not
all matrix elements are independent. In particular, the Fourier representa-
tions of the 2 x 2 submatrices of the full electron Green’s function matrix G
satisfy
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G(k,iw,)" = G(k, —iw,) G(k,iw,) = -G(-k, —iw,)T  (5.60a)
F(k,iwy,) = F(k, —iwy,)" F(k,iw,) = —F(-k,—iw,)T.  (5.60b)

Similarly, we may collect the relevant boson operators in the system in
a spinor. For the case of phonon-mediated superconductivity, this is trivial,
as the spinor has only one element per phonon mode. In general, however,
the spinor may have several elements. In Paper [4], the boson spinor takes
the form

Bg=(MF (ME) MU (ME)DT, (5.61)

with magnon operators Mf and Mé] as discussed in further detail there.
The interaction Hamiltonian in Eq. (5.48)) can furthermore be symmetrized
in particle and hole operators by letting

1
CL’U’CkU - 5 ( Tklglcka - ClcoCLrar) . (562)

The interaction Hamiltonian itself can then be written on the symmetrized

fornl?]

1
Helfb - H:pb = 5 Z Z gz%quqﬂ/)Lq,al/)kﬁa (563)
kq oy
where the indices «, 8 denote elements in the electron spinor, and the index
v elements in the boson spinor.

5.2.4 S-matrix expansion

Having introduced the model and spinor and matrix representations for op-
erators and Green’s functions, we are now ready to develop an S-matrix
expansion for the electron Green’s function using many-body perturbation
theory. Useful references on the topic are provided by Refs. [6, [IT8], [TT9].

Within many-body perturbation theory, the electron Green’s function
can be written

6 At this point, it may not be entirely clear why we choose to symmetrize the Hamil-
tonian and write it on this form. Furthermore, it may look like fermion anticommutation
relations should give an additional term. In reality, however, we are simply preparing
for an S-matrix expansion. Using Wicks theorem in the S-matrix expansion, fermion
operators can be switched without introducing additional anticommutators.
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(T ()9 (0)S(8,0))o
(5(8,0))o ’
where 1y is the Nambu spinor defined above, and S is the so-called S-matrix.

With interaction Hamiltonian Hin(7) in the interaction picture, it can be
written

G(k,7)=- (5.64)

S(7,0) = Z (_n;')n [OT dry--dr, T [Hint(Tl)"'Hint(Tn)] ) (565)

and corresponds to the time evolution operator in the interaction picture.
The thermal average should be evaluated with respect to the non-interacting
Hamiltonian, which is quadratic. Thus, we may use Wicks theorem to con-
tract operators in the expansion for the Green’s function. This allows us to
represent the Green’s function as a diagrammatic expansion.

As usual in many-body perturbation theory, the disconnected diagrams
in the numerator of Eq. cancel against the denominator, and we may
write

G(k,7) = ~(Trhuc (7)1 (0)S(5,0))5m, (5.66)

where the superscript “con” indicates that only connected contributions are
allowed into the propagator expansion.

As shown in Fig. m (a), we may represent electron Green’s functions by
solid lines and boson Green’s functions by dashed lines, where single lines
denote non-interacting Green’s functions and double lines the corresponding
interacting Green’s functions. Furthermore, an electron-boson interaction is
indicated by a dot.

By combining the incoming and outgoing electron operators in a propa-
gator with electron operators from the interactions, and combining the bo-
son operators in the interactions with each other, we may obtain Feynman
diagram contributions to the interacting Green’s function. The complete
expansion for the electron and boson propagators can then be collapsed into
the compact forms shown in Fig. [5.3[ (b) and (c). From this, we obtain

G(k) =Go(k) +Go(k)X(k)G(k) (5.67a)
D(q) = Do(q) + Do(q)II(q)D(q), (5.67b)
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Figure 5.3: Feynman diagram expansion in terms of matrix Green’s functions
and vertices. (a) Electron and phonon Green’s functions, interaction, and
interaction vertices. (b) Electron Green’s function expansion. (c¢) Boson
Green’s function expansion. (d) Diagram expansion for the renormalized
vertex.

where k = (k,iw,) and q = (q,ivm), Go and Dy denote the unperturbed
electron and boson Green’s functions, and we have introduced electron self-
energy 2(k) and polarization II(q) given by

E(k) = Z Z Dw'(CI)QZ,kJ,qg(k + Q)Azw k (5-68)
q vy

H'y'y’(Q) =

u\” mlw

; [gk k+qg(k +q)A} +q,kg(k):| . (5.69)

Here, we have introduced a renormalized vertex A}, which has a diagram
expansion as shown in Fig. [5.3[(d). Both the self-energy, the electron Green’s
functions, and the coupling g are matrices in the electron indices, which we
have suppressed in the notation, while we keep the boson indices explicit to
avoid confusion between electron and boson matrix operations. The trace in
the definition of the polarization runs over electronic indices.

The latter two equations are referred to as the self-consistent equations,
and together with the Dyson equations in Eq. and the diagram expan-
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sion for the renormalized Vertexﬂ they can be used to determine the electron
and boson Green’s functions.

So far, we have assumed that we only have normal and anomalous cor-
relations, and that other correlations which may in principle occur from
spontaneous symmetry breaking are zero. Apart from this, however, our
equations are still exact. They do, however, represent very complicated in-
tegral equations.

In Sec. [5:2.8] we argue that the renormalized vertex can be replaced
by the bare vertex glz;c, within phonon-mediated superconductivity. This is
known as Migdal’s theorem, although it is by no means exact. In the follow-
ing, we also assume that boson propagator renormalization is insignificant, so
that we may use the unperturbed Green’s function DQW, in the self-consistent
equation for the electron self-energy. Then, the self-consistent equation

S(k) = =5 3 3 DY ()07 k= D)9 e (5.70)

1
B q vy

determines the electron Green’s function together with the Dyson equation

G (k) =Gyl (k) - %(k) (5.71)
relating ¥ and G.

5.2.5 Phonon-mediated superconductivity

So far, our discussion has been general and applies to superconductivity me-
diated by any boson with electron-boson coupling on the form in Eq. .
While in Paper [4], we discuss magnon-mediated superconductivity, we here
specialize to phonon-mediated superconductivity. The procedure to derive
the Eliashberg equations is perfectly analogous for the two cases, but the
details are somewhat different, and we comment on some of these differences
in Chapter
For electron-phonon coupling, the interaction Hamiltonian is given by

Hint = Z gk,kJrquCLHLUCkU: (572)
kqo

where we have introduced the operator A4 = aq + aiq. Explicit calculation

of the corresponding phonon propagator then gives [0]

"The diagram expansion for the renormalized vertex can also be expressed as an integral
equation [83], but we do not discuss this in further detail here.
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2wq

Do(q,ivi) = - (5.73)

Vi tw2 '
Introducing again the Nambu spinor 9, the symmetrized Hamiltonian takes
the form

Hiyw =) Z FerqAatl iqatns (5.74)

kq o
with electron-phonon coupling matrix

Jk,k+q 0 0 0
1 0 Ik, k+q 0 0
fk k+q T o 0 0 ~G-k-qk 0 (5.75)
0 0 0 ~9-k-q,~k

Assuming the system to be time reversal symmetric, the electron-phonon
coupling matrix element satisfies the symmetry relations g_g/—x = (gr/.k)"
and grw = gg,- Thus, the electron-phonon coupling matrix can be written

Jk k+q = Gk, k+qT300- (5.76)

Inserting into the self-consistent equation, the self-consistent equation takes
the form

1
X(k) = =5 Llaw s-al Do(a)msG (k - @), (5.77)
q
which is the usual self-consistent equation in Eliashberg theory [154].

5.2.6 Eliashberg equations

As a final step to derive the Eliashberg equations, we decompose the Green’s
function matrix into various terms with associated fields, and derive equa-
tions for these fields based on the self-consistent equation together with the
Dyson equation.

To represent the Green’s function, one may in general express it in terms
of 4 x 4 basis matrices which span the Hermitian matricef®] A set of such
basis matrices are the Pauli matrix outer products

8 Although the Green’s function itself is not Hermitian, we can still represent it in
terms of Hermitian basis matrices by multiplying the Hermitian matrices with complex
numbers. Subsequently, by using the symmetry relations for G, it turns out that with our
choice of basis, these complex numbers are either purely real or purely imaginary.



5.2. ELIASHBERG THEORY 81

Ta ®0p a,B€{0,1,2,3), (5.78)

with Pauli matrices 7, acting on the particle/hole and o acting on the
spin degree of freedom. In general, we can construct 16 different such basis
matrices, but for simplicity, we assume that the self-energy takes the form

N(k) = [1-Z(k)Jiwnmoo0 + X (k) T300 + ¢ (k) T202. (5.79)

Here, Z corresponds to a spin-independent quasiparticle renormalization,
while y represents a quasiparticle energy shift. Furthermore, since o9 is
antisymmetric in interchange of spin, ¢ represents a spin singlet anomalous
pairing. From the symmetry relations in Eq. , these fields satisfy

Z(-k)=Z(k),  Z(k,iwn) = Z(k,~iw,)", (5.80a)
x(=k)=x(k),  x(k,iw,) = x(k,—iw,)", (5.80b)
bs(=k) = ¢s(k),  ds(k,iw,) = ¢s(k, —iwn)™. (5.80c)

From the electron self-energy, the Green’s function can be obtained by
utilizing the Dyson equation. While the non-interacting Green’s function is
given by

Go! = iwnm000 — ExT300, (5.81)
the inverse of G becomes
G =Gyt - % = iw, Zm00 — ExT300 — hsTa0, (5.82)

where we have introduced & = & + x(k). This is a 4 x 4 matrix which
decomposes into two blocks of size 2 x 2, and is easily inverted to obtain

1 -
G(k) = o) [iwn Z (k) + ExTs00 + s (k) T202], (5.83)
where
O(k,iwy,) = [iwn Z(k)]* = & = |¢s (k) (5.84)

is the submatrix determinant.
The Eliashberg equations are simply non-linear equations in the fields
Z(k), x(k), and ¢s(k) which can be obtained by inserting the decomposition
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of G and ¥ into the self-consistent equation for phonon-mediated supercon-
ductivity in Eq. (5.77)). Comparing term by term, one obtains

iwn[1- Z(k)] = - ;;ngkIIQD (k= )Wg(ﬁf) (5.85a)
Err + x (')
X0 =5 S Slaiao DGk 1) FG D (s
o (k')
Ps(k) = +— %Zy:|gkk’| D,(k-k") o) (5.85¢)

Considering the more general case of spin triplet pairing, the diagonal-
ization procedure would be somewhat more involved, as the 4 x 4 matrix
would not decouple into two blocks. This is analogous to the discussion of
the spin triplet pairing in BCS theory in Ref. [122]. In Chapter [8| we will
be considering unpolarized spin triplet pairing, which corresponds to a term
¢17303 in the self energy. When only this triplet contribution is present, the
analysis is again perfectly analogous to the spin singlet case, except for the
symmetry relation satisfied by ¢.(k).

Contrary to the BCS gap equation, the Eliashberg equations are eigen-
value equations for fields which have both momentum and frequency depen-
dence. While the BCS equation with the Frohlich effective potential Vg
have relatively strong dependence on momentum due to resonances in the
potential, however, this is not the case here, as the effective potential has
been replaced by the frequency dependent phonon propagator instead.

The full Eliashberg equations can be solved numerically with detailed
electron-phonon coupling matrix elements and phonon propagators [I55-
157], but this constitutes a heavy numerical problem. In the following, we
therefore discuss how the equations can instead be reduced to an eigen-
value problem in Matsubara frequency by introducing Fermi surface aver-
aged quantities. The quasiparticle renormalization y (k) is small in typical
superconductors, and at half-filling, it vanishes [I54]. We therefore consider
the equations only for the fields Z(k) and ¢ (k).

Considering an s-wave superconductor, we furthermore assume that both
Z(k) and ¢4(k) are momentum independent. As shown in Refs. [83] 154
158, the Fermi surface averaging procedure then gives Eliashberg equations
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Z(iwy) =1+ -~ Aien — i) (5.86a)
Wn o, A (W Z7)2 + |92
) 0 Miwy, — iwy) ]
bs(iwn) = = D bs(iwns), (5.86b)

B 5\ (@ 2 + 9P

where we have introduced

. ) 1 v , .
Aiwy, — twyr) = Ny > 5(&k) (&) gk Do (k = K iwy, — iwyyr).  (5.87)
kk'v

This quantity can be interpreted as a frequency dependent Fermi surface
averaged electron-phonon coupling strength, and reduces to the dimension-
less electron-phonon coupling strength introduced in Chapter [4] for zero fre-
quency.

5.2.7 Solving the Eliashberg equations

To solve the Eliashberg equations in Eq. , one may assume that only
a finite number of frequencies are significant, and use an iterative procedure
to calculate the Matsubara frequency dependence of the quasiparticle renor-
malization and anomalous pairing. To determine the critical temperature,
however, we may linearize the equations in the anomalous pairing. Then,
Z (iwn) can be calculated independently of ¢(iw,), and be used as input
in the equation for ¢(iw,). Thus, we again have to solve a linear eigen-
value problem where the temperature has to be adjusted so that the largest
eigenvalue is 1. This determines the critical temperature.

To gain some understanding of the Fermi surface averaged Eliashberg
equations, it is useful to solve them with a simple model for the frequency
dependent electron-boson coupling strength A(iv,,). Starting from the def-
inition in Eq. , we assume that the superconducting pairing is domi-
nated by a single phonon frequency, and that the electron-phonon coupling
matrix element can be considered constant for these contributions. Thus,
we assume that A(iv,,) takes the form [83]

Ao

AMivy) = m,

(5.88)

where wg is the characteristic boson frequency and Aq is the value at v, = 0.
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Figure 5.4: (a) Critical temperature as function of the electron-phonon cou-
pling strength A\ in the Einstein model. (b) Matsubara frequency depen-
dence of Z (iw, ) and ¢ (iwy,) just below the critical temperature for A\g = 0.5.

Inserting this into the Eliashberg equations in Eq. , the critical tem-
perature is shown in Fig. |5.4|(a), while the Matsubara frequency dependence
of Z(iwy,) and ¢4 (iwy,) is shown in Fig[5.4] (b).

The procedure above is very convenient for determining the critical tem-
perature, and in Paper [4], this is also what we are interested in. To extract
further superconducting properties such as for instance the excitation gap,
the heat capacity, and the isotope effect exponent, however, we also need
the quasiparticle renormalization and the superconducting gap as function
of real frequency. The usual way of obtaining real frequency Green’s func-
tions from Matsubara Green’s functions is to perform analytic continuation
of the Matsubara Green’s function. This is simple when we know an ana-
lytic expression for the Matsubara Green’s function. Here, however, we only
know Z(iw,) and ¢s(iw,) for a finite set of Matsubara frequencies. Thus,
it is not immediately clear how the real frequency Green’s functions can be
obtained.

One option is to convert the Eliashberg equations into real frequency
equations before we solve them. This procedure gives a set of integral equa-
tions for the gap and the quasiparticle renormalization [I54] [159], which one
may then go on to solve. However, it is also possible to deduce the real fre-
quency dependence of the Green’s function from the values at a finite set of
Matsubara frequencies through the use of so-called Padé approximants [154].

When the real frequency gap function A(w) has been determined, one
may determine the excitation gap A., by solving the equation

A, =ReA(w=A,). (5.89)



5.2. ELIASHBERG THEORY 85

Experimentally, the excitation gap is accessible for instance through tunnel-
ing experiments [159] [160].

For a detailed review of superconducting properties such as the isotope
effect, heat capacity and the “universal” amplitude ratio from an Eliashberg
theory perspective, the reader should consult Refs. [02] 149, [159].

5.2.8 Migdal’s theorem

Eliashberg theory is based on many-body perturbation theory, and as always
in many-body perturbation theory, we pick out our favourite self energy
diagrams and throw away the rest. A natural question to ask is therefore
how this is justified.

The question was first investigated Migdal [I61], who formulated what we
today know as Migdal’s theorem [6]. It is built on the observation that there
are two different energy scales in the system; one relatively small charac-
teristic boson energy wp, and one characteristic electron energy Er, which
is typically much larger. In the expansion for the renormalized vertex in
Fig. (d), we disregarded all diagrams beyond the first. Migdal argued
that for electron-phonon coupled systems, the vertex corrections can be dis-
regarded when the ratio wp/EF is small. Thus, a time scale separation
between the electron and phonon dynamics is an important precondition for
Eliashberg theory to be valid, and also an important reason that BCS theory
works so well.

Vertex correction estimate

In the following, we discuss Migdal’s argument in some more detail. To
see whether the vertex corrections are important, one may try to evaluate
the relative size of the zeroth and first order contributions to the renormal-
ized vertex in Fig. [5.3| (d). Disregarding the momentum dependence of the
electron-phonon coupling matrix element, this relative size can be estimated
as

1 4 ! 4
Thhig = EZ|9|2G(]€+CI )G(k+q+q)D(d), (5.90)
q/

where the renormalized vertex is related to the lowest order relative contri-
bution through Agg = grr (1 + Trer), and the sum over ¢’ runs over both
momentum and frequency. To estimate this expression, we replace the in-
teracting Green’s functions by their non-interacting counterparts, which are
given by
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1
Go(k,ik,) = ——— 5.91
oksikn) = 5 (5.91)
2w,
D iqn) = — a_ 5.92
0(q7lq ) q%+w5 ( )

where k,, and ¢, denote fermionic and bosonic Matsubara frequencies. For
Matsubara frequencies larger than typical phonon frequencies, the phonon
propagator decays fast. Thus, we may assume that the dominant contribu-
tions to the above sum arise from Matsubara frequencies where |¢,| < wp,
and this corresponds to roughly wp/27T different frequencies. Since the
typical energy scale for the electrons is Er, we expect the vertex correction
to be of order

1 wp 1 1 lg]?
T~ 2(7) - (7)~7. 5.93
k,k+q 5 |g| 0T E}% wp E% ( )
As one may realize by considering the definition of the dimensionless electron-
phonon coupling strength in Eq. (4.41)), the electron-phonon coupling matrix
element |g|? is typically of order |g|* ~ Awp Ep. Thus, the relative importance
of the lowest order vertex correction is of order
wWp

Theg ™ /\E—F. (5.94)
This quantity is typically small in superconductors with a phonon-based
pairing mechanism. By a similar argument, we expect higher order vertex
corrections to be of even higher order in this small quantity.

Above, we considered contributions to the renormalized vertex where the
electron momenta for the Green’s functions in Eq. are in general far
away from the Fermi surface. Thus, the Green’s functions are typically of
order 1/Ep. Instead, we may consider processes with scattering momentum
g’ such that the intermediate momenta k + q’ and k + q + q’ are close to the
Fermi surface, and the Green’s functions are instead of order 1/wp. However,
as illustrated in Fig.[5.5] this can only occur for a restricted set of momenta
in the Brillouin zone. Letting Dr = Np/N be the intensive density of states
and assuming k and k + q to lie on the Fermi surface, the momentum ¢’ can
only be picked among a fraction Dpwp of the full Brillouin zone if we want
one of the electron Green’s functions in Eq. to be on the Fermi surface,
and within a fraction (Dpw D)2 to have both electron momenta close to the
Fermi surface. Thus, nothing is gained by considering processes close to
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1 k+q

k+q +q

Figure 5.5: Hierarchy of processes contributing to lowest order vertex correc-
tion with momenta k and k + g on the Fermi surface (black circle). Points
denote electron momenta, which vertices on a parallelogram due to con-
servation of momentum. (a) A general momentum ¢’ yields intermediate
momenta far away from the Fermi surface. Restricting the momentum sum
to the grey regions in (b) and (c) gives larger electron Green’s functions, but
contributions from fewer momenta.

the Fermi surface, and there is a hierarchy of processes which all contribute
similarly to the vertex corrections.

Finally, we notice that the first order contribution to the renormalized
vertex is small compared to the zeroth order contribution when the electron-
boson coupling matrix element is small compared to the typical electron
energy scale, as seen in Eq. . It is the relation |g|?> ~ AwpEp which
we expect with electron-phonon coupling which allows us to rewrite the
estimate in terms of Awp/FEr, and which gives the most common formulation
of Migdal’s theorem.

Failure of Migdal’s theorem

The argument above is not very rigorous, but it illustrates that vertex cor-
rections will typically tend to be small. However, there are exceptions. In a
qualitative picture, one may argue that vertex corrections are small because
not all momenta are in general close to the Fermi surface when we choose q’
such that k+q’ is close to the Fermi surface, as shown in Fig. (b). If this
were actually the case, the argument would break down. In the following,
we will be discussing two cases where this may be possible.

A simple example is the limit g — 0, when we let the outgoing momentum
labelled by 3 in Fig. (a) approach the incoming momentum labelled by
0. Estimating the vertex correction in Eq. (5.90), one may show that [162]
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(a) 0

Figure 5.6: Situations where Migdal’s theorem may break down. (a) Scat-
tering with small momentum q. (b) Strongly nested Fermi surface.

Nrlgl?

V(vrg)? +aqz,
Qualitatively, this can be understood as follows: Compared with the esti-
mate in Eq. , a factor 1/Ep has been replaced with \/v%.¢? +¢2,. By
considering electrons at momenta k and k + q close to the Fermi surface, the
dominant contributions come from the situation where k +q’ is also close to
the Fermi surface. This is because the smallness of g allows the electron at
k +q’ + q to be reasonably close to the Fermi surface without having to pay
the cost of restricting the momentum sum any further. The typical energy
scale of this last electron is therefore dominated either by its electronic en-
ergy of order vpq or the frequency iq,, depending on their respective values.
The square root interpolates between these two.

A second situation where Migdal’s theorem may not hold, is when the
Fermi surface is strongly nested, as shown in Fig. (b). The nesting ensures
the existence of a large set of momenta g which allow us to pick q’ such that
all electrons are close to the Fermi surface. Thus, the vertex correction is
drastically enhanced. Nesting can often be a problem in low-dimensional
systems, where nesting is more common.

T(k,q—0) ~ (5.95)

5.3 Spin-fluctuation mechanism

With the development of Eliashberg theory, the properties of almost all
known superconductors at the time could be understood?] and it was spec-

9An exception was the so-called A15 compounds [159] [163], which had, on the con-
temporary scale, rather large critical temperatures. However, superconductivity in these
materials turned out to be due to strong electron-phonon coupling [93].
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ulated that electron-phonon coupling is the cause of superconductivity in
all superconductors [I50]. Spin fluctuations, on the other hand, were only
believed to suppress superconductivity [140} [164] [165].

In the 1980s, this view was drastically changed, primarily due the discov-
ery superconductivity in two new classes of superconductors; heavy fermion
compounds [I08] and high-T, cuprates [109].

Heavy fermion compounds have their name due to their very large ef-
fective mass, as observed through the rapid increase of specific heat with
temperature [166] [T67] at intermediate temperatures. This was believed to
be caused by a Kondo effect [6l, 168, [169], and can be described within the
Kondo model [6]. There, coupling to spin fluctuations of local moments
cause strong renormalization, and give rise to a minimum in the heat ca-
pacity and resistivity as function of temperature at the so-called Kondo
temperature. This behaviour motivated detailed experimental studies of the
low-temperature properties of heavy fermion systems [I70]. An investigation
of the resistivity, however, showed that in some materials, it instead dropped
to zero below critical temperatures between 0.5 K and 2 K [108| 170} [171].

As the importance of spin fluctuations in heavy fermion systems was
already well established through the behaviour of the specific heat, spin
fluctuations were also a primary candidate as pairing glue for the observed
superconductivity [I70]. Heavy fermion superconductivity occurs in close
proximity to antiferromagnetic order [I72], and observations indicated that
the gap amplitude had nodes on the Fermi surface [122] [[73HI75]. This
behaviour was very similar to anisotropic pairing in Helium-3, where spin
fluctuations had been identified as underlying mechanism [I76]. Yet, it was
clear that understanding superconductivity in heavy fermion materials was
a huge challenge due to strong correlation effects. The large effective mass
of the heavy electrons makes the characteristic electron energy scale small,
and the time scale separation between the electrons and the bosons which
allows BCS and Eliashberg theory to work so well is missing.

Although the discovery of heavy fermion superconductors was of signif-
icant theoretical interest, the technological implications were minute due
to the small critical temperatures. In contrast, the discovery of high-T,
cuprates [I09] not only reshaped known truths about superconductivity, but
also represented a major technological advancement due to large critical
temperatures quickly reaching beyond 100 K [109, [I77HIR0]. It soon be-
came clear that a phonon-mediated mechanism could not explain the enor-
mous critical temperature within the standard theories of superconductiv-
ity [93] [I81], and the spin fluctuation mechanism was a prime suspect [7].
Similar to heavy fermion compounds, superconductivity occurs in close prox-
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Figure 5.7: Spin-fluctuation mechanisms generating an effective electron-
electron interaction. (a) Kondo lattice. s-d exchange generates RKKY inter-
action and magnetic order, around which localized spins may fluctuate. (b)
Paramagnon mechanism in the Hubbard model. Electron repulsion gener-
ate short ranged antiferromagnetic spin correlations, around which electrons
may fluctuate. (c) Heterostructure. Localized spins in a magnetic insulator
may fluctuate around magnetic order.

imity to antiferromagnetically ordered phases. Furthermore, the pairing
symmetry was shown to be d-wave [I82], which again allowed parallels to
Helium-3 to be drawn up [7, [I81].

Although spin fluctuations are believed to play an important role in the
superconductivity of both heavy fermion materials and high-T, cuprates, the
underlying nature of the spin fluctuations is presumably somewhat different,
as illustrated in Fig. [5.7]

First as shown in Fig.|5.7|(a), heavy-fermion compounds can be described
in terms of delocalized electrons interacting with localized spins through
a so-called s-d exchange coupling [6, 172]. Through this interaction, the
itinerant electrons can mediate an RKKY interaction between the localized
spins [0, [I83], which may give rise to antiferromagnetic order for a dense
lattice [I84] [I85]. In turn, fluctuations of the localized spins around the
antiferromagnetic order, typically entangled with spin fluctuations of the
electrons themselves [I72] [I86], may then mediate an effective interaction
between the electrons.

Second, a spin fluctuation mechanism which may possibly cause super-
conductivity in high-T, materials is illustrated in Fig. [5.7] (b), and is due to
spin fluctuations in the spins of the electrons themselves. Strong electronic
repulsion may generate short range antiferromagnetic order, and spin fluc-
tuations on top of this order can mediate an effective interaction between
electrons, which may cause superconductivity. This is often referred to as the
paramagnon mechanism, and the paradigmatic Hubbard model is believed
to contain this behaviour [I87].

There has been significant efforts in understanding superconductivity in



5.3. SPIN-FLUCTUATION MECHANISM 91

high-T,. cuprates through spin fluctuation mechanisms [7, 12}, [13] [187], and
a number of other mechanisms have also been proposed [93] [153]. However,
there is still no consensus even on the fundamental mechanism causing super-
conductivity in the cuprates [7) [93]. Quite simply, a microscopic theory for
superconductivity in heavy fermion superconductors and high-T, cuprates is
still missing [7, [188].

Regardless of the true nature of superconductivity in heavy fermion com-
pounds and high-7, cuprates, spin-fluctuation mediated superconductivity
is of great fundamental interest. A somewhat different context where it may
in principle occur, is in heterostructures of magnetically ordered insulators
proximity coupled to a normal metal. There, as shown in Fig. (c), lo-
calized spins within a magnetic insulator may fluctuate to give rise to an
effective interaction between the electrons in an adjacent normal metal. We
will be studying such a system in Paper [4], and discuss this in more detail

in Chapter
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Chapter 6

Topological magnons

In Chapter |3] we primarily discussed topological classification of electronic
band structures. However, as pointed out in Sec. the topological classi-
fication of band structures can equally well be applied also to bosonic band
structures. Thus, the concept of topology may also provide insight into the
physics of collective excitations in magnetic systems, which can often be
described in terms of bosons.

A magnetic insulator modelled by some spin model will have a ground
state, and may host excitations on top of the ground state. As we have
already discussed, there are several ways to describe these spin excitations,
and the suitability of each of these descriptions may depend on the properties
of the system. In Paper [I], we will be considering the fluctuations on top of
a ferromagnetically ordered state, and we will therefore be working within
linear spin wave theory in this chapter. However, the excitations of magnetic
systems may also be classified according to their topology within alternate
descriptions.

Today, several model systems exist which are known to host topologi-
cal magnon band structures [30] [67]. Kagomé and pyrochlore lattices have
received much attention [I8IHI94] motivated by the experimental discovery
of a thermal Hall effect in similar systems [70, 195, 196]. Furthermore,
models with topological magnons have also been investigated on honey-
comb [32] 197, 198], Lieb [I99] and Shastry-Sutherland [200, 201] lattices.
The typical mechanism for generating the topologically non-trivial band
structure in these systems is the Dzyaloshinskii-Moriya interaction discussed
in Sec. Since the Dzyaloshinskii-Moriya interaction may also give rise to
exotic spin textures such as skyrmion crystals, there has also been significant
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interest in systems with such non-collinear magnetic order [202H204]. How-
ever, topological magnons may also occur due to other interactions, such as
the Kitaev interaction [205] 206], dipolar interactions [207] [208], or exchange
couplings in non-coplanar spin textures [209]. Topology can also be used to
classify gapless magnetic systems hosting Dirac cones [210] 211], analogous
to Weyl semimetals [212].

It should by now be clear that topology is a useful tool to study the prop-
erties of magnon band structures, and that a multitude of models displaying
topologically non-trivial band structures are known. The challenge is there-
fore rather to identify fingerprints of topology in magnon band structures
through observable quantities.

The topological nature of the bands is typically manifest in two main
properties. First, topological magnon band structures may give rise to var-
ious Hall conductivities [213]. Yet, since the the Hall conductivity is not
quantized, it cannot uniquely identify a topologically non-trivial band struc-
tures as underlying cause [214], as finite Hall conductivities can for instance
arise in systems which are magnetically disordered and topologically triv-
ial [215).

The second main property of topologically non-trivial systems is the pres-
ence of edge modes. However, the direct observation of these with usual
techniques such as inelastic X-ray and neutron scattering is very challenging
due to the surface nature of the modes [36]. Both experimental progress and
new ideas therefore seem necessary to establish direct proof of the topological
nature of magnon band structures.

In this chapter, we discuss topological magnons, and start with a discus-
sion of magnon Hall conductivities in Sec. We then proceed to construct
a topologically non-trivial spin model in Sec. Finally, we couple topo-
logical magnons to phonons in Sec. and discuss the main results of
Paper [1].

6.1 Hall conductivities

In electronic systems, it was the observation of Hall conductivities that mo-
tivated the classification of electronic band structures according to their
topology. It is therefore also natural to investigate if Hall conductivities in
magnetic systems may also contain information about the topology of exci-
tation bands. In electronic systems, the Hall conductivity we refer to is the
transverse transport of charge due to an electric field. For magnetic systems,
the first question we have to ask is what kind of driving we should subject
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the system to, and which response we are looking for.

Charge in an electronic system is measured by the number operator n; =
c;-rci. In a spin system, it is therefore natural to think of the Z-component
of the spin, S7 =S - azai in the Holstein-Primakoff representation, as the
analog of charge in the spin system. Furthermore, an electric field can be
generated by a potential energy term on the form V = ¥, ‘/'ic;fci7 where V;
describes a potential gradient across the sample. Similarly, the analog of an
electric field in the magnetic system is therefore a magnetic field gradient.
In the following, we therefore consider transverse spin currents generated by
magnetic field gradients. The associated Hall effect is some times referred
to as the magnon spin Hall effect [213)].

Applying a magnetic field gradient 9,5, we expect a spin current j,
related to the applied magnetic field gradient through the linear relation

Jz = 02y(0yB), (6.1)

where 0, is the transverse Hall conductivity for the magnon spin Hall effect.

It should however be pointed out that other Hall effects have received
equally much or more attention within topological magnetic systems. In ad-
dition to subjecting the system to a magnetic field gradient, we may subject
it to a temperature gradient and study the transport of both spin and heat.
Generally, the response in spin currents j,, and heat currents jf due to mag-
netic field gradients 0, B or a thermal gradient 0,7 can then be written as

the linear relation

Hence, we may generate both spin currents and heat currents by applying
either a magnetic field gradient or a temperature gradient through various
Hall effects. In addition to the magnon spin Hall effect discussed above, spin
currents can be generated by a temperature gradient through the magnon
Nernst effect, while generating a heat current through a temperature gradi-
ent is referred to as the thermal magnon Hall effect. Both the thermal Hall
effect [70] 195] 196, 216H218] and the magnon Nernst effect [219] have been
measured experimentally.

To compute the response of a weak perturbation in a quantum system,
the standard method is to use linear response theory [220]. In the following,
we use it to derive an expression for the matrix element L7{, which we also
denote by o,,. We remark, however, that when considering the response
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due to a temperature gradient, a complication arises because the tempera-
ture gradient cannot strictly speaking be described by adding a term in the
Hamiltonian. Instead, as pointed out in Refs. [221], 222], it is a statistical
force. To account for this, the remaining matrix elements in the transverse
conductivity matrix can for instance be calculated using Luttinger’s pseudo-
gravitational field method [83, 223| 224].

Within the context of electronic systems, we used linear response theory
to derive the Kubo formula for the Hall conductivity, and by manipulating
this formula, it was possible to show that the conductivity was related to
the Berry curvature and the Chern number. Here, we establish a similar
link through an analogous procedure. We first discuss the identification of
the spin current in Sec. [6.1.1} before discussing the Kubo formula and the
relation to Berry curvatures and Chern numbers in Sec. [6.1.2}

6.1.1 Spin currents

We consider a ferromagnetically ordered magnetic system described by a
spin Hamiltonian H consisting of single spin terms and two-spin interactions.
Furthermore, we assume that spin along the Z-direction is conserved. This
is not always the case, but does hold for the spin Hamiltonian in Paper [I].
In the Heisenberg picture, the spin component S7 on lattice site ¢ satisfies
the Heisenberg equation of motiorﬂ
as; i
-—[H,S7]=0. 6.3
L 2 [H,57] (63)
Since we have assumed the Hamiltonian to conserve the quantity S* = 3, S7,
this equation of motion can be interpreted as a continuity equatiorﬂ

S7+ > jiivs =0, (6.4)
)

where j;_.;+s is the spin current flowing from lattice site ¢ to lattice site ¢+ 4.
This allows us to identify expressions for the spin currents j;_;.s in terms
of the spin operators, and to obtain an expression for the local spin current
density vector

. 1 .
uc §

1 Assuming the spin Hamiltonian does not contain any explicit time dependence.
2If H does not conserve S%, we would in in addition get source and drain terms in the
equation below.
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where V. is the unit cell volume.
Within linear spin wave theory, the magnon Hamiltonian takes the form

H-= Z Zﬁ haﬂ(q)a:rlaaqﬁv (66)
q «

where e and 3 describe the sublattice degree of freedom. Yet again, we also
introduce the velocity matrix

@ (5], ©7)

0q,

Expressing also the spin currents in terms of magnon operators to quadratic
order in linear spin wave theory, we show in Appendix [A] that the total spin
current j(g =0) = (1/v/N) Y, j; can be expressed as

Jia=0) = - fZZ(ah“B ) afntqp. (6.8)

q o 94y

Apart from the prefactor, this expression matches the expression for the elec-
tronic current. Eventually, it will allow us to express the Hall conductivity
in terms of the Berry curvature of the magnon bands.

6.1.2 Transverse conductivities

In the electronic case, we calculated the Hall conductivity by subjecting
the system to an oscillating electric field through an electromagnetic vector
potential. Since the vector potential couples directly to the electric current
in the Hamiltonian, this immediately allowed us to express conductivity as
a current-current response function.

In the present case, the link between the Kubo formula and the current-
current correlation function is less clear, as there is no obvious ways to repre-
sent a magnetic field gradient in terms of some effective vector potential. To
show that the conductivity can still be represented as a correlation between
two spin currents, we therefore choose an alternate approach invented by
Luttinger in the context of electronic systems [83] [224].

To calculate the Hall conductivity, we subject the system to a perturba-
tion

- Y hi(1)s? (6.9)
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with temporally and spatially dependent magnetic field h7(¢). Eventually,
we consider the magnetic field to be time independent, but keep the time
dependence for now.

Using linear response theory for the local spin current

1
Vuc

j’y(l7t) = ;jl»lﬂi(é'ﬁ/) (6.10)

on lattice site [ at time ¢t and in direction 4, we obtain
. 1 e . 2
(G 0) == [ (it =t)m () (6.11)
J
with response function [220]

Xy (lm,t =) =0t - t){[4,(1,1), S5,(t)]). (6.12)

Performing the temporal Fourier transform, cleverly writing

et = (1/iw)(d/dt)e™" (6.13)

and using partial integration, one may rewrite the correlation function in
terms of a time derivative of S7,. Furthermore, this time derivative can be
replaced by spin currents through the continuity equation. By carefully car-
rying out these steps and taking the limit ¢ — 0, the transverse conductivity

can be extracted from the response function, and this gives

o= 0 [T e (g =0.0),5,(-a=0.0)). (614)
0
This is the Kubo formula for the magnon spin Hall effect, which is on exactly
the same form as in the electronic case.
In Appendix [A] we show that this Kubo formula for bosonic modes can
be expressed as

Oay =1 L X na(Ea) (L na(E)]Fa)  (0.15)

uc q af

in terms of an antisymmetric curvature tensor

085
Fob(q)=in? L YL v T (6.16)
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where ﬁfjﬁ(q) are the velocity matrix elements in the eigenmagnon basis.
These are related to the velocity matrix elements v/ (g) in the the sublattice
basis through

577 (q) = U} (@)v7(@)Usp(a), (6.17)

where Uyp(q) is the unitary matrix which diagonalizes h(k).

Compared with the electronic result in Eq. , we see that the Fermi
distribution factors in the Hall conductivity expression have been replaced
with Bose distribution factors according to the replacement

nF(Eqa)[l =nr(Egp)] = np(Eqa)[l+np(Eqp)]. (6.18)

In the following, we assume that the temperature is small. Then, the occu-
pation numbers of the states contributing to the Hall conductivity are small,
and we may neglect the term proportional to two Bose distributions. As also
shown in Appendix |A] this allows us to identify the quantity 5., FB(q)
with the Berry curvature Q%(q) introduced in Eq. . The transverse
conductivity then becomes

7o = - 3 D (a0 (@), (6.19)

qua

and is calculated as an average of the Berry curvature over the Brillouin
zone weighted with the bosonic thermal occupation numbers. Contrary to
a Fermi distribution with chemical potential inside a band gap, the Bose
distribution weights the states in a band differently. Therefore, we cannot
in general relate the Hall conductivity to the Chern number, and there is
no quantization of conductance. However, the Hall conductivity still does
provide information about the Berry curvature of the band structure, which
is again intimately connected with its topology.

6.2 A magnon Haldane model

In this section, we argue our way to a spin Hamiltonian with a topologically
non-trivial magnon band structure.

A band structure can be thought of as a mapping from the Brillouin zone
to the Hilbert space corresponding to a quasimomentum q. Since we need
this mapping to be topologically non-trivial, we need a two-band system.
In one dimension, a natural place to start would therefore be a dimerized
spin chain. In two-dimensions, a natural starting point is the honeycomb
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lattice, which has a triangular Bravais lattice and two atoms in the basis.
Considering this in the following, we may next ask whether it is possible
to construct a spin model giving rise to a magnon analog of the Haldane
model [51]. In the following, we reverse-engineer such a spin model [197), [225].

The Haldane model consists of three terms. First, it has a hopping term
between nearest neighbours on the lattice. Second, we have a staggered
potential term. Third, we have a next-to-nearest neighbour hopping term
associated with a phase on the links. Finally, we can also think of the
Haldane model as having a chemical potential which has been set to zero, so
that the term does not appear explicitly in the Hamiltonian. We now have
to come up spin interactions giving rise to these terms.

In Chapter [2] we have already seen that for the excitations on top of a
ferromagnet, an exchange interaction gives rise to hopping terms similar to
the electron nearest-neighbour hoppings in the Haldane model. Furthermore,
a potential energy term in the Hamiltonian can be obtained by coupling the
Hamiltonian to a magnetic field oriented along the Z-direction.

As a starting point, we may therefore write down a ferromagnetic Heisen-
berg Hamiltonian on the honeycomb lattice, which takes the form

H) =-J Y 8;-S;-BY.S;. (6.20)
(i,5) i

Assuming magnetic order in the z-direction and introducing the linearized
Holstein-Primakoff representation, we obtain the bosonic hopping Hamilto-
nian

HY = (3JS+B)Y dld;-JS Y (dld; +h.c.). (6.21)
i (i5)
Thus, we already have almost all the terms we need, and the only remaining
term is the Haldane hopping. What does a spin interaction corresponding
to that term look like?

We know that the magnon creation and annihilation operators in linear
spin wave theory correspond to spin raising and lower operators, so a spin
interaction which gives rise to the Haldane hopping term can be written on
the form

o

m==g 2 (M08 S+ e ISEST), (6.22)

{ig)
where —D is some constant and v;; is the Haldane sign introduced in Chap-
ter [3] Rewritten in terms of Cartesian spin components, this gives
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Hl =-Dcos¢ > S;-S;+Dsing Y. v;;4-8;x S;. (6.23)
i) i)
Thus, the spin interaction which produces the Haldane hopping with phase
¢ is a combination of an exchange interaction and a Dzyaloshinskii-Moriya
interaction on the next-to-nearest neighbour lattice sites.
For simplicity, we disregard the next-to-nearest neighbour exchange cou-
pling in the following, corresponding to ¢ = 7/2. The full spin model analog
of the Haldane model is then

Hm:—JZSZS]+DZV”2AJSZ><S]—BZS7Z (624)
(4,4) () i
After introducing the Holstein-Primakoff transformation to linear order in
magnon operators, the real space magnon Hamiltonian therefore takes the
form

Hy=(3JS+B) > dld;~JS > (did; +h.c.)-DS Y (ivi;dld; +h.c.). (6.25)
d (i) i)

This is nothing else to the Haldane model in Eq. for ¢ = w/2, where
the nearest neighbour exchange coupling J plays the role of the nearest
neighbour hopping, and the Dzyaloshinskii-Moriya interaction strength is
associated with the next-to-nearest neighbour Haldane hopping. The onsite
potential term proportional to (3.JS + B) shifts the energy, but does not
affect the eigenstates of the system, and is therefore entirely insignificant in
the topological classification of the band structure.

In momentum space, the Hamiltonian can be written

_so (gt iy [ATR (@ h(9) )(aq)

n-g (N %) () e
where aq and bq are the sublattice magnon operators, and we have introduced
quantities A = 3JS+B, h*(q) =2DS ¥ gsin(q-B), h™(q) = -JS ¥, exp(-iq-
a), and h* = (h™)*. Here, the sums over a and (3 are sums over the nearest
and next-to-nearest neighbour vectors of Fig. [3.:2l The bulk spectrum is
shifted with with respect to the Haldane model spectrum in Fig. [3:3] but is
otherwise exactly the same.

Since the above spin model is in the topological regime, the spin model
also has topological edge modes which are exactly the same as in Chap-
ter [3] except, of course, for the fact that the edge states now represent spin
excitations consisting of spin flips on the edges instead of electrons.
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Above, we have shown that the spin Hamiltonian in Eq. is topolog-
ically non-trivial within the magnon description in linear spin wave theory.
By instead using a Schwinger boson description [19], the spin excitation band
structure is still topological [32]. There, the spins are represented by two

boson species, and the spin model instead turns into a bosonic version of the
Kane-Mele model [226], 227].

6.3 Topological magnons coupled to phonons

The topological classification of band structures is simple when the system
is non-interacting. Turning on interactions, however, the system can in gen-
eral no longer be diagonalized in terms of well defined bands. Instead, we
typically calculate Green’s functions and spectral functions, and the quasi-
particles which can be identified within this description in general have finite
lifetimes. It is therefore not obvious how the concept of band structure topol-
ogy can be applied.

Of course, however, real life systems typically do have interactions, and
interacting topological systems is an active research topic within electronic
systems. The most natural question to ask may be whether topological insu-
lators are still topological when turning on interaction [228] 229]. However,
interactions may also be the cause of topologically non-trivial phases, such
as for instance in topological Mott insulators [64] and topological Kondo
insulators [6].

Recently, there has also been significant interest in magnetic systems
with interacting magnons. In the standard method to obtain magnon band
structures, one performs a Taylor expansion in magnon operators to obtain
a quadratic Hamiltonian. Thus, third and higher order terms are neglected.
These represent magnon interactions, which may affect topological stability
or induce topologically non-trivial phases [230-232].

Magnons may however also interact with other degrees of freedom such as
phonons [233}H237], and in Paper [I], we study this for the magnon Haldane
model above. In the following, we discuss the approach and the main results
in that paper.

6.3.1 Model and diagonalization

We consider a system of ferromagnetically ordered localized spins on a hon-
eycomb lattice described by the magnon Haldane model. Furthermore, the
lattice sites on which the spins reside are allowed to vibrate out-of-plane.
We therefore consider a model Hamiltonian on the form
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H = Hy, + Hpp + Hppe, (6.27)

consisting of three terms. First, H,, is given by Eq. (6.24). Second, we
assume the out-of-plane vibrations to described by the nearest neighbour
force constant model

oy T L5 e ey (6.28)
7m0t .

which can be rewritten on the same form as the models considered in Chap-
ter [@ Since we consider only nearest neighbour interaction, we only have a
single force constant C.

Finally, we assume the topological magnons to be coupled to phonons
through the magnetoelastic coupling term [Tl 236, 237]

Hupe=kY > > Si-ap (uf —uj,q,) (6.29)
D ieDap
as also discussed in Sec. Here, D € {A, B} labels the sublattices, aa
are the nearest neighbour vectors from the A to the B sublattices shown in
Fig. [3.2] while aup are the nearest neighbour vectors from the B to the A
sublattice.

We now introduce linear spin-wave theory and the phonon representa-
tion for the lattice site deviations u?. Since the spin components S and
SY are constructed from spin raising and lowering operators, both magnon
creation and annihilation operators are coupled to the lattice site devia-
tions. Furthermore, since lattice site deviations can be expressed in terms
of phonon creation and annihilation operators, the magnetoelastic coupling
Hamiltonian in general takes the form

He = Y. pth Ngmr, (6.30)
q

where we have introduced magnon and phonon spinors

T
fig=(ag bg aly bl,) (6.31)

T
ﬂq:(c%_ Cq,+ ciqy_ ciq+) ; (6.32)

where cq. are the phonon annihilation operators for the upper and lower
phonon branches labelled by +. The matrix N4 can be written
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ga- gar fa-  fa+
Nq — QE_ g€+ ff— ff-f— (633)
fao Far 9a- 9a-
f5- Jse 9B 9B
with coupling matrix elements gp. describing boson conserving interactions
between the sublattice D magnons and the phonon mode +, while the corre-
sponding fp. describe a magnon-phonon coupling which does not conserve
the boson number.

In the following, we employ the so-called rotating wave approximation,
and neglect the terms in the Hamiltonian which do not conserve boson num-
bers. We expect this to be a good approximation when the coupling strength
is small compared to the typical phonon and magnon energies. The Hamil-
tonian then becomes

H = Y i Mg, (6.34)
q
where we now have introduced the spinor
T
Vg = (aq bg cq- Cq+) ) (6.35)
and the matrix M, is given by

A+h* h™  ga- gas+
ht  A-h* g g+

Mg, = " " h 6.36
4 Ja- 95 Wa 0} ( )
9+ 9B+ 0 ws-:

The Hamiltonian can be diagonalized by introducing a new spinor of bosonic
T
excitations through g = Ug@q, Where ¢q = (dq1 dga dg3 dq4) .

The resulting bulk spectrum is shown in Fig. As we assume the
magnetoelastic coupling to be small, the magnon-phonon coupling has a
significant effect only close to the avoided mode crossings. Consistent with
what we expect from the simple analysis for the two-level system in Sec.
the character of the modes becomes of hybrid nature close to the avoided
crossings, whose direct gaps are determined by the coupling strength.

6.3.2 Hall conductivity

To compute the Hall conductivity in the model, we use the spin current
defined according to the prescription in Sec. and write
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Figure 6.1: Energy spectrum for the system of phonons and topological
magnons with magnetoelastic coupling. The mode character is indicated
with color, where modes with dominant magnon (phonon) content is shown
in yellow (purple).

iy =2 (a] bi,)(ahm@) (Zj), (6.37)

q Dqy

where h,,,(q) is the pure magnon Hamiltonian. Through the diagonalization
procedure, we get eigenoperators dg; with ¢ € {1,2,3,4}, which are in general
superpositions of both phonons and magnons. In terms of these eigenbosons,
we may therefore write the current operator as

Ju = 2 200 (@) dgadgs, (6.38)
q af

where the labels « and 8 are now ranging over all the four bands in the spec-
trum. The matrix elements can be extracted based on the matrix Ug used
to diagonalize the Hamiltonian, which can be used to replace the original
operators aq and bg in the definition of the current with the eigenbosons.

As discussed in Sec. this representation for the spin current allows
us to write the magnon spin Hall conductivity as

Tan = - X5 (Fae) F* (@) (6:39)

uc o«
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Figure 6.2: (a-d) Band curvature F* for the four bands in the absence
of magnon-phonon coupling. The bands are labelled according to energy.
(e-h) Curvature transfer AF*(q;k) = F*(q; k) — F*(q;0) in the presence
of magnetoelastic coupling. Close to the avoided crossings, curvature is
transferred between the bands.

with a band curvature F*(q) = ¥ 3., F*?(q) and curvature tensor

R C A CORF R COY I C))

(Eqa - q6)2 .
We remark that while the band curvature F“(q) could be related to the
Berry curvature of the bands in the absence of magnon-phonon coupling,
this is not the case here, as the spin current is defined as a derivative of the
magnon Hamiltonian and not the full Hamiltonian. The situation would be
different if we instead considered heat transport, where both phonons and
magnons may contribute.

The band curvature F*(q) is plotted in Figs. (a-d) in the absence
of electron-magnon coupling. In that case, only magnon bands carry a non-
zero Berry curvature, and since we label the energy bands according to
their energy at any given point g in the Brillouin zone, there are abrupt
changes in the Berry curvature where the phonon and magnon frequencies
cross. Turning on magnetoelastic coupling, we instead get band curvature
F(q; k), and in Figs. e-g), we plot the quantity AF*(q; k) = F*(q; k) -
F*(q;0). Comparing with the location of the avoided band crossings shown
in Fig. we see that curvature is transferred between the bands by the
magnon-phonon coupling.

Since the magnon spin Hall conductivity is determined as a weighted av-
erage of the band curvature over the Brillouin zone, this curvature transfer

Fob(q) =i (6.40)
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Figure 6.3: (a) Magnon spin Hall conductivity as function of magnon-
phonon coupling strength normalized to the value at zero coupling. (b) Hall
conductivity as function of temperature.

also affects the magnon spin Hall conductivity. This is shown in Fig.[6.3|(a),
which shows the transverse conductivity as function of coupling strength x
normalized to the value at zero magnon-phonon coupling. The curvature
transfer can make significant contributions to the transverse Hall conductiv-
ity, especially at small temperatures. The transverse conductivity as function
of temperature is shown in Fig. |6.3| (b).

6.3.3 Edge modes and transport

The second key property of topologically non-trivial systems is the presence
of topologically protected edge modes. As the model for the topological
magnons is simply the Haldane model, we know that it hosts chiral edge
modes. One may now ask how these are affected by magnetoelastic coupling,.

As we have seen, the topological edge magnon modes are conveniently
studied on a ribbon geometry. This time, we do so on a ribbon geometry
with a so-called armchair edge, as shown in the upper left of Fig. [6.5] The
resulting magnon spectrum is shown in Fig.[6.4|(a). As expected, the magnon
spectrum contains localized chiral magnon modes within the bulk gap. In
contrast, the phonon spectrum is not gapped. However, the armchair edge
ribbon still has localized edge modes outside the bulk spectrum. As discussed
in Paper [I], these modes have a localization length inversely proportional
to the momentum ¢, along the edge of the sample.

When the momenta and energies of these edge modes match, we expect
the chiral edge magnon modes to hybridize with the edge phonons to produce
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Figure 6.4: Energy spectra for magnon (a) and phonon (b) models on an
armchair edge ribbon geometry with 30 layers.

new magnon-polaron excitations. To demonstrate this, we show the energy
spectra for the coupled magnon and phonon modes on a ribbon geometry
in Fig. [6.5)] The edge magnons and phonons hybridize within the region
indicated with a red circle. A schematic spectrum for the modes on one
edge of the ribbon is shown in Fig. (a).

In Paper [I], we propose that this hybridization imprints on the elastic
properties of the system, and that the chiral nature of the magnon mode
may therefore cause chirality also in the elastic edge transport, as illustrated
in Fig. (b). This may provide evidence for the presence of topological
edge magnon modes in the system.

6.4 Further developments

As we have seen, Berry curvatures can be transferred between bands at
avoided crossings [I, 233]. Furthermore, this curvature transfer is not de-
pendent on the existence of a large Berry curvature to begin Wit}ﬁ. Thus,
magnetoelastic coupling induces Berry curvature. Building on these ideas,
it has been shown that the magnetoelastic coupling itself may induce topo-
logically non-trivial hybridized magnon and phonon bands [234H236] [238].
Furthermore, these studies show that the magnetoelastically induced contri-
butions to the thermal Hall conductivity may dominate. Similar considera-
tions apply also to the magnon Nernst effect [238]. These findings suggest
that thermal, Nernst and spin Hall conductivity measurements may provide
a somewhat surprising signature of magnetoelastic coupling.

3This can be seen by comparing Fig. (e) with Fig. (a).
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Figure 6.5: Excitations spectrum for coupled magnon and phonon modes on
an armchair ribbon. The inset shows that topological edge magnon modes
may hybridize with edge phonons.
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Figure 6.6: (a) Schematic spectrum on one armchair edge of the sample.
(b) Elastic excitation of modes is suggested to produce chiral phonon trans-
port since the mode at —k, may hybridize with the chiral magnon mode, in
contrast with the phonon mode at +k,. The chirality at a given excitation
frequency can be tuned through a peak with the magnetic field, as the chi-
ral transport requires hybridization and the magnetic field controls magnon
energies.
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Magnon-phonon coupling in magnetic systems can be detected experi-
mentally in magnetic systems through measurement of the emergent direct
gap at an avoided crossing [239, 240]. Furthermore, magnon-phonon coupling
also has signatures through magnon energy renormalization, spontaneous
magnon decay, and thermal conductivities [241]. Very recently, evidence for
magnon-phonon coupling has been obtained in an antiferromagnet believed
to host topological magnons [241]. This gives hope that magnon-phonon
coupling effects can be studied experimentally also in topological magnetic
systems.



Chapter 7

Graphene
superconductivity

The most impressive property of graphene is arguably its stability in mono-
layer form. A multitude of materials with weakly coupled two-dimensional
layers stacked on top of each other exist, and typical examples are the al-
ready mentioned high-T, cuprates, graphite, and various other van der Waals
materials. Yet, isolated sheets of single atom thickness are hard to synthe-
size, as they tend to reorganize in other configurations. In fact, due to a
famous theorem by Peierls and Landau [242H244], strictly two-dimensional
materials were believed to be thermodynamically unstable.

The discovery of graphene in 2004 therefore came as a surprise [245], [246],
and the new material was quickly propelled to the forefront of condensed
matter research. In particular, graphene has been celebrated for its ability
to mimic relativistic physics in a condensed matter setting, and astonishingly
even in a material theoretical physicists are able to produce routinely with
their pencils [247].

By now, graphene has established itself as the most prominent two-
dimensional material, and provides an excellent platform to study the physics
in two spatial dimensions. Discussions of a varied number effects are given
in numerous treatises on the subject, for instance Refs. [247H250].

One phenomenon, however, is notably absent in monolayer graphene,
namely superconductivity. The reason is simple: The electron spectrum
of graphene close to half filling consists of two Dirac cones. Exactly at
half-filling, the Fermi surface therefore consists of two single points. As we
have seen, superconductivity occurs due to a Fermi surface instability, and
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without a Fermi surface, there cannot be superconductivity. Upon dop-
ing graphene, however, a finite Fermi surface appears. Yet, for small dop-
ings, the density of states is still small, and this limits the dimensionless
electron-phonon coupling strength. Recent experimental progress has, how-
ever, showed that large doping even beyond the van Hove singularity in
graphene is possible [251], and approaching this regime, the density of states
is significant. Thus, one may hypothesize that superconductivity in mono-
layer graphene may be possible after all.

In Paper [2], we discuss the possibility of phonon-mediated superconduc-
tivity in graphene using detailed tight binding and force constant models to
describe the electronic and phononic properties of graphene. In this chap-
ter, we discuss the various physics and models underlying these calculations,
and briefly describe the main results. We start by a brief review of the elec-
tronic properties of graphene in Sec. and move on to discuss the phonon
spectrum and electron-phonon coupling in Sec. Finally, we introduce
superconductivity in graphene in Sec. [7.3] and move on to describe some of
our main results.

7.1 Electronic properties of graphene

Graphene is a two-dimensional material constructed out of carbon atoms
forming a honeycomb lattice. Carbon has atomic number 6, so that 6 elec-
trons per atom have to be distributed into the bands. Since the honeycomb
lattice can be thought of as a triangular Bravais lattice with two atoms in the
basis, we will be counting the number of states per unit cell in the Bravais
lattice. First, a total of 4 electrons can be placed in the 1s state of the two
atoms, corresponding to the two possible spin orientations. The remaining 8
electrons have to be distributed into the orbitals 2s, 2p,, 2p,, and 2p.. Since
these have similar single atom energies, they may hybridize into 8 bands, out
of which 4 should be populated by electrons with spin up and spin down. As
it happens, the three orbitals 2s, 2p, and 2p, may hybridize to form covalent
bonds with its neighbours in the plane in the so-called o-bands. Since there
are three electrons contributing to this bonding, graphene forms its char-
acteristic honeycomb lattice. The 2p, orbital, however, does not hybridize
with these orbitals, as it is anti-symmetric with respect to the symmetry
operation z - —z. We therefore get two bands constructed exclusively out of
the 2p, orbital, and we refer to these as the m-bands. Since the 2p,-orbital
cannot hybridize with the remaining bands, the energy of the lowest 7m-band
is typically larger than the energy of the lowest o-bands.
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Figure 7.1: Graphene band structure along high symmetry path calculated
using a tight binding model, where o-bands are shown in green and m-bands
in blue, and the Fermi surface is indicated in magenta. Close to the Fermi
surface (shaded blue), only the 7-band is present.

To calculate the band structure of the 7- and o-bands we may use a
tight binding model as described in Ref. [252], and the result is shown in
Fig. As indicated by the shaded blue region in the figure, only the
m-band is present close to half filling. Since the electronic properties of
graphene are dominated by the physics close to the Fermi surface, we may
therefore disregard the o-bands for typical dopings.

To describe the electronic properties of the m-band in graphene, we may
write down the single band hopping model

H=-t Z Cjacjo - Mzcjgcw +u Zniﬂbu, (7.1)
(ij),0 i,0 i
where CIU and ¢;, are creation and annihilation operators for an electron

with spin o on lattice site 7 on the honeycomb lattice, and n;, = czﬂcw the
corresponding density operator. Here, ¢ is the nearest neighbour hopping
amplitude, and p is the chemical potential, while u is the onsite repulsion
strength.

In Paper [2], we set the onsite repulsion to a finite value and consider
the competition between an attractive phonon-mediated electron-electron
interaction and this repulsive contribution. In the following discussion, how-
ever, we set u = 0. Then, the graphene tight binding model for the m-band
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Figure 7.2: (a) Electronic band structure and density of states D for the
m-band of graphene. (b) Fermi surface in the first Brillouin zone for values
of the chemical potential indicated with horizontal colored lines in (a).

coincides with the Haldane model in the absence of sublattice asymmetry
and the next-to-nearest neighbour hopping associated with a phase, and in
Sec. we discussed how it can be diagonalized.

The resulting electron band structure for graphene is shown in Fig.[7.2] (a)
along the usual high-symmetry path. Close to half-filling, the bands have
the shape of two touching Dirac cones, so that at half filling, the Fermi
surface consists of two points at +K. The Fermi surface is shown for three
different values of the chemical potential in Fig.[7.2| (b). For small dopings,
the Fermi surface consists of two surfaces growing out from the points =K,
while at p = +t, the Fermi surface topology changes, and the Fermi surface
is instead centered around the I'-point. The density of states is shown in
the right subfigure of (a), and is linear around half-filling, as expected for
a band on the form e = v|k| in two dimensions. When the Fermi surface
topology changes, the density of states has a van Hove singularity, which is
a logarithmic divergence in the density of states occurring from the saddle
point structure of the spectrum for p = +¢ at the points in Fig.[7.2|(b) marked
in greelﬂ

7.2 Phonons and electron-phonon coupling

As mentioned in the introduction, graphene was, before its discovery, thought
to be thermodynamically unstable in its monolayer form [242H244] 250, [253].
Since phonons are fluctuations of lattice ions around their equilibrium lat-
tice site positions, the excitations responsible for this instability have to be

IThat a saddle point in the energy spectrum gives rise to a logarithmic divergence in
the density of states can be shown by calculating the integral [ dkzdkyd(E — ki + k’g)
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phonons. An analysis based on theory of elasticity reveals that even without
quantum fluctuations, 2D materials are unstable with respect to out-of-plane
fluctuations within the harmonic approximation. An analysis beyond sec-
ond order is therefore necessary to study its thermodynamic stability, and
reveals that at higher order, coupling between the in-plane and out-of-plane
modes in fact renders graphene stable [250].

The above considerations are concerned with the long-wavelength proper-
ties of graphene. Phonon-mediated superconductivity, however, is not espe-
cially sensitive to the long-wavelength phonons due to the suppression of the
electron-phonon coupling matrix element in the long-wavelength limit. An
analysis based on the harmonic approximation is therefore sufficient for our
purposes. In this section, we will therefore be discussing the phonon spec-
tra in graphene in Sec. [7.2.1] before turning to electron-phonon coupling in

Sec. [[.2.21

7.2.1 Phonon spectrum

Already prior to the discovery of graphene, the phonon spectrum of graphite,
which we may think of as weakly coupled layers of graphene, had been
mapped out in great detail. The primary techniques which allows the de-
tailed study of the full momentum dependence of these spectra are in-
elastic neutron scattering [254H257] and electron energy loss spectroscopy
(EELS) [258, 259].

Measuring the phonon spectra of graphene is a far more challenging
task, since a single atomic layer of graphene cannot usually scatter neu-
trons sufficiently strong to make inelastic neutron scattering an efficient tech-
nique [250]. To extract information about the phonon spectra of graphene,
the primary technique has therefore been Raman spectroscopy [260]. This
technique, however, only allows access to the phonon energies at a few special
points in the Brillouin zone, and not a complete mapping of the momentum
dependence. However, recent experimental developments give hopes that
the full momentum characterization of the phonon spectra in graphene are
also within reach [261].

Theoretically, the calculation of phonon spectra is typically based on
force constant model descriptions of the lattice vibrations, as described in
Sec. While the diagonalization itself is straightforward, the challenge
is to obtain reasonable values for the force constants. One strategy is to
adopt a model with a finite number of force constants corresponding to
the interactions between some set of the nearest neighbour atoms on the
lattice, and fit these force constants to experimental values for the phonon
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Figure 7.3: Graphene phonon spectrum along high-symmetry path in the
Brillouin zone. Out-of-plane modes in green and out-of-plane modes in blue.
The modes are labelled as acoustic (A) or optical (O), and transverse (T),
longitudinal (L), or out-of-plane (Z) according to their small-g behaviour.

frequencies on special points in the Brillouin zone, as obtained for instance
through Raman spectroscopy methods [77, 262]. Alternately, one may try
to estimate the force constants from some more fundamental model. This
can for instance be done either through ab-initio calculations [263H265], or
through the empirical interatomic potential (EIP) method [266H268].

In Paper [2], we use the former approach. First, however, a somewhat
extensive symmetry analysis is necessary to arrive at the set of independent
force constants describing the model. This symmetry analysis is based on
Refs. [77,[262], and outlined in Paper [2]. Here, we simply point out that the
in-plane and out-of-plane modes are decoupled to quadratic order in lattice
site deviations due to mirror symmetry with respect to the transformation
z = —z. Since we have two atoms in the basis for graphene, we therefore have
two out-of-plane modes. Furthermore, since there are two Cartesian in-plane
directions and two atoms in the basis, we have four in-plane modes. The
graphene phonon spectrum is shown in Fig. as calculated in Paper [2]
using appropriate force constants [77].

7.2.2 Electron-phonon coupling

To study phonon-mediated superconductivity in graphene, we also need a
model describing the coupling between electrons and phonons.
Experimentally, the electron-phonon coupling in graphene can be mea-
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sured from kinks and linewidths in angular resolved photo-emission spec-
tra [269-271]. Electron-phonon coupling in graphene can be understood
and analyzed within a tight binding approach [269] 272H277], and has also
been analyzed from a symmetry point of view [278], and calculated us-
ing ab-initio techniques based on density functional theory and the GW-
approximation [269] 279] 280].

To model the electron-phonon coupling in graphene, we use a tight bind-
ing model approach as discussed in Chapter[d with the proper generalization
to systems with two atoms in the basis. Including the contributions from
nearest-neighbour hoppings, we obtain real space electron-phonon coupling
Hamiltonian

tO
Hepn= Y. %%(5A/d)-(ugh—uf)(cLaA’BciA+c;rAci+5A73). (7.2)
€A,

This gives rise to the standard electron-phonon coupling

Hapn =Y. >3 gZ?qu(aql, + aiq’y)cjl,g(k: +q)cye(K), (7.3)

k.qnm' v,o

where an explicit expression for the coupling matrix element is given in Pa-
per [2]. The matrix element is expressed in terms of the phonon energies,
as well as the unitary matrices required to diagonalize the electron Hamil-
tonian on the form in Eq. and the phonon Hamiltonian on the form
in Eq. . Since the system is symmetric with respect to z - -z, the
electron-phonon coupling matrix element for scattering within the 7-band
due to out-of-plane modes is zerﬂ Thus, we may consider only on the
in-plane modes.

The state-dependent dimensionless electron-phonon coupling strength is
given by

2 >
Ak = Z Z hgy |glz7k7+q|25(ek+q,n' — €kn). (7.4)

qv n’

Averaging over the Fermi surface as discussed in Chapter [4] one obtains the
energy dependent electron-phonon coupling strength

2Within the tight binding model for the electron-phonon coupling model, this is easily
seen from Eq. , as the vectors d 4 are always in-plane, and therefore only couple to the
in-plane deviations. More generally, the in-plane phonons couple to intraband transitions
7 — w and o — o, while the out-of-plane phonons couple to the interband transitions
7 — o and o — 7, but not the intraband transitions.
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Figure 7.4: (a) Fermi surface averaged electron phonon coupling strength A
as function of doping p. (b) Density of states D. (c) Effective Fermi surface
averaged potential A\/D.

Ae) = Z Z Z"qu O(errqmy — €)0(€py — €), (7.5)

kqunm’

N()

where N (e) is the electronic density of states at single particle energy e.

As we expect the states close to the Fermi surface to dominate the
physics, we may neglect the bands which are far away from the Fermi sur-
face in doped graphene. Thus, we may focus on a single band in the above
electron-phonon coupling Hamiltonian, and only consider the contribution
from n=n'.

In Fig. we show the dimensionless electron-phonon coupling A(e)
as function of single particle energy € together with the intensive electronic
density of states D(e) = N(e)/Nye, where Ny is the number of unit cells.
The two profiles are qualitatively similar, and this emphasizes the important
role played by the electronic density of states.

7.3 Superconductivity in graphene

Superconductivity is well known in a few graphene-like materials. Most
notably, superconductivity was discovered in the Clsy molecule buckminster-
fullerene intercalated with potassium in 1991 with a critical temperature
of 18 K [281]. Superconductivity has also been discovered in intercalated
graphite compounds. Whereas the first examples of superconductivity in
these systems were obtained at critical temperatures between 0.15 K and 1.8
K [282H284], graphite intercalation compounds were discovered in 2005 with
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critical temperatures of 6.5 and 11.5 K [285]. Furthermore, superconductiv-
ity has also recently been observed in intercalated bilayer graphene [286] 287],
and it is believed that interlayer states are important for the superconduc-
tivity in many of these systems [288| 289]. Superconductivity in monolayer
graphene has, however, remained elusive, although some evidence for super-
conductivity in monolayer graphene was reported in Ref. [290].

Close to the van-Hove singularity, it has been suggested that repulsive
electron-electron interactions may give rise to d-wave superconductivity. On
the other hand, phonon-mediated superconductivity in intercalated mono-
layer graphene was studied in Ref. [291] using Eliashberg theory and assum-
ing an isotropic gap, while Ref. [292] uses an ab-initio approach. In Pa-
per [2], we use BCS theory based on an electron tight binding and phonon
force constant models to study phonon-mediated superconductivity in doped
monolayer graphene. We discuss this in the following.

Following the Frohlich procedure as discussed in Sec. we obtain
effective pair scattering potential

717]§V|2

|94k
Vi = kb (7.6)
Rk ; (& = &kr)? — (Wi _g)?
for singlet pairing. Retaining only pair scattering terms also in the Coulomb
repulsion, we obtain the reduced BCS Hamiltonian

H= kZ: fkncjya(k)cnd(k) + ,;; ka/cLT(k')ciw(—k')cm(—k)cm(k), (7.7)

where the effective potential can be written Vig = Vip,™" + VG, Here,
interband scattering processes have been neglected since only one of the
bands is close to the Fermi surface in the doping regime down to the van
Hove singularity. Assuming singlet pairing, we may use mean field theory as
described in Chapter 5| to derive the BCS gap equation

tanh E 1 [2
Ak == Vi (22’“/) A, (7.8)
K K’

with excitation energy Ey = /& +|Ag[?.

As discussed in Sec. solving this gap equation with the general
potential Vi is a challenging task. However, the numerical complexity
can be simplified massively by instead solving the Fermi surface averaged
equations, as this effectively reduces the dimensionality of the problem. In
Fig. (a), we show the results for the largest gap equation eigenvalue Aqg
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Figure 7.5: Solutions to the Fermi surface averaged gap equation. (a)
The largest eigenvalue Aeg, serving as effective electron-phonon coupling
strength. The inset shows the shape of the Fermi surface at a given doping.
(b) Gap structure on the Fermi surface for dopings as indicated in (a).

within this approach. The corresponding critical temperature can be cal-
culated through the BCS formula T, ~ 1.14wp exp [-1/(A — ug)], where the
Coulomb pseudopotential ;i has to be chosen appropriately. Furthermore,
the gap structures on the Fermi surface are shown in Fig. ﬂ (b) for dop-
ings as indicated in (a). As the doping increases, an anisotropy in the gap
develops.

In Paper [2], we instead solve the gap equation while keeping the full
momentum dependence of the potential, obtaining solutions as shown in
Fig. 7.6l There, (a) shows the critical temperature as function of doping,
while (b) shows the critical temperature as function of onsite repulsion ug in
pristine grapheneﬂ Dots indicate critical temperatures obtained by solving
the gap equation, and these solutions have been fitted to a Morel-Anderson
functional form agreeing excellently with the obtained results. A sample
gap structure just below the critical temperature is shown in (c), where the
gap structure perpendicular to (orange) and along (green) the Fermi surface
is shown in the insets. The results were obtained with a finite value for
the onsite repulsion, and consistent with what we expect from the Morel-
Anderson model, the gap changes sign a distance away from the Fermi surface
corresponding to the phonon Debye energy. Then, the gap decays to a
finite value. The calculation also confirms the existence of the Fermi surface
gap anisotropy obtained by solving the Fermi surface averaged equations.
Although the anisotropy is small, it can in principle be measured using for
instance angular resolved photo-emission spectroscopy (ARPES).

3We refer to Paper [2] for the precise definition of the quantity ug.
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From the above results, it is clear that phonon-mediated superconductiv-
ity in doped graphene is a viable option. However, since the critical temper-
ature is very sensitive to an already relatively small effective dimensionless
electron-phonon coupling, the critical temperature is on the verge of becom-
ing so small that we cannot expect to observe the superconductivity. It is
also clear that Coulomb interaction plays an important role in suppressing
critical temperatures due to the relatively modest electron-phonon coupling
strength. Furthermore, intercalation is required to reach the necessesary
doping regime. The intercalant atoms may change the properties of the
system, and incorporating this in the analysis could be important.
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Figure 7.6: Solution to gap equation with full momentum dependence. (a)
Critical temperature as function of doping. (b) Critical temperature (dots)
as function of onsite repulsion, where lines are fits to the Morel-Anderson
model. (¢) Gap equation structure within triangular part of the Brillouin
zone as shown in inset. Gap structure perpendicular to (orange) and along
(green) the Fermi surface.



Chapter 8

Magnon-mediated
superconductivity

For phonon-mediated superconductivity, electrons interact with a lattice,
which can mediate an effective electron-electron interaction. Similarly, the
spin fluctuations in a magnetic insulator coupled to a normal metal can
mediate an effective interaction between two electrons in the normal metal.
In principle, this may give rise to superconductivity.

Previously, magnon mediated superconductivity in heterostructures of
metallic systems coupled to magnetic insulators has been studied within a
few different settings. A normal metal coupled to ferromagnets with oppo-
sitely aligned magnetic moments was studied in Ref. [293], finding p-wave
superconductivity. By instead coupling to an antiferromagnet, d-wave super-
conductivity was obtained for small doping in Ref. [294], using a somewhat
artificial model for the electron band structure. In contrast, the large doping
regime of a similar model was studied in Ref. [I41]. There, p-wave supercon-
ductivity was obtained for large doping by coupling asymmetrically to the
two sublattices of an antiferromagnet. Spin fluctuation mediated supercon-
ductivity in similar systems has also been studied within a Schwinger boson
approach [295], and on the surface of topological insulators [296H298].

In Paper [4], we bring together several of these ideas. Utilizing insights
from Paper [3], we study the possible superconducting phases that may occur
in a normal metal coupled to antiferromagnetic insulators. We study both
the small and large doping regimes, and allow for asymmetry in the coupling
to the two sublattices. This allows a comprehensive qualitative understand-
ing of the various processes, mechanisms, and superconducting phases in

123
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the system. While the previously mentioned studies rely on BCS theory, we
analyze the system with Eliashberg theory, thus properly accounting for the
retarded nature of the effective interaction. As we will discuss, this turns
out to be crucial.

In Sec. we discuss Paper [3] and the interpretation of antiferromag-
netic magnons as squeezed bosonic states. In the remainder of the chapter,
we consider magnon-mediated superconductivity as discussed in Paper [4].
In Sec. B} we introduce the model used in the paper, and in Sec. 83 we
construct an Eliashberg theory for magnon-mediated superconductivity. In
Sec. we discuss some of the main results. Finally, in Sec. we com-
ment on some of the underlying assumptions, and some further aspects of
the results.

8.1 Squeezed antiferromagnetic magnons

In Sec. we discussed the eigenexcitations of the quantum antiferromagnet
in a Heisenberg model with an easy axis anisotropy using linear spin wave
theory. There, we showed that the ground state was in general not the Néel
state, but rather a superposition of states with multiple pairs of spin flips
on top of the Néel state. In fact, as we discuss in further detail below,
this allows the ground state of the antiferromagnet to be interpreted as a
squeezed state.

8.1.1 Squeezed states

One of the most fundamental properties of quantum mechanics is the un-
certain nature of quantum observables. If we consider two non-commuting
observables X and Y with commutation relation

[X,Y]=iC, (8.1)
the two observables satisfy the Heisenberg uncertainty relation [299]

1
((6X)*)((6Y)?) 2 1|(0)|27 (8.2)
where 6X = X - (X) and Y =Y - (V). Depending on the operator C, this
places a fundamental lower bound on the the product of the variances of the
quantum variables X and Y in a given quantum state. If we now change the
quantum state so that the fluctuations in one of the operators are reduced
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at the expense of enhancing the fluctuations in the other, we may think of
this as squeezing the state.

Considering two bosonic modes with annihilation operators a and b, one
may construct a so-called two-mode squeezed state [300], B0T]

[Yhsq) = exp (€ab - €*a'b") |0,0) = S(0,0), (8.3)

where ¢ = re'? is some complex number, [0,0) is the vacuum state for the

two bosonic modes, and we refer to S as the squeezing operator. To show
that this can indeed be thought of as a squeezed state, we introduce the
quantities X and Y given by

X==(a+al+b+0") (8.4a)

V==>(a-a" +b-b"), (8.4b)

N = N =

which satisfy the commutation relation [X,Y] = 4. Thus, the product of
their fluctuations is fundamentally limited by the Heisenberg uncertainty
relation. By explicit calculation, one may show that for 6 = 0, the operator
variances are given by

(ol (5X) 1) = 5™ (55)

(Wal OV Pla) = 56 (5.

The two-mode squeezed state is therefore a state where the product of the
two uncertainties is at its fundamental limit, and r = |£| determines their
relative size.

Let us now see how this relates to the quantum antiferromagnet. In
Sec. we introduced the Bogoliubov transformation by introducing new
operators

A = Upak — Uk,bik (87)
Bjk = Ukbik. ~ Vrag, (8.8)

where ug and vg can be expressed as ux = coshfy and v = sinh 0. Alter-
nately, we may think of the Bogoliubov transformation as being generated
by the unitary operator S through
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(;’Z) ~ (bik) Sk (9)

where Sk is given by

Sk = exp [—Gk(akb_k - a]t.bik)] . (8.10)

The equivalence with the usual form of the Bogoliubov transformation in
Eq. can be shown using the Baker-Hausdorff-Campbell lemmaﬂ We
now immediately recognize the operator Sg as the two-mode squeezing op-
erator with squeezing parameter |0|.

This way of expressing the Bogoliubov transformation also implies that
the vacuum state |{O, Ok })sq for the eigenmagnons and the vacuum state
|{Ok, Ok } }sub1 for the sublattice magnons are related through

{0k, Ok } )sq = Skl{0k, Ok } )subi- (8.11)

The ground state of the antiferromagnet is therefore generated from the sub-
lattice vacuum state by applying the squeezing operator. Thus, the quanti-
ties X and Yy defined analogous to Eq. do not commute, and instead
satisfy an uncertainty relation. The operators X and Yy can be interpreted
in terms of the spin operators in the original model by using the linear spin
wave theory representations. For simplicity, we consider the limit k — 0, for
which we have,

Xpo = Z( L+ S (8.12a)

k—0 =

SY, - SYL). (8.12b)

Thus, fluctuations in the net spin of one in-plane spin component are sup-
pressed and enhanced conjugate to the fluctuations in the orthogonal in-
plane component of the Néel order parameter.
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Figure 8.1: (a) Compensated antiferromagnetic interface. The normal metal
couples equally to both sublattices. (b) Uncompensated interface. The nor-
mal metal couples asymmetrically to the two sublattices.

8.1.2 Sublattice interferences and enhanced interaction

In Sec. we pointed out that when 6 is large, the quantum ground is
a superposition consisting of terms with many spin-flips on top of the Néel
state. Under these circumstances, the magnitude of the coherence factors
ug and vg may also be large.

Consider now a situation where the spins in an antiferromagnet are cou-
pled to some other degrees of freedom. Within linear spin-wave theory these
spins can be represented in terms of sublattice magnons a and bik. When
expressing the coupling in terms of the eigenexcitations, we therefore get
an effective coupling proportional to coherence factors ux and wvg. Since
these can become large, the effective interaction strength may be drastically
enhanced.

However, these coherence factors may also interfere destructively to sup-
press the effective coupling strengths. These interferences are sensitive to
how we couple to the two sublattices of the antiferromagnet. In Fig.
we show a normal metal coupled to a compensated interface in (a), and to
an uncompensated interface in (b) [302]. Sublattice interferences may then
produce drastically different effective coupling strengths in the two cases.

In Paper [3] we discuss this briefly in the context of electron-magnon and
magnon-magnon coupling. In the remainder of this chapter, we will see how
the mechanism can unfold by studying superconductivity in a normal metal
mediated by magnons in an adjacent antiferromagnet.

'In short, the Baker-Hausdorff-Campbell lemma states that [33]

BAcB A4 [B A]+ %[3, (B, A]] + %[B, (B,[B, A]]] + -

where A and B are operators.
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Figure 8.2: Model system. A normal metal is sandwiched between to antifer-
romagnetic insulators. The spins in the AFMIs interact with the electrons in
the normal metal through their spin, and we allow this coupling to be sublat-
tice dependent, with coupling J4 = JQ4 to the A-sublattice and Jg = JQp
to the B-sublattice.

8.2 Heterostructure model system

We study superconductivity in a heterostructure consisting of a normal metal
sandwiched between to antiferromagnetic insulators, as sketched in Fig. [8:2]
‘We therefore consider a model Hamiltonian on the form H = Hypr+ Hapmr+
Hiy,g, where the respective terms describe electrons in the normal metal, spins
in the antiferromagnetic insulators, and the interaction between the layers.
We assume that both the normal metal and the antiferromagnetic insulators
can be modelled by matching square lattices.
To describe the normal metal, we use a hopping model

Hxy=—t Y clocjo—p clycio, (8.13)

(ij),o o

where t is the nearest neighbour hopping amplitude, and g the chemical
potential controlling the doping.

Furthermore, we assume the antiferromagnetic insulators to be described
by an antiferromagnetic Heisenberg model

Hapmr = Y. JijSin - Sjy — KZ(Sz'Zn)2a (8.14)

iJ,m ]
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where S;, is a spin on the lattice site ¢, n € {H,L} specifies whether the
spin resides in the upper (H) or lower (L) antiferromagnet. We also assume
that the antiferromagnetic order in the two antiferromagnets is such that
the spins of corresponding lattices sites are oriented oppositely, as shown in
Fig. m The exchange coupling J;; between lattices sites ¢ and j is assumed
to take the value J; > 0 for nearest neighbour sites and J; > 0 for the next-
to-nearest neighbour sites. Furthermore, K is an easy axis anisotropy. The
excitation spectrum, eigenexcitations, and ground state of this model have
been discussed within linear spin wave theory in Chapter

Finally, we assume the electrons in the normal metal to interact with the
antiferromagnet through their spin through the interaction Hamiltonian

Hine = -2T Y Y Qrcloc; - Sy, (8.15)
n,T €Y

where o is the Pauli matrix vector in electron spin space, and we have intro-
duced an electron spinor ¢; = (cip, ¢y ). While the sum over Y runs over the
sublattices of an antiferromagnet, the sum over i runs over the lattice sites
i on sublattice Y, while ¢ is also used to denote the corresponding lattice
sites in the normal metal and the other antiferromagnet. The interfacial ex-
change coupling strength is denoted by .J, while the dimensionless parameter
Q7 allows the introduction of a sublattice coupling asymmetry.

8.3 Processes and Eliashberg theory

Although the square lattices of the normal metal and the antiferromagnets
match, the subsystems have different periodicity due to the antiferromag-
netic order in the magnetic insulators, as illustrated in Fig. [8.3| (a). There-
fore, as shown in Fig. [8.3| (b), the magnon Brillouin zone is reduced com-
pared to the electron Brillouin zone. This incompatibility gives rise to two
different kinds of scattering processes in the electron-magnon interaction
Hamiltonian, which takes the form

Hin =V 3 [Mael g 0t + MY ) g0 ohg +he] (816)

kel
qed

Here, the sum over k runs over the electron Brillouin zone, and the sum over
q over the magnon Brillouin zone. Furthermore, cg, are electron annihila-
tion operators in momentum space, and as discussed further down, M, f and
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Figure 8.3: (a) The periodicity of the AFMI system is enlarged compared to
the elctrons. (b) The magnon Brillouin zone (orange) is reduced compared to
the electron Brillouin zone (grey). (c) Regular (red) and Umklapp processes
(blue) from a point on the Fermi surface (green). (d) The four different
magnon scattering processes in the system.

M, g are linear combinations of the eigenmagnon operators in the antiferro-
magnets. Thus, there are two kinds of electron scattering processes. In the
regular processes (R), electrons scatter from a momentum k to a momen-
tum k' such that k' - k is within the first magnon Brillouin zond?] In the
Umklapp processes (U), the electron gains an additional momentum kick Q
corresponding to a magnon resiprocal lattice vector. This is also shown in
Fig. (c). Since the electron spin can either flip from | to 1 or 1 to |, this
gives a total of four different scattering processes in the system, which are
shown in Fig. (d). We also notice that since the magnon operators carry
finite spin +1, spin is conserved in the scattering processes.

The explicit expression for the magnon operator Mg is Mg = Mgy +Mg;,
where the contributions from the upper (H) and the lower (L) antiferromag-
nets can be written

20r, to be precise, a momentum which can be obtain by adding an electron resiprocal
lattice vector to a momentum within the first magnon Brillouin zone.
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M;H = (QAuq+ﬁQBvq)oqu+(QAvq+ﬁQBuq)ﬁqu (8.17)
Mg, = (Qauq + KQBvq)aiqL + (Qavq + KQpBuq)Bqr,
and x € {R, U}, where we have associated the indices with the values R - +1
and U — —1. Here, ag, and g, are eigenmagnon annihilation operators for
antiferromagnet 7, as discussed in Chapter

Eventually, we aim at constructing Eliashberg theory for the system. The
key building blocks are therefore the magnon operator propagators, which
are defined by

D (g, 7) = ~{T M (7)(ML)1(0)) (8.18)

in Matsubara space. By explicit calculation utilizing the eigenmagnon propa-
gators in the non-interacting theory, we obtain frequency dependent magnon
propagators

DEF (q,ivim) = - zAgﬁ’(q)V;“iq%%, (8.19)
where we have introduced quantities
A (q) = %[(QAuq+QBUq)2 +(Qavg + Qpug)?], (8.20a)
AlY(q) = %[(QAuq — Qpvg) 2+ (avg - Qpug)?], (8.20b)
A (q) = A" (q) = %(Qi - 0%) (ug +vg). (8.20¢)

We refer to these as boosting factors.

In addition to terms originating from the A-sublattice proportional to Q%
and terms from the B-sublattice proportional to QQB, the boosting factors
have interference terms proportional to 24p. Thus, there are sublattice
interferences when coupling equally to the sublattices (2 = Qp/Q4 = 1),
while the interferences are completely suppressed when coupling only to one
sublattice (2 =0).

The coherence factors and boosting factors are shown in Fig. for mo-
menta q corresponding to scattering processes between points on the Fermi
surface. Since uq is positive and vq is negative for small scattering processes,
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Figure 8.4: (a) Scattering of electrons between points on the Fermi surfaces is
described by angle 6. (b) Magnon coherence factors for scattering processes
between points on the Fermi surface. (c¢) Boosting factor for magnon scatter-
ing processes between points on the Fermi surface coupling asymmetrically
(€ = 0) and symmetrically (©2 = 1) to the sublattices of the antiferromag-
net. Parameter values for the AFM have been set to K/J; = 107%J; and
JafJ1 =0.2.

as shown in (b), the sublattice interference effects suppress the regular pro-
cess boosting factors for small scattering momenta. The Umklapp scattering
processes, however, are enhanced. Thus, the sublattice coupling asymmetry
acts as gatekeeper controlling the relative importance of the regular processes
and the Umklapp processes in the system.

Using electron and magnon Green’s functions, we may now derive the
Eliashberg equations for magnon-mediated superconductivity using the ap-
proach discussed in Chapter [5| The details are given in Paper [4], and the
result is

(1= Z(k)]icon = —VQE;D(k—k’)Mg(ZkSI;I) (8.21a)
x(k) = —VQE;D(k—k’)W (8.21Db)
bs(k) = —Vzégp(k—k’)qg((:,’)) (8.21c)
¢ (k) = +V2% kz D(k- k') g((:)) , (8.21d)

where we assume that one symmetry channel dominates and consider only
spin singlet pairing or only spin triplet pairing. Here, we have also introduced
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Figure 8.5: Feynman diagram for the Eliashberg gap equation. Electron
propagators are represented with arrows with arrowheads corresponding to
creation or annihilation operators pointing in or out from the line. Spin is
flipped at vertices.

the magnon propagator

D(q,ivm) = GqDRR(q, W) + 6q+QDUU(q +Q,iVm), (8.22)

where 64 = 1 when q is equivalent to a point in the first magnon Brillouin
zone, and zero otherwise. The propagator therefore represents both regular
processes and Umklapp processes depending on electron scattering momen-
tum k' - k, as indicated with the shaded blue and red regions in Fig. a).
The factor © is given by

O(k,iwy,) = [iwn Z (K, iwn)]? = € = bt (K, iwn )|, (8.23)

with gap ¢,; depending on whether we consider spin triplet or spin singlet
pairing.

Crucially, we notice that the sign in front of the spin singlet and spin
triplet pairing equations are different. Comparing with the Eliashberg equa-
tions for phonon-mediated superconductivity, in Eq. , the sign in front
of the spin singlet equation has been changed. This can quite easily be
understood by drawing the Feynman diagram corresponding to the equa-
tions, as shown in Fig.[875] The vertices of the electron-magnon interaction
are associated with a spin flip since the magnons carry a spin. Therefore,
and in contrast with phonon-mediated superconductivity, the spin singlet
amplitude acquires an additional sign change.

In the Eliashberg equations, both © and D(q) above are negative. There-
fore, electron scattering processes are attractive with respect to spin singlet
pairing when ¢(k) and ¢, (k") have opposite signs, while the processes are
attractive with respect to spin triplet pairing when ¢;(k) and ¢;(k’) have
the same sign.
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Figure 8.6: (a) Phase diagram for superconducting phases in the u-{2 plane.
(b) Critical temperature along various lines in the phase diagram.

8.4 Phase diagram and results

Integrating out the momentum perpendicular to the Fermi surface, one may
obtain Fermi surface averaged equations from the fully momentum depen-
dent equations in Eq. . By introducing various Ansétze for the anoma-
lous correlation momentum structure on the Fermi surface, one may fur-
thermore simplify the equations to an eigenvalue problem in the Matsubara
frequency dependent fields. Solving the linearized eigenvalue problem, we
then obtain the critical temperature of the superconducting instability for
various phases.

In Paper [4], we consider Ansétze for even frequency spin triplet p-wave
and f-wave pairing, as well as even frequency spin singlet d-wave pairing. For
each of these pairing symmetries, we calculate a critical temperature, and
assume the phase with the largest critical temperature to dominate. One
may then calculate a phase diagram in the pu-€) plane as shown in Fig. (a),
while the critical temperature along different lines in the phase diagram is
shown in (b). In the following, we discuss these results in further detail.

8.4.1 Understanding the phase diagram

Depending on sublattice coupling asymmetry 2 and doping p, we find three
different phases in the phase diagram. For small € to the left in the phase
diagram, we find spin triplet phases, with a p-wave phase for large dopings
and small Fermi surfaces, and an f-wave phase for small dopings and large
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Figure 8.7: (a) The dominant scattering processes are regular processes on
the Fermi surface with outgoing momentum k' close to k and k + Q, corre-
sponding to regular and Umklapp processes. (b) Qualitative explanation for
the general structure of the phase diagram in Fig. as discussed in the
main text. (c¢) The spin singlet (triplet) channel is attractive for processes
where ¢(k) and ¢(k') have opposite (the same) signs.

Fermi surfaces. For 2 ~ 1, however, we find a d-wave phase for small dopings
corresponding to small |u].

This can be understood qualitatively based on the various processes that
contribute to the pairing, and the argument is illustrated in Fig. The
magnon propagator acts as effective pairing potential in the Eliashberg equa-
tions, and the zero frequency contribution is D(q,iv,, = 0) < A" (q)/w,.
Thus, we expect the processes with small magnon frequency to dominate
the pairing. As illustrated in Fig. (a), magnon frequencies may be small
both when the outgoing momentum k' is close to the incoming momentum
k, and when it is close k + . This corresponds to regular processes and
Umklapp processes.

When we couple to only one sublattice, there are no sublattice interfer-
ences magnon propagator. Thus, as shown in (b), we may in principle have
significant contributions both from regular and Umklapp processes. Yet, the
regular processes tend to dominate because they are associated with lower
magnon frequencies and larger boosting factors, as a momentum k' on the
Fermi surface can come arbitrarily close to the momentum k but not to k+Q.
Small momentum scattering processes must necessarily be between parts of
the Fermi surface where the gap has the same sign. Furthermore, the spin
triplet channel is attractive for scattering processes between momenta k and
k" where the anomalous pairing has the same sign, as indicated in (¢). In
contrast, the spin singlet channel is repulsive. Since the electron pair wave
function has to be antisymmetric in total, we therefore expect pairing which
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is even in frequency, spin triplet, and odd in momentum when coupling only
to one sublattice. As seen on the left side of the phase diagram, this is
exactly what we find.

When we instead couple equally to both sublattices, sublattice interfer-
ences suppress the regular processes with small momentum q and enhance
the Umklapp processes, as also discussed in Sec. Thus, Umklapp pro-
cesses dominate the pairing. In principle, both spin triplet and spin singlet
pairing may result from these processes. For the triplet pairing channel,
however, the gap would typically have to be small in one out of two adjacent
corners of the Fermi surface (see the p-wave and f-wave profiles), as the gap
would have to be antisymmetric in momentum. This would suppress pair-
ing. In contrast, spin singlet d-wave pairing matches the Umklapp processes
perfectly, as the Umklapp process connects momenta on the Fermi surface
where the gap has different signs, and the processes are therefore attractive
in the spin singlet channel. In the phase diagram, we therefore find a d-wave
phase for €2 » 1 and small doping. As we increase the doping, the minimum
distance between the a point k' on the Fermi surface and k + Q increases,
and the critical temperature of the d-wave phase becomes suppressed. No-
tably, sublattice interferences is the very reason that the d-wave phase can
occur, since otherwise, the critical temperature for spin singlet pairing would
be completely suppressed due to the repulsive regular processes with small
momentum scattering.

The above argument explains the general structure of the phase diagram.
However, it does not immediately explain why we find a p-wave solution to
the gap equation for large dopings and an f-wave solution for small dopings
for Q = 0. This is discussed in somewhat more detail in Paper [4], but it in
short, it can be explained as follows: Regular processes dominate the pairing,
but subleading Umklapp processes become attractive instead of repulsive
when there is an additional node in the gap on the Fermi surface. Moving
from large doping towards the small doping regime, the importance of the
Umklapp processes increases, and eventually, the f-wave phase is preferred
over the p-wave phase.

8.4.2 Characteristic magnon frequency

Comparing our results for the critical temperature with previous results for
the p-wave phase using BCS theory [I41], we find that it has been signifi-
cantly reduced. This occurs because Eliashberg theory, unlike BCS theory,
handles the retarded nature of the effective interaction properly through the
frequency dependence of the fields. This is one of the central points in Pa-
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per [4]. We discuss it in detail there, also including an explicit calculation of
the characteristic magnon frequency and the Eliashberg function o?F(w).

Qualitatively, the effect can be understood based on the knowledge of
which processes that dominate in the pairing interaction. For the p-wave
phase, these are regular processes with a small momentum transfer q, cor-
responding to small magnon frequencies. Thus, the characteristic magnon
frequency in the pairing is significantly reduced, and this also reduces the
critical temperature. For the d-wave phase, we have a similar effect, but the
reduction is less dramatic there, since the typical processes contributing to
the pairing have a larger magnon frequency.

8.4.3 Comparison with phonon-mediated superconduc-
tivity

Our previous discussion allows an instructive and rather general comparison

of magnon-mediated and phonon-mediated superconductivity. This serves to

highlight some special features of magnon-mediated superconductivity, but

also allows us to appreciate some of the properties of the phonon mechanism

of superconductivity which could easily be taken for granted.

The first, and maybe most obvious difference, is that in magnon-mediated
superconductivity, the bosons responsible for the superconducting pairing
carry a spin. This is important because it causes the spin singlet pairing
amplitude to be repulsive for scattering processes where the pairing ampli-
tudes have the same sign. Therefore, the magnon-mediated superconduc-
tivity does not have s-wave pairing symmetry, in contrast with almost all
superconductors with a phonon-mediated pairing mechanism.

Second, the coupling between the electrons and the spin excitations is via
the spin, and the coupling across the interface is therefore effectively local
in space. Thus, the coupling matrix element does not go to zero for scatter-
ing processes ¢ — 0. Since the magnon frequencies are small close to g = 0
and g = @, this allows scattering processes with magnon momenta close to
these values to dominate the superconducting pairing. As we have already
discussed, this is also the reason that a detailed investigation of the char-
acteristic magnon frequency is necessary. In contrast, the electron-phonon
coupling matrix element goes to zero as q — 0 for acoustic modes because
electron-phonon coupling is a coupling between the electrons and modula-
tions of ion densities. Since the effective pairing potential on the Fermi
surface is then on the form Vi g1q ~ |gk7k+q\2/wq for scattering processes on
the Fermi surface, where |g k+q|? o< ¢, the effective pairing potential ap-
proaches a constant for acoustic modes. Thus, scattering processes on the
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Fermi surface are roughly equally important. This simplifies the theoretical
treatment of phonon-mediated superconductivity, and also tends to favour
s-wave superconductivity.

8.5 Discussion

Whereas Eliashberg theory is based on several assumptions regardless of
whether we consider superconductivity due to phonons or magnons, some
points should be addressed specifically in light of our model and the magnon-
mediated mechanism. Broadly speaking, a number of these points are related
to two underlying properties of the system.

The first set of points is related to the peaked nature of the effective in-
teraction. As discussed in the previous section, phonon-mediated supercon-
ductivity is rather democratic in the sense that almost all processes between
points on the Fermi surface are allowed to contribute similarly to the pair-
ing. Thus, the magnon propagator typically depends weakly on momentum,
and this allows the Fermi surface averaging procedure to work well. The
situation is less clear within magnon-mediated superconductivity, where the
effective potential is peaked. The electron-magnon interaction also renor-
malizes the effective magnon frequency, and the relative change is larger
for small magnon frequencies. Finally, we know that Migdals theorem for
phonon-mediated superconductivity becomes questionable for small momen-
tum processes with a small scattering momentum q. Since the small mo-
mentum scattering processes are dominant in the spin triplet pairing phases
in our results, the importance of vertex corrections should also be discussed.

The second set of points is related to the shape of the Fermi surface close
to half filling. At half filling, there is a van Hove singularity in the density
of states, and the Fermi surface becomes perfectly nested. Close to half-
filling, we therefore expect on-set of spin density wave correlations [22] 23|
303], which have been neglected. Furthermore, nesting also enhances vertex
corrections. Evaluating the behaviour of the system very close to half-filling
therefore becomes very challenging.

We discuss all these points in significantly more detail in Paper [4], but
a full quantitative investigation is outside the scope of the paper. Although
we expect that some of the effects can be important for properties such as
the critical temperature, it seems likely that the main features of supercon-
ductivity induced by interfacial coupling to antiferromagnets are captured
within the approach in the paper.

We have developed Eliashberg theory for magnon-mediated superconduc-
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tivity in a heterostructure of a normal metal coupled to antiferromagnetic
insulators. We find various superconducting phases such as even frequency
spin triplet p- and f-wave phases, and an even frequency spin singlet d-
wave phase. These phases occur in various regimes depending on doping
and sublattice coupling asymmetry, and this emphasizes the important role
played by sublattice interferences in superconductivity mediated by antifer-
romagnetic magnons. Furthermore, Eliashberg theory captures the retarded
nature of the interaction, and compared with BCS theory estimates, this
impacts critical temperature estimates significantly.
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Chapter 9

Conclusion

The three fundamental degrees of freedom in the solid state are the motion
of the electrons, the vibrations of the lattice, and the spins of electrons and
ions. In this thesis, and in Papers [IH4] which form the core of this thesis,
we have been studying collective effects which occur when these degrees of
freedom interact.

In Paper [I], we considered topological magnons interacting with phonons.
The two main characteristic properties of topologically non-trivial systems
are finite Hall conductivities and the presence of edge modes. We discussed
how these properties are affected by magnon-phonon coupling.

In Paper [2], we considered phonons interacting with electrons in doped
graphene. Specifically, we discussed the possibility of a phonon-induced
superconducting instability within a tight binding approach.

In Paper [3], we interpreted the eigenexcitations of quantum antiferro-
magnets as squeezed magnons, and discussed some implications of this.

In Paper [4], we considered electrons in a normal metal coupled to the
magnons of adjacent antiferromagnets, and discussed the possibility of magnon-
mediated superconductivity in the system. Developing an Eliashberg theory
for the system, we found various superconducting phases, and demonstrated
the importance of handling the retarded nature of the effective electron-
electron interaction properly.

Understanding interacting quantum systems is in general a highly non-
trivial task, as we have seen numerous examples of throughout this thesis. To
understand a particular effect, a common tactic is to isolate the interaction
believed to be responsible for the effect, and hope that the resulting prob-
lem is sufficiently simple to be analytically or numerically tractable. This
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approach has generally been very successful in condensed matter physics,
but there is always a risk of oversimplifying the system or missing out on
fascinating physics which occur due to the interplay of interaction effects.
With this in mind, we may identify a few possible avenues for further inves-
tigations.

Since the concept of topological classification of band structures is de-
signed specifically to describe quadratic Hamiltonians, the presence of inter-
actions introduces significant complications. While typical interactions in
an electronic system such as electron-phonon coupling or Coulomb interac-
tion conserve electron numbers, in topological bosonic systems, however, we
are often working with systems where the boson number is not conserved.
There are several unresolved matters concerning how the concept of topol-
ogy should be applied to these systems, and how it can be connected to
observables.

Although simple models exist to incorporate the effect of Coulomb in-
teractions in superconductors, a detailed understanding of their effect is a
notoriously difficult task. Also in graphene, attempts to understand possible
superconductivity have typically been based on very simple approaches to
include Coulomb interaction, and going beyond these approaches is of high
interest. Furthermore, a study of possible phonon-mediated superconductiv-
ity in graphene at the van Hove singularity would require the incorporation
also of the strong correlation effects occurring in that doping regime.

Within Eliashberg theory for magnon-mediated superconductivity, we
already discussed correlation effects such as vertex corrections and magnon
renormalization. More detailed studies of these effects are desirable, but also
very challenging. Close to half-filling, we expect the onset of spin density
wave correlations, and these have previously been studied within Eliash-
berg theory due to a phonon-induced mechanism. An interesting avenue for
further research is therefore to see whether the expected magnon induced
instability is similar, and potentially how spin density wave correlations in-
terplay with superconductivity.



Appendix A

Currents and Hall
conductivities

In this Appendix, we discuss the derivation of the linear response expressions
for the Hall conductivity in somewhat more detail. We first discuss electron
and spin currents in Sec. In Sec. we then discuss how the Hall
conductivity can be expressed in terms of band structure Berry curvatures
in bosonic and fermionic systems.

A.1 Current operators

A.1.1 Electron current

To discuss the calculation of operator expressions for electron currents, we
consider a system of electrons described by a tight binding hopping model
on a lattice. In the absence of an electromagnetic field, this system can be
described by a Hamiltonian on the form

H=- ZtijCICj, (Al)
ij
where 2;; = t;i is in general complex. We aim at deriving an expression for

the current operator in second quantization. The Fourier representation of
the Hamiltonian is

H= %:zﬁ:hag(k)czackg, (A.2)
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where the matrix hog(k) is given by

hap(k) == 3 1(6°%)e9"". (A.3)
5B
Here, the sum over 6*? denotes a sum over neighbour vectors from sublat-
tice o to sublattice 8, where t(6%%) =t; ,; ,sas for any lattice point i, on
sublattice a.

In general, the current operator j, along direction p for a system in
an electromagnetic field consists of a paramagnetic and a diamagnetic part,
since the canonical and kinematic momenta are in general different [45].
However, since the diamagnetic part does not contribute to Hall conductiv-
ities [46], we focus on the paramagnetic part in the following.

Electron charge is a conserved quantity, and it must therefore satisfy the
continuity equation

asla

67:11‘ + Zji7i+§ = 0, (A4)
0

where j; ;45 is the current flowing from lattice site ¢ to lattice site i+6. Within
the Heisenberg picture [33], the continuity equation is an operator equation,
describing the relation between the time evolution of the density operator n;
and the current operators. Furthermore, we know that the time evolution
of this density operator is given by the Heisenberg equation of motiorﬂ

en; = —%[ni, H], (A.5)

where H is the Hamiltonian describing the system in the absence of the
electromagnetic field. Using the explicit form of the Hamiltonian in Eq. (3.4)),
the bond currents can be written

. ie
jij = —E(tijC;er - tjiC;Ci) (A6)

From this, we may define the paramagnetic current density associated with
lattice site i as

1 .
v Z]ij‘sijv (A-7)

uc ]

ji=

where ;5 is the displacement vector between lattice sites ¢ and j, and Vi
is the real space unit cell volume. We may now also introduce the Fourier
transform of the current through

I Assuming that the Hamiltonian is not explicitly time dependent.
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i(a) = 2¢_Z eI (A.8)

where N is the number of unit cells in the system and x; the position of
lattice site 7. Expressing this Fourier transformed current in terms of the
Fourier transformed creation and annihilation operators, we obtain current

i(a) =~ Z{; DY (1(8°7)e™ 2" 08P el e +hec). (A.9)
aB k &>

When calculating Hall conductivities, we are interested in the homogeneous
zero frequency response. We therefore let ¢ — 0, and obtain

ia=0-1 () 2 (P5 P ) duan a0

When the matrix is diagonal, the result has a very simple interpretation, as
it is simply the number of electrons in a given state multiplied by the group
velocity.

This important result eventually allows us to express Hall conductivities
in terms of Berry curvatures and Chern numbers.

A.1.2 Calculation of spin current

To illustrate how one may derive an expression for the spin current of the
component along the 2-direction, we use the Hamiltonian of Paper [I] as an
example. As we will see, the derivation is very similar to the electronic case
above.

We consider the spin model

=—JZS S+’Dzywz(S x S;) - BZ (A.11)
(i7) {aigh

as discussed in more detail in Sec.[6.2] The model can be rewritten

=-J Y [SZSZ += (8785 +5; s+)] - g > (e S7ST +he) =By S,
(i7) (& i
(A.12)

where we let ¢ = 7/2 and have utilized that v;; = 1. Introducing the lin-
earized Holstein-Primakoff transformation and the Fourier representation of
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the sublattice magnon creation and annihilation operators, the Hamiltonian
takes the form

H= Zk:%haﬁ akaakg, (A.13)

where a and 3 label the sublattice degree of freedom.

From the Heisenberg equation of motion, we may again extract the spin
current j;; from lattice site ¢ to lattice site j. Introducing the Fourier compo-
nent j(q) of the spin current density vector similar to Egs. (A.7) and -7
we obtain zero momentum component on the form j(g =0) = _7 + jDM with
Heisenberg and Dzyaloshinskii-Moriya contributions on the form

-H _ 1 J + +
3 (g=0)= vucf( )Z[(s Sy - 8;85)]ids (A.14)
i*M(q = )_Vuc f( )Z(ew’y”SJ’S_ T S5 )by, (A1)

(i)

We notice that the only different between the representations here and the
kinetic terms in the Hamiltonian on the form in Eq. is the sign be-
tween the two contributions and the factor ¢d;;. Furthermore, we remark
that the terms in the Hamiltonian in Eq. constructed from Sf do not
contribute to the spin current since they necessarily commute with S7.

By replacing the spin raising and lowering operators with annihilation
and creation operators through the linearized Holstein-Primakoff represen-
tation, we then obtain

Ju(g=0)= v \/—ZZ(ahgz(k))akaakﬁ (A.16)

k af

Thus, we have perfectly analogous results for the charge current density in
the electronic system and the spin current density in the magnetic system,
where electrons carry charge and the magnons spin.

A.2 Kubo formula manipulations
In this appendix, we show that the Hall conductivity in electronic and

bosonic systems can be written in terms of the Berry curvature of the un-
derlying bands in fermionic and bosonic systems.
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In both cases, we start from the Kubo formula for the Hall conductivity
Ozy in the limit g — 0, which takes the form

Taw == [ e [0, 5,0)) (A1)

where the brackets (---) denote a thermal average. Here, j, are current
operators for the current along the Cartesian direction p, which we assume
can be written on the form

_ Ohap(k)
Ju = Z ( ak
Vuc\/
where cg,, is an annihilation operator for the underlying electronic or bosonic

particles, and K is a constant depending on whether we consider the elec-
tronic or magnetic system. Furthermore, we introduce the velocity matrix

1(0h
af - af
vy, h( ok, ), (A.19)

)c,mckg, (A.18)

so that the current can be written on the form

= (k)ey, ¢ A.20
7 VW_Z (k)ch crs- (A.20)

We now let U(k) be a unitary matrix diagonalizing the Hamiltonian in

Eq. (A3), so that UThU = D with some diagonal matrix D. The current
operators in Eq. (A.18) can then be written

- Zk:jﬁ"(k)d;;pdk,,, (A.21)

where dg, are annihilation operators for electrons in the energy band «, and
with the transformed current matrix elements j#? (k) given by

hK b (k)voP (k)Us, (k) = 0

P () = P
0=y w VN

. (A.22)

A.2.1 Summing out particle statistics

Knowing the expression for the Hall conductivity in linear response theory, it
is now somewhat tedious, but fairly straightforward to derive an expression
for the Hall conductivity in terms of the eigenstates and -energies of the
system.
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Making use of the equilibrium density matrix peq = e ## /Z and inserting
a resolution of the identity into the Kubo formula, we have

Ogy = _TX';CZ L dteiwt Z efﬁEn [(n|jz|m)(m|jy|n)ei(En—Em)t/h

mn

= (nljy|m){mljg[n)e” Fn=Emth](A.23)

When n = m, the two contributions cancel, so we may restrict the sum
over m to m # n in the following. Integrating out the time, we get [47]

Ogy =

- - . (A.24)

hw+ E, — E,, w-FE,+E,,

n,m£n

Since we are interested in the static limit w — 0, we may now Taylor expand
the denominators in each term using [47, [304]

1 1 hw
~ - 5 +
hw - En + Em Em - En (Em - En)
The zeroth order contribution in the above expansion vanishes when we
insert it in Eq. (A.24) due to gauge invariance [47]. We are then left with
the linear term. There, the factor w cancels the prefactor 1/w, and the
transverse conductivity can be written

O(w?). (A.25)

Ve g {nlialm)mbiyn) = gy m)(mlieln) g,y o)

Tey ="y (B — Ep)?

m,nEm

Inserting expressions for the current operators, we then get

hK? e PEn o (09P57° - 05P57°)

= ’i 2\Vz Yy
ey VieN n,;#nkzk’a;yﬁ Z (En_Em)2

(nldf o dislm) (mldy,. disln) (A.27)

Here, the states labelled by indices n and m are general many particle states.
Thus, we may think of them as states specified by the occupation numbers
for all single particle states. Furthermore, we notice that since we only have
terms with m # m in our sum, we need k = k', « = §, and v = 8 to have
non-zero contributions. Furthermore, since n and m have to be different, we
need a # 3.
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Since |n) can be obtained from |m) by moving a particle from state 3 to
«, we have

Ey = En = Epo — Exp. (A.28)

Thus, we may write

_hK? Y G A D I 2
Opy = ; ——|(m|c;, sChaln )|
Vae N n,m#n Zk: ZB (Eka - Ekﬂ)Q ko

(A.29)

Her, the sums over n and m represents sums over the the many particle
states in the system. To proceed, we now want to sum over the states n.
To to this, we have to calculate the matrix element (m|diBdka|n). In the
following, we let the many-particle state |n) have occupation number ng,
for the single particle state specified by k and . With bosonic particles, we
then getEI

> |(m|d};ﬁdka|n)|2 = Nga (N + 1), (A.30)

m

while for fermions, we havd’]
S (mldf g dkaln) = nfo (1= nks)* = nka(1 - nkp). (A.31)

Thus, the conductivity ofy’F for bosonic and fermionic particles can be writ-
ten

_ hK? e BB (92P52P — §2By0B)
B F 22 \Vx Yy T Yy
Nka (1 + (B FNKs) :
UC Zk:: n oc,%;ﬁa “ ’ Z (Ek:a - Ekﬁ)Q
(A.32)
where (g = +1 and {p = —-1. Summing over the occupation numbers ng,

and ngg, they are replaced by either Bose or Fermi distributions ng or np.
Introducing

wr aﬁ =np,r(Era)[1+CB,rnp r(Erp)], (A.33)

2Recall the identities a|n) = /nln — 1) and af|n) = Vn + 1|n + 1).
3Recall nia =Nka-
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we then have

hEC (52P50P — 5ePoP)
B,F B,F Yy 2
= r), A34
i Vae N zk:a,%;#a . (E ko Ek‘ﬂ)2 (Z ) ( )
Introducing also the curvature tensor
5 ) aﬁvﬂa _ ,Uaﬁvﬂa
FoB(k) = ih? 2" , A.35
(k) = e (A.35)
we may then rewrite the Hall conductivity as
_hK d*k
B,F _ a3
; ——WPEE Fb(k A.36
Tay 2r a;m fBZ ok ap (k), ( )

where we have utilized that Vi.Vpz = (27)2, and Viz is the Brillouin zone
area.

As discussed in the main text of Sec. [3.1] the Fermi distributions can be
replaced by step functions when the temperature is small compared to the
gap, and this allows the Hall conductivity to be related to the Brillouin zone
integral of the quantity

F(k) =Y F*P(k). (A.37)
B+a

In the bosonic case, the Hall conductivity is given as an average of this
quantity weighted with a Bose distribution when the occupation number
np(Egg) is small compared to 1. As we show next, the quantity F(k) is
simply the Berry curvature of band a.

A.2.2 Berry curvature

The curvature tensor F?(k) is given in terms of the velocity matrix ele-
ments 977. Denoting the column vector a of Ugq (k) by |ukq), we the have

f)z‘ﬂ = (Uka|vp|urs)- (A.38)

Since we may furthermore write

o Oh
W = (ukal 5= luns) = (ualOu[hluks)] = (ol hlOuuns), (A.39)

u
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and |uge) is an eigenvector of h with eigenvalue g, we then get

oh
(uka|37|ukg) = (Ekﬁ - Eka)(ukawuukg,) (A40)
I

where we have used that (uge|ugg) =0 when o # 8. Similarly, by letting the
derivative act on the bra vector instead of the ket, we have

oh
(uka|£|ukﬁ) = (Era — Exp){0pukalurs)- (A.41)
I

Inserting these two in the definition of F*(k), we then have

Fo(k) =i Y [{Orturalurs){unslOyura) = (Oyualurs)(urs|0utna)] . (A.42)

B+a

For each k, the eigenfunctions |ug) form an orthonormal basis. Thus, we
have a completeness relation

1 = [uga {ural = /32 [vres ) (ures| (A.43)

Exploiting this, we then obtain

FO (k) = i[(Outuraldyura) — (OyuralOstina)] = Q% (k). (A.44)

This is precisely the Berry curvature as introduced in the main text. Thus,
both fermionic and bosonic Hall conductivities can, subject to some assump-
tions regarding the thermal occupation factors, be expressed in terms of the
Berry curvature of the band structure.
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Appendix B

Dimensionless
electron-phonon coupling

In this Appendix, we discuss the electron-phonon coupling, and aim at show-
ing that the mass enhancement parameter Ak can in fact be approximated by
the dimensionless electron-phonon coupling Ax, when we use the assumption
that the electron energy scale is much larger than the phonon energy scale.

As discussed in the main text, the self-energy of the system is given by

L+np(wg) —nr(§krq) N np(wq) +71F(5k+q)]

Yi(k,z) = . 2

1( ) ;|gk,k+q| [ Z_(§k+q+wq) Z_(§k+q_wq)
(B.1)

By introducing d-functions §(2 — wgx) and 6(¢' - €k+q) and integrating

over the energies Q) and ¢’, we may then rewrite the self energy as
g y

Z(kz,z):fdi'fd9[1+nB(Q)_nF(£l)+nB(Q)+nF(€,)]O¢iF(§',Q),

z-&-Q z=&+Q
(B.2)
where we have introduced the function
asz(E»W) = Z‘gZ+q,k|25(Q_wqu)5(6_5k+q) (B.3)
qv

containing the two delta functions in energy which we used to rewrite the
above expression.

153
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At zero temperature, one may now calculate the real part of the self
energy under the assumption that the function a?Fy(&,w) depends slowly
on £ compared to the square brackets. The result is

Zﬂg@:iﬁmdﬂaﬁﬁﬁnkg(giz). (B.4)

By inserting z = w + in with an infinitesimal 7, differentiating with respect
to w, and evaluating at w = €, we then get

~ 2
M:fdkpﬂ%mm- (B.5)

We recognize this as A\, and have thus shown that S\k ~ A\ for momenta k
close to the Fermi surface.
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The plethora of recent discoveries in the field of topological electronic insulators has inspired a search
for boson systems with similar properties. There are predictions that ferromagnets on a two-dimensional
honeycomb lattice may host chiral edge magnons. In such systems, we theoretically study how magnons
and phonons couple. We find topological magnon polarons around the avoided crossings between phonons
and topological magnons. Exploiting this feature along with our finding of Rayleigh-like edge phonons in
armchair ribbons, we demonstrate the existence of chiral edge modes with a phononic character. We predict
that these modes mediate a chirality in the coherent phonon response and suggest measuring this effect via
elastic transducers. These findings reveal a possible approach towards heat management in future devices.

DOI: 10.1103/PhysRevLett.122.107201

Introduction.—Topological electronic insulators [1-5]
are characterized by an insulating bulk with conducting
“chiral” edge states. The unidirectional propagation of
these chiral modes is “topologically protected” against
defects at low temperatures when we can disregard inelastic
scattering from phonons [5]. This has led to the develop-
ment of a wide range of essential concepts, including
Majorana modes [6-9], topological quantum computation
[10,11], and chiral transport. Inspired by these findings,
there has been an upsurge of efforts towards finding similar
states in other systems [12] with an emphasis on bosonic
excitations [13—19]. There are predictions of topological
magnons [15-17] in honeycomb ferromagnets with an
engineered Dzyaloshinskii-Moriya interaction [20,21] that
induces the necessary band gap. In contrast to fermionic
systems with Fermi energy within this band gap, the bulk is
not necessarily insulating in bosonic systems [22].

The field of magnonics [23-26] focuses on pure
spin transport mediated by magnons [27]. It is possible
to exploit the low-dissipation and wavelike nature of these
excitations in information processing [28,29]. The coherent
pumping of chiral surface spin wave (Damon-Eshbach)
modes induces cooling via incoherent magnon-phonon
scattering [30]. Besides application oriented properties,
the bosonic nature of magnons, combined with spintronic
manipulation techniques [24,31], allows for intriguing
physics [32-35]. The coupling [36] between magnons
and phonons fundamentally differs from the electron-
phonon interaction and results in a coherent hybridi-
zation of the modes [37], in addition to the temperature
dependent incoherent effects [30,38] discussed above. The
direct influence of the hybridization between magnons
and phonons, known as magnon polarons [39,40], has
been observed in spin and energy transport in magnetic
systems [41-46].

0031-9007/19/122(10)/107201(6)
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In this Letter, we address the robustness of the topo-
logical magnons in a honeycomb ferromagnet [15-17]
against their coupling with the lattice vibrations. In contrast
to the case of electron-phonon coupling, where phonons
can be disregarded at low temperatures, the magnon
dispersion may undergo significant changes with new
states emerging in the band gap [45,46]. We find that in
the honeycomb ferromagnet with spins oriented orthogonal
to the lattice plane, only transverse phonon modes with out-
of-plane displacement couple to spin. To understand the
eigenmodes, we evaluate and analyze the coupled spin and
out-of-plane phonon modes for an infinitely large plane
as well as for a finite ribbon geometry. We quantify the
effect of the magnetoelastic coupling on the magnon Hall
conductivity and find a nonmonotonic dependence on
the coupling strength. Our analysis of the finite ribbons
shows that topological magnons hybridize with bulk
phonons around the avoided crossings in their coupled
dispersion, forming magnon polarons with topological
chiral properties. Hence, while their edge localization is
weakened, the magnetoelastic coupling does not com-
pletely remove the topological magnons. Furthermore,
we find that armchair edges support Rayleigh-like edge
phonon modes in sharp contrast to the zigzag edges. When
topological magnons hybridize with these edge phonons,
edge magnon polarons with almost undiminished chirality
are formed. We suggest a setup that utilizes this induced
chirality in coherent phonon transport. Such systems enable
the observation of the topological physics and serve as a
prototype for a unidirectional heat pump. This offers a
highly feasible alternative to producing topological phonon
diodes [47-49].

Model.—We consider a ferromagnetic material with
localized spins on a two-dimensional honeycomb lattice,
allow for out-of-plane vibrations of the lattice sites, and

© 2019 American Physical Society
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assume there is magnetoelastic coupling. This system can
be modelled by a Hamiltonian of the form H = H,,+
Hp, + Hye, where H,, is the magnetic Hamiltonian, Hy,
describes the phonons, and H . represents the magnetoe-
lastic coupling.

The Hamiltonian we consider is inspired by the Haldane
model [1], and given by [15-17]

H, =—-]Y 8;-S;+D> v;z-8;x8;-BY 5. (1)
@) o i

The first term describes the ferromagnetic exchange cou-
pling between nearest neighbor sites, while the second
accounts for the Dzyaloshinskii-Moriya interaction [20,21]
between next-to-nearest neighbors [50]. The Haldane sign
v;j = *1 depends on the relative orientation of the next-
to-nearest neighbors as shown in Fig. 1(a), and is the root
of nontrivial topological properties. We let the nearest
neighbor distance be d and the next-to-nearest neighbor
distance be a. References [16,17] discuss the dispersion
relation and Berry curvature of this spin model in linear
spin wave theory.
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FIG. 1. (a) Lattice geometry showing the nearest neighbor
vectors @, next-to-nearest neighbor vectors f, and the Haldane
sign v;; = £1. (b) The first Brillouin zone in reciprocal space,
including the paths along which we plot the dispersion relation in
(c). The parameter values used are D =0.1J, B =04JS,
y/C/m = 1.5J8, and rescaled coupling strength & = 0.03 (see
main text). The magnon (yellow) and phonon (purple) character
of the modes is indicated with colors. The modes are significantly
affected by the magnetoelastic coupling only close to avoided
crossings.

For the phonon Hamiltonian, we consider only the
out-of-plane degrees of freedom since only these modes
couple to the spin to lowest order in the linear spin wave
expansion. We assume nearest-neighbor interactions with
elastic constant C, let the mass associated with the spins on
the lattice sites be m, and disregard substrate coupling.
Introducing S = 3, cos(k - #), where the sum is over the
three next-to-nearest neighbor vectors # of Fig. 1(a), we
obtain the dispersion relation

B (k) = \/%/3 /3725, 2)

for the free phonon modes.

Motivated by the continuum limit description [36,37],
we write down the lattice magnetoelastic coupling to linear
order in the magnon amplitude, obtaining

Hme = KZ Z Zsl : aD(”? - u%ﬂzb)* (3)
D

ieD ap

where k parametrizes the strength of the magnon-phonon
coupling, >, denotes the sum over sublattices, » ;o is
the sum over the lattice sites on the D sublattice, and a, are
the corresponding nearest neighbor vectors. The out-of-
plane deviation for lattice site i is denoted by u;.

Bulk spectrum.—We introduce the Holstein-Primakoff
representation of spins and use linear spin wave theory in
the spin- and magnetoelastic terms [27]. Within the rotating
wave approximation [51], the resulting Hamiltonian des-
cribing the phonon and magnon modes of the system is
obtained as H = Zky/'}{'Mky/k, where y/z = (aZ,b}t,cL,cL).
Here, a; and b, are annihilation operators for the sublattice
magnon modes on the A and B sublattices, while ¢, are
the annihilation operators for the phonon modes. The
matrix M, takes the form

A+h*  h™  ga. Gax
h* A—-h* gp_ gpy

M = . . h , 4)
Ga— 9p- wi_ 0
* * h
Gav 9B+ 0 wL

where A = 3JS + B, h*(k) = 2DS) _;sin(k - ), h~ (k) =
—JSY ,exp(—ik -@), and h* = (h7)*. The coupling
between the D-sublattice magnons and the phonon
branch + is captured by gp;, which is proportional
to the dimensionless coupling strength k = (kd/JS) x
\/h?8?/16m*(C/m). The spectrum obtained by diagonal-
izing this matrix is plotted in Fig. 1(c) along the paths
displayed in Fig. 1(b).

Hall conductivity.—The topological nature of the spin
model is manifested in the magnon Hall conductivity that
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arises because of the time-reversal symmetry breaking
caused by the Dzyaloshinskii-Moriya interaction.

The spin current operator J, may be found from a
continuity equation or magnon group velocity approach
[52], both yielding

sl )

along the Cartesian direction y. Here, H,,(Kk) is the matrix
representation of the magnon Hamiltonian. Assuming we
apply a weak in-plane magnetic field gradient V3, we are
interested in the current j = 6V 3, which is determined by
the conductivity tensor o [52]. The Hall conductivity can be
calculated using the Kubo formula, giving

Oxy = z Z nB(Eka)Caﬂ(k)- (6)

k  ap#a

where E}, is the energy eigenvalue of band a and ngz(Ey,)
is the corresponding Bose factor. The curvature tensor Cgy
is given by

(67 () — T2 (k)8 (k)
(Era — Erp)?

Cop(k) = ()

where (a.f5) are band indices, and J% (k) are the energy
eigenstate matrix elements of the current operator at
quasimomentum k. Disregarding the magnetoelastic cou-
pling, the band curvature C, = Zl,#aca,, can be identified
as the Berry curvature.

Expressing the sublattice magnon operators in terms of
the eigenmode operators, one may identify the current
matrix elements J';ﬁ and integrate the curvature over the
Brillouin zone to obtain the Hall conductivity. We are
particularly interested in the effect of the magnetoelastic
coupling, and therefore present the dependence of the Hall
conductivity on the dimensionless coupling & in Fig 2.

To understand this dependence, we consider the curva-
ture tensor C,; When the bands a and f both have a
predominant magnon content, the topological nature of the
underlying magnons gives a finite curvature. This magnon
curvature is largest close to the Dirac points [16,17]. Close
to an avoided crossing, the magnetoelastic coupling
changes the spectrum and causes transfer of band curvature
between the relevant bands a and f. The latter can be seen
by plotting the curvature tensor element C,4 for the band
pairs with avoided crossings, as shown in the insets of
Fig 2. The resulting change in Hall conductivity is given by
these curvature tensor elements weighted with the differ-
ence between the Bose factors of the relevant bands. This
follows from the antisymmetry property of the curvature
tensor. The two band pairs in the insets contribute oppo-
sitely to the Hall conductivity, and the competition between

1.6

0.94

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Coupling

FIG. 2. Dependence of the Hall conductivity on the magne-
toelastic coupling strength k¥ for parameter values D = 0.1/,
B =0.4JS, and \/C/m = 1.5JS for different temperatures 7' in
units of JS. The insets show the quasimomentum dependence of
the curvature tensor at & = 0.03 for band pairs (1,2) and (2,3),
where the bands are labeled according to their energy, and band 1
is the lowest band. The dominant contribution in these band
pairs comes from the regions with avoided crossings of the
respective bands.

their curvature transfer explains the nonmonotonic behav-
ior of the Hall conductivity.

Ribbon geometry and coherent transport.—Due to the
topological nature of the magnon model under consider-
ation and the bulk-boundary correspondence, there are
gapless magnon edge states in a finite sample [5,15-17].
Considering an armchair ribbon with finite width, the one-
dimensional projection of the energy spectrum is plotted in
Fig. 3. The corresponding spectrum for the zigzag edge
ribbon is given in the Supplemental Material [53], where
also Refs. [54-58] appear. Magnon and phonon modes
hybridize in regions with an avoided crossing. When the
upper phonon band lies within the band gap of the pure
magnon spectrum, there are modes with a mixed content
of chiral magnon edge states and phonons. Although the
spectra look qualitatively similar, there is a crucial dis-
tinction between the two cases. For the zigzag edge
configuration, all the phonon modes are delocalized
throughout the sample, while the armchair edges host
“Rayleigh-like” edge phonon modes. In direct analogy
with Rayleigh modes on the surface of a three-dimensional
material, the localization length of these modes is directly
proportional to their wavelength, as shown in the
Supplemental Material [53]. These edge phonon modes
are supported by the half-hexagon protrusions of the
armchair edge that can pivot around the bonds parallel
to the edges connecting these protrusions, see Fig. 3. No
such parallel bonds exist for the zigzag edge.

The Hall conductivity is a hallmark of topological elec-
tronic properties and motivates a similar role for the Hall
conductivity mediated by topological magnons. However,
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FIG. 3. One-dimensional projection of the dispersion relation

for the magnetoelastic modes on a honeycomb ribbon with
armchair edges. In addition to the bulk bands, there are two
topological edge magnon states crossing the magnon band gap, as
well as Rayleigh-like edge phonons. The inset shows the avoided
crossing of a topological magnon edge mode with the two
quasidegenerate edge phonon modes. The parameter values are

B=0,/C/m=137JS, D=0.1J, and & = 0.03.

in contrast to electrons, the bosonic nature of the magnons
results in the lack of a general proportionality between the
magnon Hall conductivity and the Chern number [52].
Furthermore, the observation of a magnon planar Hall
effect [59] in a cubic, nontopological magnet suggests that
this Hall conductivity may not be regarded as a smoking-
gun signature for topological properties. Thus, we suggest a
complementary approach to observe the topological nature
of the underlying magnons by elastically probing the
chirality of the magnetoelastic hybrid modes.

We propose to observe coherent chiral phonon propa-
gation in the experimental setup of Fig. 4(b) by utilizing the
edge modes, as depicted schematically in Fig. 4(a) [60], on
the upper armchair edge of the sample. Taking inspiration
from previous related experiments [41,61], we suggest
injecting elastic energy into the sample middle at the upper
edge using a nanoscale variant of the interdigital transducer
design [62,63], elaborated further in the Supplemental
Material [53]. For a given transducer design, modes are
excited with fixed wave vectors +k, and a tunable
frequency. Similar transducers can be used to detect the
elastic response p; g on the left (L) and right (R) edges of
the sample. Here, p; /z is the elastic power detected at the
transducers.

Figure 4(a) schematically depicts the dispersion for
the magnetoelastic modes localized on an armchair edge.
Disregarding magnetoelastic coupling, the edge hosts two
counterpropagating Rayleigh-like edge phonons and a
single chiral edge magnon. There is thus no chirality in
the phononic response. Due to magnetoelastic coupling, the
Rayleigh-like phonon with wave vector —k, hybridizes

(@ A

FIG. 4. (a) Schematic spectrum for the coupled Rayleigh-like
edge phonons and the topological edge magnon on the upper
armchair sample edge. The phonon at quasimomentum —k,
hybridizes with the chiral magnon, while the phonon at quasi-
momentum +k, is unaffected due to the lack of a magnon with a
matching wave vector at this edge. At the avoided crossing, there
is propagation direction reversal for the modes with a phononic
content. The color of the dispersion represents its nature with
purple representing phononic and yellow magnonic character.
(b) Proposed experimental setup for detecting coherent chiral
transport through excitation of phononic modes. Elastic energy is
injected in the sample middle on the upper armchair edge and
detected at the left (L) and right (R) edges using wave vector and
frequency resolved elastic transducers (purple). By exciting
modes at the avoided crossing in (a), only the elastic excitations
at one of the two quasimomenta +k, are converted into
hybridized modes (green arrows). This gives a chiral response,
and the chirality is peaked when the wave vector of the avoided
crossing coincides with the fixed wave vector of the transducer.

with the chiral magnon to form a magnon polaron while the
other phonon remains unchanged. This breaks the sym-
metry between the counterpropagating phononic modes
and the result is nonzero chirality y = (pr — p.)/(Pr + PL)-
Furthermore, as shown in Fig. 4(a), the hybridization with
the magnon mode reverses the group velocity direction of
the participating phonon mode. In principle, this gives
perfectly chiral phonon transport.

The wave vector location of the avoided crossing can
be tuned via the Zeeman shift in the magnon dispersion.
Performing a frequency integrated measurement over an
energy range of the same order as the magnetoelastic
coupling, one obtains a peaked chirality when the magnetic
field is such that the wave vector of the avoided crossing
coincides with the wave vector of the transducer, obtaining
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a chirality as shown in Fig. 4(b). Performing a similar
transport experiment on the zigzag edge does not give
chiral phonon transport since the delocalized phonons
hybridize with counterpropagating magnons on both the
edges, thereby destroying the overall chirality. In addition,
the size of the avoided crossing is smaller due to the smaller
overlap with the localized chiral magnon. The armchair
edge is therefore crucial for obtaining the chirality.
Summary.—We have examined the robustness of topo-
logical magnons in a honeycomb ferromagnet against
their interaction with phonons. Their topological proper-
ties, albeit weakened, survive the magnetoelastic coupling.
The magnon Hall conductivity of the system is found
to depend on the magnetoelastic coupling strength in a
nonmonotonic, temperature-sensitive manner. Exploiting
the Rayleigh-like edge phonons in armchair ribbons,
we predict the existence of topological magnon polarons
confined to the boundary. We have suggested an exper-
imental setup capable of probing the chiral nature of the
topological magnon polarons by elastic means, which thus
serves as a platform for chiral coherent phononic transport.

We acknowledge support from the Research Council
of Norway Grant No. 262633 “Center of Excellence on
Quantum Spintronics,” and No. 250985, “Fundamentals of
Low-dissipative Topological Matter.”
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RAYLEIGH-LIKE PHONON EDGE MODES

To describe the phonons, as discussed in the main paper, we consider a force constant model for
out-of-plane phonon modes on the honeycomb lattice with only nearest neighbour interaction. This

is described by the Hamiltonian

2
bi 1 2
H= - i — U 1
o 3 2 Ol 1)
i,

where i and j are lattice site indices running over both the A and B sublattices of the honeycomb

lattice.

To investigate edge modes in the system, we consider a finite ribbon geometry with periodic
boundary conditions in one direction, and with a finite number of unit cells in the other direction.
The edges of such ribbons can mainly be of two types: zigzag and armchair. The lattice geometries

of these cases are shown in Fig. 1.

To find the phonon energy spectrum for these lattice geometries, we introduce the partial Fourier
transform of the lattice site deviations and momenta, which for the lattice site deviation takes the

form

1 .
ugy = N g Upy exp (ikE - rg) , (2)

where ugy is the lattice site deviation on sublattice D in unit cell (z,y), rgy is the corresponding
equilibrium position, and N, is the number of unit cells in the horizontal direction. The periodicity
requirement uf, y = uf T Nay then gives k = 2mn/N,\, where X is the periodicity of the lattice in
the horizontal direction and n is an integer. For the zigzag edge ribbon, A = v/3d, while A\ = 3d

for the armchair edge ribbon. This determines the size of the Brillouin zone.



(a) Zigzag edge ribbon. (b) Armchair edge ribbon

FIG. 1. Lattice geometries for the zigzag- and armchair edge ribbons, including unit cell labelling. We assume
periodic boundary conditions in the horizontal direction and a finite number of hexagon layers in the vertical

direction.

Introducing

T, A B A B A B
uy, = (g, uZpys ulpgy ulpo, ooy ulpn,s uZpn,) (3)

with similar notation for the momentum, the phonon Hamiltonian can be written on the form

1 C
_ T T
H = 3 %c LDk + 3 Ek uy My, (4)

with a matrix M}, coupling the deviations on the various sublattices and neighbouring unit cell lay-
ers. This Hamiltonian is diagonalized through a unitary transform of the deviations and momenta
followed by introducing phonon creation and annihilation operators cL and ¢ [1]. The excitation
spectrum is then given by the phonon frequencies wg,, where w,%n = (C/m)Apy, and {Ap,} are the

eigenvalues of Mj,.

Following this procedure for the ribbon geometry with zigzag edges, we obtain the spectrum in
Fig. 2(a). The upper and lower branches of the phonon spectrum meet at k,d = 27/3v/3 and
kyd = 47/3+/3, consistent with the result obtained by taking the 1-dimensional projection of the
bulk bands. In Fig. 3, we plot the spatial profile of some selected eigenstates at quasimomentum

kyd = 2m/3v/3. All the modes are delocalized.

Examining the armchair ribbon spectrum in Fig. 2(b), one may notice that the modes marked with

green arrows stand out from the rest. If we were to compute the bulk spectrum and then perform
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(a) Zigzag edge ribbon (b) Armchair edge ribbon

FIG. 2. One-dimensional projection of the energy spectrum for phonon modes on the honeycomb ribbon geometry
with zigzag and armchair edges for N, = 30 unit cells in the vertical direction (see Fig. 1). For the armchair

ribbon, in addition to the bulk modes, there are edge modes marked with green arrows.

a 1D projection, the two modes marked in green would not be found. We therefore conclude that

they must originate from an edge effect.

This is confirmed by examining the spatial profile of the modes, as shown in Fig. 4 for the modes
between the upper and lower bulk phonon branches. The deviation amplitudes are finite on the
outer armchair edges of the sample, and exponentially decaying into the interior of the sample. The
inset shows the decay length as function of the inverse quasimomentum, and demonstrates that
& « 1/k,. This is perfectly analogous to the behaviour of so-called Rayleigh modes on the surface
of a three-dimensional material [2]. Our modes can therefore be characterized as one-dimensional

analogs of Rayleigh modes.

From the above discussion, it follows that that while the armchair edges support edge modes, the
zigzag edge does not. This is rooted in the fact that on the edge unit cells of the armchair ribbon,
both atoms have 2 nearest neighbours. For the zigzag ribbon, one atom has 2 nearest neighbours,

but the other has 3. Vibrations are therefore easier to excite on the edges of the armchair ribbon.

COUPLED MAGNETOELASTIC MODES IN ZIGZAG RIBBON

To compute the excitation spectrum for the model with coupled magnon and phonon modes, we

first calculate the phonon and magnon edge modes for the uncoupled model. The phonon modes
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FIG. 3. Deviation amplitudes for selected zigzag ribbon phonon modes at k,d = 27r/3\/§ for Ny = 200 unit

cells in the vertical direction. Fast oscillations have been averaged out. All modes are delocalized.
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FIG. 4. (a) Rayleigh mode schematic. At a given armchair edge, two Rayleigh-like modes propagate along the
edge with quasimomenta +k,. The modes are localized within a distance {(k,) from the edge. (b) Deviation
amplitudes for the Rayleigh-like edge modes as function of the vertical position 3 in units of the Bravais lattice
constant a for different momenta k,. The amplitudes are normalized to the value on the edge for easier compar-
ison. The inset shows the localization length &(k,) as function of the inverse quasimomentum, demonstrating

that £ « 1/k,, consistent with the behaviour expected from ordinary Rayleigh modes.

were discussed in the previous section, and we refer to the literature for the magnon spectrum
[3]. Expressing the magneto-elastic coupling in terms of these eigenmodes and diagonalizing the

resulting matrix, we obtain the excitation spectra.

For the zigzag edge ribbon, the spectrum is shown in Fig. 5. All phonon modes are delocalized. In

the inset, we show the hybridization of the chiral edge magnon mode with some of these delocalized
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FIG. 5. Energy spectrum for the coupled magnon and phonon modes of the ribbon geometry with zigzag edge
as function of quasimomentum k,. The magnon (yellow) and phonon (purple) content of each mode is indicated

with color.

Output

FIG. 6. Schematic depiction of an interdigital transducer employed to excite Rayleigh waves via an ac voltage
on the left hand side. The same structure converts the acoustic waves back to ac voltage on the right and
enables their detection. The metallic electrodes are lithographically patterned on top of a piezoelectric

material, such as Lithium Niobate, into the depicted comb structure.

modes. The armchair ribbon spectrum has already been discussed in the main text.

INTERDIGITAL ELASTIC TRANSDUCERS

General principles and qualitative description

The interdigital transducer [4, 5] (IDT) consists of two metallic electrodes with a series of sections,
called fingers, which are patterned into a comb-like structure on top of a piezoelectric material
(Fig. 6). When a voltage is applied across the two electrodes, it creates a pattern of alternating

charges on adjacent fingers via the capacitive effect. Via the constitutive properties of the piezo-



electric material, this results in a pattern of alternating strains. An applied ac voltage with angular
frequency w thus excites acoustic waves at the same frequency in the piezoelectric material. The
wavelength is determined by the corresponding dispersion relation w = ck [6], where c¢ is the speed
of sound in the material and k is the wavenumber. If the ensuing wavelength A\ = 27/k is equal
to the spacing between the adjacent fingers belonging to the same electrode, the acoustic signal
interferes constructively and the excitation efficiency is high. If there is a mismatch between the
finger spacing and the wavelength excited at the applied ac voltage frequency, the acoustic waves
tend to cancel each other and excitation efficiency is low. With an increasing number N of fingers,
the reinforcement or cancellation effect is stronger and the excitation resonances become sharper.
Thus, the operation principle of an IDT is similar to that of a Bragg grating. Then, it is easy
to understand that peaks in excitation are observed at multiple frequencies (and wavelengths)
corresponding to the finger spacing being multiples of the acoustic wavelength. The fundamental
peak is the strongest and subsequent overtones are progressively weaker as demonstrated by the

frequency transfer characteristics discussed below.

Conventionally, IDTs have been employed in applications such as analog filters, and their desired
operation frequency range has been from MHz to several tens of GHz [4]. A typical piezoelectric
material employed is Lithium Niobate with a Rayleigh wave speed of 3.3 km/s. Thus, the fun-
damental peak corresponding to a center frequency of 1 GHz requires finger spacing of around 1
pm, which could easily be achieved via photolithography techniques. With contemporary electron-
beam lithography techniques, a finger spacing of several tens of nanometers is readily possible,
thus allowing a fundamental frequency of tens of GHz. Employing higher overtones allows push-
ing the operation frequency to several tens of GHz, and is predominantly limited by the driving
electronics [5]. Due to the purview of their conventional applications, attempts to achieve higher
frequencies have been limited. With recent advances in ultrafast lasers, several conventional meth-
ods have been adapted to achieve coherent phonon generation in the THz regime [7]. Thus, the
operation range of the proposed method is estimated to be rather wide with up to hundreds of
GHz in frequency and tens of nanometers in wavelength. The wavenumber selectivity can also be
increased, in principle to arbitrary values, by using a large number of fingers. Combined with the
tunability of the exact magnon-phonon anticrossing point (via an applied field, for example) across
a broad range of frequencies and wavevectors, the proposed experimental method is well within

the range of the contemporary state-of-the-art technology.
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FIG. 7. Modeling the acoustic output of an interdigital transducer within the delta function model. An
applied voltage generates charges on the metallic electrodes via the capacitive effect. The accumulated

charge (or equivalently electric field) is converted into strain via the piezoelectric effect.
Frequency resolved acoustic output

To supplement the above qualitative discussion of the operating principles of an IDT, we now discuss
its frequency resolved excitation efficiency within the so-called delta function model (Fig. 7). This
model assumes that the charge accumulated on each finger is distributed uniformly and that the
acoustic output is a linear superposition of the strain produced by the full charge distribution. In
evaluating the strain (and thus the acoustic output) at a given point due to different fingers, the
phase difference due to wave propagation from the fingers needs to be accounted adequately. The

amplitude of the excited acoustic wave A(z,w) at a position z is thus given by
A(z,w) =a/o(w,z')e‘ik(z_zl)dz', (5)

where « is the charge-strain coupling factor of the piezoelectric material and o(w, 2’) is the charge
density accumulated at position z’. The acoustic output of the IDT is thus simply the Fourier
transform of the accumulated charge density. The square-wave like pattern of the accumulated

charge on the comb-like structure thus suggests a sinc function response.

Referring the readers to detailed derivations and discussion in Ref. 4, we simply present the key

result here. For an N-finger comb, the overall acoustic amplitude outside the IDT region becomes

A, ) =iaQ s;r;s(lzllc\;jﬁ)sinc <ZXI> CRN=1)1/2 giwt—kz), (6)

where @ is the charge on a single finger, [ and [; are defined in Fig. 7, and sinc(z) = sin(wz)/(7x).

The equation above fully describes all the design characteristics of the device. Its further analysis



shows that the center or fundamental frequency wy is determined by the condition kol = 27 (Note
that wog = ckp), while the bandwidth between the zeros in the response is given by Aw/wy = 2/N,

in consistence with the qualitative discussion above.
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Insight into why superconductivity in pristine and doped monolayer graphene seems strongly suppressed
has been central for the recent years’ various creative approaches to realize superconductivity in graphene and
graphene-like systems. We provide further insight by studying electron-phonon coupling and superconductivity
in doped monolayer graphene and hexagonal boron nitride based on intrinsic phonon modes. Solving the
graphene gap equation using a detailed model for the effective attraction based on electron tight binding and
phonon force constant models, the various system parameters can be tuned at will. Consistent with results in
the literature, we find slight gap modulations along the Fermi surface, and the high-energy phonon modes are
shown to be the most significant for the superconductivity instability. The Coulomb interaction plays a major role
in suppressing superconductivity at realistic dopings. Motivated by the direct onset of a large density of states
at the Fermi surface for small charge dopings in hexagonal boron nitride, we also calculate the dimensionless
electron-phonon coupling strength there, but the comparatively large density of states cannot immediately be
capitalized on, and the charge doping necessary to obtain significant electron-phonon coupling is similar to the

value in graphene.

DOI: 10.1103/PhysRevB.101.214513

I. INTRODUCTION

The discovery of graphene has attracted massive attention
in condensed matter physics, stimulating an enormous number
of theoretical and experimental investigations into a class of
novel materials broadly denoted as Dirac materials [1-5].
Among their interesting properties is the Dirac-cone-shaped
electron band structure at half filling, enabling the study of
relativistic physics in a condensed matter setting [3,6-8].
However, the cone structure with a vanishing density of states
and Fermi surface at the Dirac point suppresses phenomena
such as superconductivity, which precisely rely on the exis-
tence of a Fermi surface.

In spite of this obstacle, there is a plethora of graphene-like
systems where superconductivity has been predicted or
observed. In carbon nanotubes and the carbon based fullerene
crystals also known as “buckyballs,” superconductivity was
observed already decades ago in crystals intercalated with
potassium [9,10]. Superconductivity is also well known
in graphite intercalation compounds [11-15], where the
interlayer interactions and the additional dopant phonon
modes enhance superconductivity [12]. A similar picture
arises also for intercalated bilayer graphene, where interlayer
interactions are crucial for the resulting superconductivity
[16,17]. In bilayer graphene, a different route to superconduc-
tivity is the magic angle twist approach [18-21], where strong
correlations are believed to play a key role. Superconductivity
has also been demonstrated in effectively one-dimensional
carbon nanotubes [22,23], which have strong screening of the
repulsive Coulomb interaction. In addition to these intrinsic
mechanisms, superconductivity may also be induced by
proximity [24-27]. There, the resulting superconductivity
in graphene will necessarily inherit extrinsic key properties
from the superconductor it is placed in proximity to [27].

2469-9950/2020/101(21)/214513(15)
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Although superconductivity is already well established in
a multitude of these graphene-like systems, its observation
in monolayer graphene has proven very challenging. For
phonon-mediated superconductivity, the key quantity is the
dimensionless electron-phonon coupling (EPC) strength A,
which is determined by both the density of states at the
Fermi level and the strength of the effective phonon-mediated
potential. The first challenge that has to be overcome is
therefore doping the system away from the Dirac point. The
primary ways of doing this are chemical doping [28-32] and
deposition of elements onto (or under) the graphene sheet
[33-43]. Using these methods, doping levels approaching
the van Hove singularity have been achieved [35]. Second,
one must make sure that A has a sufficiently large value
at the achievable doping. Additional dopant phonon modes
and modifications of the electron band structure in decorated
monolayer graphene may enhance the electron-phonon cou-
pling strength [36,41-44], and in these systems, one has even
observed some evidence [43,45] for the desired monolayer
graphene superconductivity.

The EPC strength A can be measured by examining kinks
and broadening in the electronic band structure using angular-
resolved photoemission spectroscopy (ARPES) [46—48]. At
realistic doping energies in the vicinity of the van Hove
singularity in the 7 band, A values of the same order as in
many known conventional superconductors [49] have been
predicted and measured experimentally [48,50,51]. In light
of this, superconductivity in single-layer graphene with rea-
sonable critical temperatures does not seem inconceivable
even without dopant phonon modes and special electron band
structure modifications. Why superconductivity in monolayer
graphene remains so hard to achieve is therefore not entirely
clear.

©2020 American Physical Society
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In conventional superconducting materials, the Coulomb
interaction does not play a significant role in reducing 7,
since the effective phonon-mediated potential is attractive
only in a small region around the Fermi surface, whereas
the repulsive Coulomb interaction has much longer Brillouin
zone variations. The mechanism at work, retardation, can be
seen by solving the gap equation with a simplified model
[52] for the combined potential. In graphene, however, we
do expect the Coulomb interaction [53] to reduce the critical
temperature significantly [41,44,54,55] due to the modest
electron-phonon coupling strength. A crude estimate of the
Morel-Anderson renormalization of the dimensionless EPC
strength A shows that the renormalization is of the same order
as A itself. A detailed study of phonon-mediated superconduc-
tivity in graphene is therefore necessary.

Eliashberg theory for doped monolayer graphene was de-
veloped in Ref. [55], where the pair scattering processes
within and between the Fermi surface segments centered
around the inequivalent Brillouin zone points K and K’ were
accounted for explicitly. The authors estimate the critical
temperature based on the assumption of an isotropic gap,
Fermi surface averaged Coulomb interaction [41,53] in the
linear spectrum regime, and various estimates for the electron-
phonon coupling strength based on other works. The resulting
critical temperature is of order 10 K with the optimistic
estimates.

In Ref. [44], the electron-phonon coupling strength and
superconducting gap were calculated with anisotropic Eliash-
berg theory based on ab initio calculation of the quasimomen-
tum and energy dependent electron-phonon coupling strength.
Coulomb interaction effects are incorporated through a Morel-
Anderson pseudopotential, which is treated as a semiempirical
parameter. For n-type doping, they find that superconductivity
may be possible due to the presence of a free-electron-like
(FEL) band. For p-type doping, this band is not present, and
the Coulomb interaction seems likely to suppress supercon-
ductivity.

In this paper, we perform detailed calculations of the
electron-phonon coupling based on an electron tight binding
model and a phonon force constant model in the presence
of a Hubbard-type Coulomb interaction. We then solve an
anisotropic BCS-type gap equation, which should give rea-
sonable estimates for the superconducting properties due to
the relatively modest electron-phonon coupling strength. The
various system parameters in our model can easily be tuned
to investigate how various physical mechanisms affect the
superconducting properties. Understanding this is essential
in the pursuit of realizing superconductivity in monolayer
graphene based on the intrinsic in-plane phonon modes.

Our results show that superconductivity with an experi-
mentally measurable gap may be possible for large dopings
approaching the van Hove singularity. We find an electron-
phonon coupling strength and gap anisotropy qualitatively
similar and of the same order as in Ref. [44], and the Coulomb
interaction is shown to be crucial in reducing the critical tem-
perature of the system. We also look into the contributions to
the electron-phonon coupling from the various phonon modes
in the system [41], and identify the high-energy phonons as
the most significant for the superconducting instability in the
realistically achievable doping regime.

The two-dimensional material hexagonal boron nitride (/-
BN) was discovered shortly [2] after graphene [1] using

the same micromechanical cleavage technique to exfoliate
monolayers from the stacks of weakly interacting layers also
known as van der Waals materials. In many respects, the two
are very similar [56]. They have the same lattice structure
and a similar lattice constant, which makes 4#-BN a good
substrate for graphene [57,58] and suitable for graphene
heterostructure engineering [59]. Like graphene, it also has
strong chemical bonding, and a comparable phonon Debye
frequency [60]. Unlike graphene, however, boron nitride has
two different ions, boron and nitrogen, on the two honeycomb
sublattices. This has dramatic consequences for the electronic
band structure, since the Dirac cone in graphene is protected
by time-reversal and inversion symmetry. Breaking of the
latter symmetry therefore renders hexagonal boron nitride a
large-gap insulator [61].

The possibility of superconductivity in doped hexagonal
boron nitride is a lot less studied than in doped graphene, but a
recent density functional theory study [62] suggests that dec-
orated #-BN may become superconducting with a transition
temperature of up to 25 K. Although the dopant phonon modes
are again responsible for this relatively large transition tem-
perature, this also hints at possibilities for superconductivity
mediated by intrinsic in-plane phonon modes. Furthermore,
and very different from graphene, the parabolic nature of the
electron band close to the valence band maximum gives a
direct onset of a large density of states even at small charge
doping. Motivated by this, we use the same methodology as
in the graphene case to calculate the dimensionless electron-
phonon coupling strength A for hexagonal boron nitride.
Due to suppression of the electron-phonon coupling matrix
element due to the small Fermi surface, however, this effect
cannot be capitalized on, and we find that A-BN has an
electron-phonon coupling strength similar to graphene.

In Sec. II of this paper, we first present the free electron and
the free phonon models for graphene briefly, followed by a
more thorough derivation of the tight binding electron-phonon
coupling. In Sec. III, we introduce and discuss the Hubbard-
type Coulomb interaction used in this paper. In Sec. IV, we
introduce the assumed pairing, resulting gap equation, and
effective phonon-mediated potential, before presenting the
numerical results for graphene in Sec. V. In Sec. VI, we
discuss some qualitative aspects of these results. Switching
to boron nitride in Sec. VII, we discuss how the opening of a
gap changes the band structure and electron-phonon coupling.
Finally, the paper is summarized in Sec. VIIL

II. ELECTRONS, PHONONS, AND ELECTRON-PHONON
COUPLING

We consider a model for electrons on the graphene lattice,
and allow for lattice site vibrations. For the electrons, we
use a nearest neighbor tight binding model [4] describing
the 7 bands, as explained in further detail in Appendix A.
Other bands are disregarded, since only the m bands are
close to the Fermi surface for realistically achievable doping
levels in graphene. For the phonons, we use a force constant
model with nearest and next-to-nearest neighbor couplings
as introduced in Refs. [63,64] and elaborated in Appendices
B and C. These models give a realistic band structure and
realistic phonon spectra.
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The electron-phonon coupling model is derived by assum-
ing the electrons to follow the lattice site ions adiabatically,
and by Taylor-expanding the overlap integral #;; in the hopping
Hamiltonian

H=— Z (tijcl cjo +Hec.) 1)

(i.j).0

to linear order in the deviations. Here, cng and ¢;, are creation
and annihilation operators for an electron at site i with spin
o € {?, |}. Considering only the nearest neighbor hoppings,
we obtain

tivs,i =t + (Wips, — ;) - Vit (3), @)

where #; is the nearest neighbor hopping amplitude, u; is the
ionic displacement of lattice site i from its equilibrium posi-
tion, and the overlap integral #,(8) is regarded as a function
of the relative position § of the two lattice sites i and i + d4,
where §4 is the equilibrium nearest neighbor vector from the A
to the B sublattice. Due to the mirror symmetry about the line
connecting the lattice sites i and i 4 8,4, the electron-phonon
coupling can be written as

t &
Hel—ph = % Z 6A . (ui+8,4 - ui)(cil‘,&/\,uci,ﬂ + H.C.)s
i€A, 85,0
3
where y = —d Int;/d Ind is a dimensionless number of order

1, and d is the equilibrium nearest neighbor distance, which
we use as our unit of length. In quasimomentum space, this
gives the electron-phonon coupling

Hopn =3 3 Y gkt o(aq +a' g, )ech, (& + ey (K),

kq ny vo
)

where agq, and a', , are creation and annihilation operators
for in-plane phonons labeled by v € {0, 1,2,3}, and 5,/ =
=+ denote electron bands. To linear order in the lattice site
deviations, the out-of-plane phonon modes do not couple to
the electrons due to the assumed z — —z mirror symmetry of
the system [65]. The coupling matrix element gm;‘:q is given
by

' 80 wr 8A iq-8, \B A
8kk+q — m‘[ o 4 (g [e e (q) —e, (lI)]
A

x [e*MFy (K + q)Fp, (k)
+ e KTONEE (K + q)Fy, (K)], )

where Fp,(k) is the sublattice amplitude of electron band 7
at quasimomentum Kk and follows from the diagonalization
of the free electron model, as elaborated in Appendix A.
Similarly, e?(q) is the phonon polarization vector at sub-
lattice D € {A, B} for the phonon mode (q, v), and follows
from diagonalization of the in-plane phonon Hamiltonian (see
Appendix B for details). The phonon mode frequencies are
denoted by wg,, Ny is the number of lattice sites on the A
sublattice, and the energy scale gy is given by

B i L ©
80 = M hwr}’ls

where M is the carbon atom mass, and wr is a phonon energy
scale given by the optical phonon frequency at the I" point
q=1(0,0).

To quantify the strength of the electron-phonon coupling,
one may introduce the dimensionless electron-phonon cou-
pling strength parameter [47,66]

2
Mo =Y %mw’,ﬁqﬁ&ekﬂ,n — €xy), @)
qv

where €, is the electron single-particle energy. We have
neglected interband scattering processes since the 7 band only
overlaps with the lower lying o bands at unrealistic doping
levels [48,67].

Averaging Ay, over the Fermi surface corresponding to
the energy of the incoming momentum often provides a
simple and useful tool for understanding the dependence of
the critical temperature of a superconductor on other system
parameters through the BCS formula k3T, =~ hwp exp(—1/1),
where X is the Fermi surface average of Ay,.

III. COULOMB INTERACTION

To include the effect of the Coulomb interaction, we use
the repulsive Hubbard interaction

VE = up Z niz Ny, ®)

where n;, is the electron number operator. The on-site re-
pulsion uy has been calculated from ab initio in undoped
graphene [54]. At significant doping of order 2 eV, as dis-
cussed in Appendix D, the screening length is a small fraction
of the nearest neighbor bond length, and we therefore disre-
gard longer ranged interactions.

For doped graphene, we expect the onset of -band screen-
ing to reduce the on-site repulsion. A simple model for uo (1)
is obtained by calculating the polarization bubble in the linear
spectrum approximation for intravalley scattering processes
[53]. The resulting polarization bubble is momentum indepen-
dent, and this gives

_ w®
1 4+ aup(0)p(1)Acen ’

where p(u) is the density of states per area in the linear
spectrum approximation, and Ay is the real-space area as-
sociated with the unit cell. We have introduced a factor o
to be able to study polarization strength dependence. The
doping dependence can also be interpreted as an interpolation
between the known on-site Coulomb repulsion u,(0) for pris-
tine graphene, and the known result of doping-independent
Coulomb pseudopotential ¢ at the Fermi surface [41,44],
requiring uy < 1/p().

In momentum space, the Coulomb interaction takes the
form

u ul ~ ~
VC = ﬁ Z Z C’I“T(k + q)czzl(k - q)an(k)Cnn(k)
A

kkq 7174

up(p) = ©

10)
in terms of the momentum band basis annihilation operators
Cpo (K).
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FIG. 1. (a) Electron spectrum for the 7w bands of graphene in a tight binding hopping model. (b) Phonon spectrum for freestanding graphene
in the force constant model. In-plane modes are shown in blue, with out-of-plane modes in green. At any point in the Brillouin zone, the in-plane

phonon modes are labeled according to energy.

IV. PAIRING AND GAP EQUATION

The in-plane phonons yield an effective interaction be-
tween the electrons in the system that may cause pairing and
superconductivity. Assuming spin-singlet pairing at +k and
considering only the electron band 77—, the relevant interaction
can be written in the form

V=2 Vel )l (=K)eoy (—keoy (k)
Kk’

an

with a potential Vi that contains contributions both from the
Coulomb potential and an effective phonon-mediated poten-

tial Vkpl?fm, so that

Vi = Wl + VR (12)

The Coulomb contribution is given by Eq. (10). The ef-
fective phonon-mediated potential follows from a canonical
transformation [68], and is given by

ph—m __ ——v 2
Ve = Z 18k k+q
v

where the quasimomentum q is defined by k' = k + q.

Due to the singlet pairing assumption, the gap has to be
symmetric under k — —k, and therefore, the potential Vy
can be replaced with the symmetrized potential

Vw = LV + Vi —k) (14)

which is symmetric under k — —k and k'’ — —K’, as well as
interchange of the incoming and outgoing momenta k and k'.
To proceed, we have to solve the gap equation

2hwg,

(€ktq — €)% — (iwg,)?

13)

A== V™ xo A, (15)
©
with susceptibility
tanh SEy /2
= ——"2 Ex=.,/& +|Axl% 16
K T k =/ &k + Akl (16)

where Ey is the quasiparticle excitation energy, and & =
ex — u is the single-particle energy ex measured relative to
the Fermi surface at chemical potential 1.

To find the critical temperature and the gap structure Ay
just below the critical temperature, it suffices to neglect the
gap in the excitation spectrum Ey in the gap equation. This
gives an eigenvalue problem linear in the eigenvectors and

nonlinear in the eigenvalue, which is solved as discussed
in Appendix E to obtain the critical temperature and gap
momentum dependence.

V. GRAPHENE NUMERICAL RESULTS

A. Parameter values and free spectra

We set the equilibrium electron hopping amplitude #; to
2.8 eV [53]. The resulting electron band structure for the 7
bands of graphene is shown in Fig. 1(a). For the phonon force
constant model used to derive the phonon spectrum, we use
the same parameter values as Ref. [63], and the resulting
excitation spectrum is shown in Fig. 1(b).

The dimensionless parameter y can be estimated from ab
initio, and is roughly 2.5 [69]. This gives reasonable values
[50] for the dimensionless electron-phonon coupling strength
A. With phonon energy scale hiwr = 0.20 eV and nearest
neighbor distance d = 1.42 A [70], this gives gop = 0.15 eV.
All system parameters involved in the calculation of the
energy scale are tabulated in Appendix F.

B. Electron-phonon coupling strength and effective potential

Using the parameter values in the preceding subsection,
one may calculate the electron-phonon coupling strength A
as function of the chemical potential p. This is shown in
Fig. 2(a), with contributions from the four in-plane phonon
modes shown in color. The parameter A incorporates both the
strength of the effective potential at the Fermi surface and
the density of states. Since the latter has a very systematic
variation with the chemical potential, A and the electronic den-
sity of states have similar profiles. In the low-doping regime,
the optical phonon modes, and the highest-energy mode in
particular, dominate the electron-phonon coupling strength
completely. Figure 2(b) shows the angular dependence of Ax
on the Fermi surface for various dopings. As shown also in the
inset, the Fermi surface anisotropy is increasing with doping,
reaching values of order 2% close to the van Hove singularity.

The effective potential V23 ™ is shown in Fig. 3(a) for
incoming momentum Kk at various outgoing momenta k’. The
potential is attractive in a finite region around the Fermi
surface corresponding to the energy of the incoming momen-
tum, and becomes repulsive when the kinetic energy transfer
exceeds the phonon energy scale.
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FIG. 2. (a) Calculated electron-phonon coupling strength A averaged over the Fermi surface (black) and electronic density of states
(magenta) as function of chemical potential. Since X is highly dependent on the density of states but also dependent on the electron-phonon
coupling element |g, "], the two have similar but not identical shapes. The contributions to A from the various in-plane phonon modes are
shown in colors. (b) Electron-phonon coupling strength along the Fermi surface normalized to the mean value for various doping levels. As
shown in the inset, the electron-phonon coupling strength modulations are increasing with doping toward the van Hove singularity.

The potential has contributions from the four in-plane
phonon modes, and these contributions are shown in Fig. 3(b)
for the incoming momentum as indicated in Fig. 3(a). The
size of the region with attractive interaction is determined
by the energy of the relevant phonon mode. The optical
high-energy phonon modes therefore give the largest attrac-
tive Brillouin zone area. The effective potential for intra-
and intervalley scattering processes on the Fermi surface is
shown in Fig. 3(c). Comparing the effective potential con-
tribution from the various in-plane phonon modes on the
Fermi surface reveals that the high-energy phonon modes
corresponding to high mode index or large quasimomen-
tum scattering also give rise to a stronger attractive poten-
tial at the important Fermi surface than their low-energetic
counterparts.

C. Solutions of the gap equation

To contain the divergences of the effective electronic po-
tential, we introduce an energy cutoff A = 6 eV in the po-
tential. Solving the linearized self-consistent equation (15) in
the full Brillouin zone as discussed in Appendix E, we obtain
the gap structure at the critical temperature 7, for which the
superconducting instability occurs. This is shown in Fig. 4,
where the superconducting gap at a given point is given by
color. The gap equation solution shows that the gap has a
given sign within the attractive region of the Brillouin zone for
incoming momenta at or close to the Fermi surface. Outside
this region, the gap changes sign, and subsequently decays
to a roughly constant value far away from the Fermi surface.
Furthermore, the gap has modulations of the same order as Ag
along the Fermi surface.

v (b) Modeo (c) 0
KK' V/ \V/
i \ \J Y Y
A—l
S
)
° 3
>
=217, Total 0 123
2R\
. . /\.
0 2 4 6 0 2 4 6
391/7'( 392/1'[

FIG. 3. (a) Graphene effective interaction Vlf’l?f"‘ in eV for incoming electron momentum k (yellow dot) at outgoing momentum Kk’
indicated by position in the plot. There can be both intra- (green) and intervalley (magenta) scattering processes to the Fermi surface. The
potential is attractive close to the Fermi surface, before it turns repulsive at a characteristic phonon frequency, and then decays to zero.
(b) Decomposition of effective potential in phonon mode contributions. The size of the attractive region clearly depends on the phonon
energy. (c) Effective potential Vi (black) for incoming momentum k given by the yellow dot in (a) to outgoing momentum given by angle 6,
for intravalley and 6, for intervalley scattering processes. Phonon mode contributions are shown in colors. Although the electron-phonon
coupling strength Ay has only slight modulations, the effective potential is strongly dependent on the scattering momentum for a given

incoming momentum.
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FIG. 4. Typical superconducting gap structure at the indicated chemical potential x just below the superconducting transition at critical
temperature 7,. (a) Hexagonal Brillouin zone of the triangular Bravais lattice in blue. The rhombus (black) contains an equivalent set of
quasimomenta. The green contours indicate the Fermi surface, and the short orange line is perpendicular to the Fermi surface. (b) Position on
the Fermi surface is specified with the angle 0. (c) Gap structure around the point K’ in color for the given doping and on-site repulsion. The
insets show the gap structure perpendicular to (orange) and along (green) the Fermi surface.

The critical temperature is shown as a function of doping
in Fig. 5(a). As expected, the critical temperature increases
rapidly with increasing doping due to the increasing electron-
phonon coupling strength.

The presence of the Coulomb interaction decreases the
critical temperature significantly. This is shown in Fig. 5(b),
which shows the dependence of the critical temperature on the
on-site Coulomb repulsion strength uy. The data points from
the solution of the gap equation have been fitted to the simple
functional form that is expected from the Morel-Anderson
model [52], as discussed in Appendix G.
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VI. DISCUSSION OF GRAPHENE RESULTS

In conventional superconductors, the effect of a Coulomb
interaction is small, and the quantitative effect on the criti-
cal temperature can be incorporated through renormalization
[52,71] of the electron-phonon coupling strength A in the
simple BCS result kT, = hwp exp(—1/1) according to A —
A — ¥, where

Nou

T 1+ Nouln(W/Fiwop)’ a7

ug (eV)

FIG. 5. Critical temperature for the superconducting transition. (a) Critical temperature as function of doping with Hubbard repulsion
given by Eq. (9) for various polarization strengths parametrized by «. The green dashed line indicates the van Hove singularity. (b) Critical
temperature as function of on-site interaction uy. The calculated data points are fitted to the simple functional form (line) that follows from the

Morel-Anderson model. The black points correspond to points in (a).
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Here, u is the constant repulsive interaction strength that is
added on top of the attractive interaction close to the Fermi
surface, Ny is the density of states at the Fermi surface, W
is the electron bandwidth, and wp the Debye frequency. For
strong Coulomb repulsion, the renormalization is suppressed
down to values of 1/In(W/hwp), so that Cooper pair forma-
tion is possible despite the Coulomb repulsion being much
stronger than the attraction at the Fermi surface.

In the graphene case, simple estimates for the renormaliza-
tion p* give a value of 0.2 in the presence of a strong Coulomb
interaction. This is larger than, but not very far away from, es-
timates [41,44] based on the long-wavelength limit, arriving at
0.10-0.15. Since the simple Morel-Anderson model predicts
the absence of superconductivity for u* > X and we expect to
be quite close to this situation, we would expect the Coulomb
interactions to have a dramatic effect on the critical temper-
ature of the superconducting transition. Our detailed solution
of the gap equation in the presence of the Coulomb interaction
confirms this picture. Although boosting the electron-phonon
coupling A would be essential for realizing superconductivity
in graphene or graphene-like materials, within the realistic
regime for A, the repulsive Coulomb interaction also has to
be taken into account explicitly.

Calculations of the critical temperature are notoriously
unreliable. On the other hand, the Fermi surface structure
of the gap calculated in this paper should give reasonable
estimates for the k-space modulation of the gap on the Fermi
surface. The modulations we find within our methodology are
similar and of the same order as in Ref. [44]. The modulations
are small, but could in principle be measured by ARPES.

In our calculations, we have considered the electron and
phonon band structures of pristine graphene. The presence of
intercalant atoms may affect the electron band structure and
phonon modes significantly, and this would be dependent on
the method chosen to dope graphene [42,44]. To understand
why realizing superconductivity in graphene is so challeng-
ing, it is nevertheless useful to study superconductivity based
on the intrinsic phonon modes and electronic properties.

In practice, graphene is often mounted on a substrate. A
small substrate coupling can be included in our phonon spec-
trum analysis by adding an on-site potential quadratic in the
displacement. This modifies the phonon spectrum by lifting
the low-energy modes to finite values. Our analysis clearly
indicates that it is primarily the high-energy phonons that are
responsible for the superconducting instability. Thus, we do
not expect a slight alteration of the low-energy phonon modes
to significantly impact our results. Since the introduction of
a substrate may break the z — —z mirror symmetry of the
system, the out-of-plane modes could in principle also give
some contribution to the effective potential, but we expect this
to be a higher-order effect in the lattice site deviations.

VII. BORON NITRIDE

So far, we have only considered graphene, but our method-
ology can easily be carried over to other graphene-like materi-
als. In particular, we consider hexagonal boron nitride (h-BN),
which is a two-dimensional material very similar to graphene,
but where the atoms on the two different sublattices are boron
and nitrogen. The associated sublattice symmetry breaking

opens a gap in the electronic spectrum, and in this section,
we discuss how this affects the electron-phonon coupling.

Due to the sublattice symmetry breaking of boron nitride,
the electron tight binding model in Eq. (1) has to be modified
by the addition of a sublattice asymmetric potential term

Himb = % ZC?C,’ — ZC;L’I' . (18)

i€A JjeB

The resulting electron band structure is shown in Fig. 6(a),
where t; =2.92 eV and Agy = 4.3 eV [61,72].

For the phonon excitation spectrum, we again use a force
constant model as outlined in Appendix B. Values for the
boron nitride force constants are obtained by fitting the ex-
citation energies at the high-symmetry points to values from
density functional theory values in Ref. [60], as discussed in
Appendix C. The resulting excitation spectrum is shown in
Fig. 6(b).

As in the graphene calculation, the electron-phonon cou-
pling is obtained by Taylor-expanding the hopping element
integral in Eq. (1), and the resulting electron-phonon coupling
matrix element is similar [73] to Eq. (5). To compare the
boron nitride results with graphene, we set the value of the
dimensionless quantity y to the same value that was used
for graphene. All quantities involved in the calculation of
the electron-phonon coupling energy scale gy are listed in
Appendix F.

Averaging the dimensionless electron-phonon coupling
strength Ay over the Fermi surface at chemical potential p
gives the result shown in Fig. 7. The inset shows the same
electron-phonon coupling A as function of the charge doping
n corresponding to each chemical potential  for both boron
nitride and graphene.

Unlike the graphene electron-phonon coupling strength
shown in Fig. 2, the electron-phonon coupling strength of
boron nitride is qualitatively different from the electronic den-
sity of states. At the valence band edge, the electron density of
states has a discontinuous jump, whereas A increases linearly.
Due to the direct onset of a large density of states in boron
nitride, it is tempting to assert that even small charge dop-
ings could quickly give rise to appreciable electron-phonon
coupling strengths. This is not the case. The electron-phonon
coupling matrix element |g;k_,’“|2 in Eq. (5) also plays an
essential role for the overall value of the electron-phonon
coupling strength, and is suppressed when the Fermi surface
is small. As a result of this, graphene and boron nitride have
similar electron-phonon coupling strengths at a given charge
doping.

In light of these results, we would expect the difficulty
of realizing intrinsic phonon-mediated superconductivity in
boron nitride to be similar to that for graphene. Further-
more, the importance of the electron-phonon coupling matrix
element underlines the importance of treating the electron-
phonon coupling in a detailed manner.

VIII. SUMMARY

In summary, we have studied electron-phonon coupling in
graphene and hexagonal boron nitride based on an electron
tight binding and a phonon force constant model giving
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FIG. 6. (a) Electron spectrum for the 7 band of hexagonal boron nitride (2-BN) in a tight binding hopping model. Contrary to graphene,
the band structure is gapped due to sublattice asymmetry. (b) Phonon spectrum for freestanding 4-BN in force constant model. In-plane modes

are shown in blue, with out-of-plane modes in green.

realistic electron and phonon spectra. The ability to tune the
relevant system parameters in this detailed model provides a
platform for investigating the superconducting properties of
graphene and graphene-like systems.

In graphene, our results indicate that superconductivity
may be possible at sufficiently large doping. We have identi-
fied the phonon modes which couple most strongly to 77-band
electrons, which are the electronic states of most relevance
for realistic doping levels in graphene. These modes are the
high-energy in-plane phonon modes. Solving the gap equa-
tion assuming singlet pairing, we find the critical tempera-
ture and the superconducting gap structure in the Brillouin
zone. The gap has small modulations along the Fermi sur-
face, but is surprisingly uniform even for highly anisotropic
Fermi surfaces. Introducing the Coulomb interaction gives a
dramatic suppression in the critical temperature, in contrast
with the moderate reduction in most normal superconductors.
We understand this in terms of the Morel-Anderson model,
where the calculated electron-phonon coupling strength and
estimates for the renormalization are of the same order. En-
hancing the electron-phonon coupling strength is important

Total
Mode 0 0.3
Mode 1
Mode 2
Mode 3 —
r0.2y
L
%]
o
a
F0.1
0.0
0
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FIG. 7. Electron-phonon coupling strength A for boron nitride
averaged over the Fermi surface at chemical potential . The con-
tributions to the total electron-phonon coupling (black) from the
various phonon modes are shown in colors. The density of states is
shown in magenta. A given energy doping p corresponds to a charge
doping n per site, and the inset shows the electron-phonon coupling
as a function of this charge doping for graphene and boron nitride.

to realize phonon-mediated superconductivity in monolayer
graphene, but the effect of the Coulomb interaction also has
to be discussed in detail.

Motivated by the direct onset of a large density of states in
the gapped hexagonal boron nitride, we also calculate the di-
mensionless electron-phonon coupling there within the same
framework. In spite of the large density of states, however, the
charge doping required to obtain a sizable electron-phonon
coupling is similar to the doping required in graphene since
the electron-phonon coupling matrix element is suppressed
due to the small Fermi surface at small charge doping.
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APPENDIX A: ELECTRON BAND STRUCTURE

To calculate the graphene electron band structure, we use
the nearest neighbor tight binding Hamiltonian [4],

Hy=—t; Yy (c},cjo +He), (A1)
(ij).o

as our starting point. By introducing the Fourier-transformed
operators, this model becomes

He} = Z (CEUA ClioB)Mk (CkJA> ’ (Az)

CkoB
k,o

where the matrix My is given by

0 —h ZS ek
My = . 4 , A3
k <_t1 ZSA e”k"‘ﬂ 0 ( )

and §, are the nearest neighbor vectors from sublattice A to
sublattice B. Diagonalizing this matrix, we get eigenvectors
Fp, (k) for the two eigenvalues €y, corresponding to the two
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7 bands, where 7 is the band index. Thus, the D-sublattice
Fourier mode is given by

kop = Y Fpp(K)Cioy, (A4)
n

where 7 denotes the band and an eigenvector of the matrix M.
This provides the definition of the factors Fp, (k) appearing in
the main text.

APPENDIX B: PHONON MODEL DIAGONALIZATION

The phonon dispersion relation calculation in this paper
follows Refs. [63,64], where the phonon excitation spectrum
is calculated for graphene. We take the same approach, and
use a force constant model with up to third nearest neighbor
interactions to calculate the dispersion relations for graphene
and boron nitride. Since boron nitride has a broken sublat-
tice symmetry, we have to account for the different sublat-
tice masses, and the intersublattice force constants become
sublattice dependent. In this Appendix, we discuss how the
force constant model can be diagonalized, leaving the discus-
sion of the force constants and their symmetry relations to
Appendix C.

We write the phonon Hamiltonian in the form

P2 ] .
Hy, = Z —21‘2/ DI ILHICHTATE
J

ij nv

(B1)

where i, j are lattice site indices on the honeycomb lattice,
ki, k;j are the corresponding sublattices, u, v are Cartesian
indices, and u{’ is the deviation of site i on the sublattice
k; (uniquely determined by i) in direction . The deviation
coupling constants are CDﬁ’f’ (8;;). In the kinetic term, P; is the
momentum of the particle at site j, and M; is the mass.

We next express the phonon Hamiltonian in terms of un-
coupled harmonic oscillators. To do this, we first symmetrize
the sublattice sectors of the kinetic term. Introducing effective
mass M = /MMy and relative masses up given by Mp =
upM , we introduce rescaled deviations and momenta

P? =Pp//1ip, i’ =u® /up,

where the rescaling of the deviations is chosen to retain
the canonical commutation relations [u;,, P;,] = ii;;6,.,. To
proceed, we rewrite the Hamiltonian in Fourier space, obtain-
ing

1 Lo L
Hyn = 5= D PLPy+ 5D 0D ) DL @y .
K.q KK’ pvoq
(B3)

where «, k' are sublattice indices and the matrix elements
Dj, (q) are given by

(B2)

, 1 , "
D¥¢ — DL (8¢ iq-8; , B4
i (@) —WJZ i (85)e (B4)

where 8; is the vector from a lattice site on sublattice « to
lattice site j on sublattice «’.

Using the symmetries of the system, as discussed further in
Appendix C, the number of independent real-space coupling
constants can be reduced drastically. Here, we only point out
the effect of the mirror symmetry under z — —z. Considering

the lattice deviation coupling term in the phonon Hamiltonian,
this symmetry implies that there cannot be any coupling
between the in-plane and the out-of-plane modes, and hence
that the phonon eigenmodes are either purely in-plane or
out-of-plane. The potential energy term can thus be written
in the form Vp, = Vi, + V>, where

ph >
;o1 ot ey
= 2 )
q
1 (B5)
Von = 2 Z (Eq) Mgty
q
and the deviations i, are given by
~z ~A ~B \T
Uy = ( »Z u .Z) ’
~41~ ~: ~qA ~B =B \T (B6)
i = (g, Bq, ig. ig,) .

The matrices Mg and My are 2 x 2 and 4 x 4 matrices,
and the matrix elements for graphene are given in Ref. [63].
For the boron nitride case, similar expressions are derived by
inserting values for the coupling constants using the symmetry
relations and force constants in Appendix C.

To obtain a system of uncoupled harmonic oscillators, we
introduce a new basis v, given by

ﬁfl)%i = Z [e{))(q)]uvg’ (B7)
v

in which the phonon potential energy is diagonal. Here,
[e,(q)], is given by the eigenvectors of My, v is an eigenvec-
tor label, e2(q) is the phonon polarization vector on sublattice
D at quasimomentum ¢, and the index u picks out a Carte-
sian component. This relation provides a definition for the
phonon polarization vectors occurring in the electron-phonon
coupling in the main text.

Since the kinetic term remains diagonal in the new basis,
the system is reduced to a system of uncoupled harmonic
oscillators, from which we obtain [75] the excitation spectrum
through a)‘zlv =dg /M, where dy, are the eigenvalues of D(q).

In our paper, the phonon spectrum and associated polar-
ization vectors eP(q) are determined using numerical diag-
onalization. At the high-symmetry point K, one may derive
reasonably simple expressions for the eigenfrequencies.

APPENDIX C: FORCE CONSTANTS AND SYMMETRIES

The discussion in this Appendix is a generalization of the
graphene force constant model in Refs. [63,64] to the case of
honeycomb lattices without sublattice symmetry. We provide
an overview of how the symmetries of the system impose rela-
tions between the force constants in the model, and determine
the force constants by fitting the force constant dispersion
relation to density functional theory results in Ref. [60].

1. Chiral basis and double counting

The phonon Hamiltonian can be written in the form

| . .
Ho =D 53 5 20 2 i Gt
J

ij nv
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FIG. 8. Labeling of vectors to neighboring sites on the honey-
comb lattice.

where Y, denotes the sum over all lattice sites on the honey-
comb lattice, and all bonds (i, j) are being double counted. To
symmetrize these contributions, we may therefore impose

Dy’ (8)) = DUl (850), (ChH

where the indices p, v are initially considered to be Cartesian.

We may however also introduce the chiral basis
E§=x+iy, n=x-1iy (623

so that u, v € {€, n, z}. Under rotation with angle ¢ around
the z axis, the new coordinates do not mix, and transform
according to

AN s (C3)

In terms of the old coupling coefficients, the coefficients
for the deviations in the new basis are given by

Bee = (D — Dy — iDyy — iD)y)/4,
By = (Dy — Dy + iDyy + D) /4,
Dey = (Pyy + By + iDyy — iDy)/4,
Dy = (B + Dy — iDyy + iD,,) /4.

(C4)

Now, both deviations and coupling constant are in general
complex.

2. Force constant symmetry relations

The hexagonal boron nitride system has infinitesimal trans-
lation symmetry, Bravais lattice translation symmetry, in-
finitesimal rotation symmetry, lattice Cs rotation symmetry,
o, mirror symmetry, and, with the choice of lattice orienta-
tion indicated in Fig. 8, o, mirror symmetry. We use these
symmetries to reduce the number of independent coupling
coefficients.

a Translation symmetries

From translation symmetry with a Bravais lattice vector a,
it follows trivially, as already indicated by the force constant
notation, that

Py’ (8i) = Pl (Bia jva)- (C5)

Due to the infinitesimal translation symmetry of a single
graphene sheet under u'I(I’L — u;’L + a,, it furthermore follows
that

Z @} (8;) = (C6)

Following Refs. [63,64], we call this the stability condition,
and use it to determine the local force constants with §;; = 0.

Although infinitesimal lattice translation symmetry holds
for a freestanding graphene sheet, it breaks down if the
monolayer sheet is placed on a substrate. This would give
rise to additional free parameters through the force constants
(DDD(O)

b Rotation symmetries

Application of the C3 symmetry under 3-fold rotations R3
gives force constant relations

’“(J(RS‘;U) — K’K/((s )e+t2n/3

()]
K;KJ(R38U) — "’l’(/((s )671271/3

whereas <I>K’K’(R16,,) = Zf’(&,) if u and v are not equal
chiral in-plane components, as in the two cases listed above.

We also note that the infinitesimal rotation symmetry does
not give restrictions on the force constants in addition to the
ones we have already discussed.

¢ Mirror symmetries and complex conjugation

The mirror symmetry o, implies that there cannot be any
coupling between the in-plane and the out-of-plane devia-
tions, i.e.,

Py, = D, = D = D,y = 0. (C8)

As already discussed in Appendix B, this completely decou-
ples the in-plane and the out-of-plane phonon modes.
The o, mirror symmetry implies

Dy (8i)) = D (0:83)), (&)

;w

where &£ =7, 7 =&, and 7 = z.
Finally, we note that the requirement of a real potential
gives the relation

Dy’ (i) = Py’ (8"

and this can be combined with the above mirror symmetry o,
to obtain

(C10)

K’K,(Sz/) = ;w (stz/)

For the case of neighbor vectors parallel to the y axis, invari-
ance of the neighbor vector under the mirror symmetry o,
implies that the coupling constant has to be real.

(C11)

3. Boron nitride force constants

Applying the above symmetry relations, the independent
force constants in the system are listed in Table I along the
bonds illustrated in Fig. 8. The graphene force constants are
taken from Ref. [63], and the boron nitride force constants
have been obtained by fitting the phonon frequencies at the
high-symmetry points to density functional theory results
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TABLE 1. Force constants for graphene and boron nitride
phonons up to next-to-nearest neighbor for graphene and third near-
est neighbor for boron nitride. The graphene force constants are taken
from Ref. [63]. The tabulated values give ®/M in spectroscopic units
of 10° cm™2, related to frequency through factors of 27 ¢, where ¢ is
the speed of light.

Parameter Coupling R/C Graphene h-BN
o DL (o) R —4.046 -3.15
DL (1) R 1.107 1.69
Ya oL (By) C —0.238 —0.32 4+ 0.05i
73 D (By) C —0.238 —0.36 — 0.07i
8a DHB)) R —1.096 —0.68
3p EE(B)) R —1.096 —0.66
o DL (y)) R 0.00
B oy, R ~0.23
. D28 (et)) R —1.176 —1.06
! D24(B)) R 0.190 0.00
vE DE(B)) R 0.190 0.24

in Ref. [60]. Other force constants in the system can be
determined from the force constant symmetry relations listed
above.

Note that contrary to what Refs. [63,64] claim, the force
constants yp are in general complex, whereas the other inde-
pendent force constants up to third nearest neighbors, includ-
ing dp, are real. This can be seen from the symmetry relation
in Eq. (C11) and the double counting symmetrization relation
in Eq. (C1), as well as the mirror symmetry o, in combination
with the Cartesian component expressions in Eq. (C4).

APPENDIX D: COULOMB INTERACTION MODEL

The Coulomb interaction in a lattice model such as ours
can be modeled with the Hubbard type interaction

VC = Uy Z nip Ny, + Z uijnin;.
i (@)

In this Appendix, we discuss how one may model the doping
dependence of the nonlocal interaction strength parameters.
The doping dependence of the on-site repulsion is discussed
in the main text.

The on-site and two nearest neighbor interaction strength
parameters were calculated for pristine graphene in Ref. [54]
based on density functional theory and the constrained ran-
dom phase approximation. Any pristine interaction strength
parameter can therefore be modeled through the combination
of these values and Coulombic decay [76].

At finite doping, we expect the onset of 7-band screening
to reduce the interaction coefficients u;;(1). To obtain an esti-
mate for the nonlocal interaction parameters, one may write

V(i)
Vo(rij)
where Vy(r) is the potential screened only by the o bands

and the substrate, and V‘fc(r) is the potential screened also
by m-band Dirac electrons. In the long-wavelength limit, the

DD

Mij(lL) = uij(o)v (D2)

screened interaction is [42,53]

Vii(g) = L( ¢ ) (D3)
w0 e\ g+ aq0)’
where the Thomas-Fermi momentum gy is given by [42]
2
e”|ul
=—. D4
o Th*v2e, € @4

Here, v is the Dirac cone velocity, and €, a relative permittivity
depending on the substrate [53]. Inserting parameter values,
we obtain the screening length 1/god = 0.43¢, eV/|u|.

In real space, the screened interaction takes the form

1 1
V() = {* - E610[1‘10(610”) - No(ﬂmr)]}’ (D5)

dmeeq | r 2

where Hy(x) is the Struve function and Ny(x) the Bessel func-
tion of the second kind [77]. Through asymptotic expansion
of the Struve and Bessel functions [78], one may show that
the screened potential has long-distance behavior V;¢(r) ~
1/r3. The screening length 1/gy determines the crossover
point to this rapidly decaying long-distance behavior from the
Coulombic small-distance behavior.

Since the screening length is a small fraction of the lattice
constant for significant doping of order 2 eV, we keep only the
on-site Hubbard interaction. For this on-site term, Eq. (D2)
can no longer be used, and as discussed in Sec. III of the
main paper, we instead use the direct polarization bubble
renormalization.

APPENDIX E: SOLVING THE GAP EQUATION

The gap equation is given by

1 _
A = e / K V™ xw Aws B
where Agz is the Brillouin zone area and we let Vksl{/mm =

NAVsymm
Kk -

To find a proper solution to the discretized version of this
gap equation, it is important to have sufficiently good resolu-
tion in the important regions of the Brillouin zone. The factor
Xk 1s peaked around the Fermi surface with a peak width oc T
and necessitates a good resolution there. Furthermore, good
resolution is also required in the regions around the corners of
the triangle-like Fermi surface at significant doping. To make
sure of this, we select points on a uniform grid in the Brillouin
zone, add additional points close to the Fermi surface, and
further additional points close to the Fermi surface corners.

To solve the gap equation, we rewrite the gap equation
in the integral form of Eq. (E1) in terms of a weighted sum
over the points described in the previous paragraph. To find
the appropriate weights wy, we split the Brillouin zone into
triangles {¢t} with the points {k} as vertices using Delaunay
triangulation. Denote the area of a triangle ¢ by A,. The weight
of a single point then becomes one third of the sum of the areas
of all the triangles that has the point as a vertex, i.e.,

wi =Y Abker/3 (E2)
t

where Sk¢; is 1 if k is a vertex in the triangle ¢t and 0 otherwise.
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The gap equation then becomes

1 Vsymm

Ay=—1— Kk’
Apz -

wi Xk Ak - (E3)

The symmetrized potential Vl;lz,m ™ is symmetric under the
exchange of incoming and outgoing momenta, but to sym-
metrize the eigenvalue problem in this exchange, we multiply
this equation with ,/wixx on both sides, to obtain a gap
equation in the form

A=) M)Ay, (E4)
m

where we introduced the weighted gap Ax = Jwixx Ak, and
the matrix

1 (7 Symm
My = - (VwioaVg ™ Vwie xw) (E5)
BZ

is symmetric in the interchange of k and k'

To reduce the size of the matrix M and improve computa-
tional efficiency, we split the Brillouin zone into small trian-
gles similar to the shaded red triangle in Fig. 4(a), and assume
that the gap takes the same value at corresponding points
in all the triangles. The effective potential corresponding to
a scattering process within the shaded red triangle is then
the sum of contributions for scatterings to outgoing momenta
in all the small triangles which correspond to the outgoing
momentum within the shaded triangle. This reduction of the
problem excludes gap equation solutions without the full
symmetry of graphene, but we have checked that we obtain
the same solutions by solving the gap equation in the full
Brillouin zone.

We now have a matrix eigenvalue problem linear in the
eigenvectors and nonlinear in the eigenvalue. We find the gap
structure at the superconducting instability by determining
the smallest B, i.e., the largest temperature, for which the
largest eigenvalue of My becomes 1. The corresponding
eigenvector must be a solution of our eigenvalue problem. The
critical temperature 7, = 1/, is located using the bisection
algorithm.

APPENDIX F: PARAMETER VALUES

The parameter values used in the electron tight binding
model and the electron-phonon coupling for graphene and
boron nitride are listed in Table II. The electron-phonon
coupling scale gy can be written as

0 R’ 1 (mf)(ao)z F1)
8o =V amea2 ) fior \m )\ )
where m, is the electron mass, and ag the Bohr radius. This

quantity is calculated based on the listed parameter values,
and also given in the table.

APPENDIX G: MOREL-ANDERSON MODEL

The Morel-Anderson model is a simple model describing
the effect of a repulsive potential in the entire Brillouin zone
on top of an attractive potential in a small region around
the Fermi surface giving rise to superconductive pairing [52].

TABLE II. Values for the quantities involved in the calculation
of the electron-phonon coupling amplitude strength gy, where the
A sublattice of boron nitride is assumed to host boron and the B
sublattice nitrogen.

Quantity Graphene h-BN Description

d 142 A 145 A NN distance

I 2.8eV 2.92eV Hopping amplitude

A 0 4.30eV Band gap

hor 0.20 eV 0.17 eV Phonon energy scale
M 12.0u 123 u Effective mass

Ha 1 0.88 Relative mass, A subl.
np 1 1.14 Relative mass, B subl.
y 2.5 2.5 —dInt;/dInd

m, 549 x 10~% u Electron mass

1Ry 13.6 eV Rydberg energy

ay 0.53 A Bohr radius

g0 0.15eV 0.16 eV El-ph coupling scale

This model illustrates why there can be a superconducting
instability even though the interaction potential is repulsive
even close to the Fermi surface.

In the Morel-Anderson model, one assumes that the poten-
tial Viae occurring in the gap equation takes the form Vig =
Ve 4+ VA with

VP {M, for —W < Ek, %_k’ <W,
Kk’ 0, otherwise,
(G
yatr _ {—U: for —ep < &k, &iw < ep,
kK’ 0, otherwise,
where u, v > 0, W is the bandwidth cutoff, and €¢p = hwp
represents the size of the region with attractive interactions
around the Fermi surface. In the case of phonon-mediated
superconductivity, this is the phonon Debye frequency.

The gap equation for singlet BCS pairing can now be
solved by turning the momentum integral into an energy
integral, approximating the density of states by the density of
states Ny at the Fermi surface, and assuming the gap to take
on two different constant values close to (|&k| < €p) and far
away from (|&k| > €p) the Fermi surface.

This gives a critical temperature given by

kgT. = 1.14 ep exp <_A ), (G2)

— u*
where A = Npv is the potential strength of the attractive
potential, and

_ Npu

" 14 Npuln(W/Fawp)

*

I (G3)
is the renormalization due to the presence of the repulsive
interaction. The effect of the repulsive Coulomb potential
is therefore to renormalize the strength A of the attractive
potential in the critical temperature formula. At sufficiently
large renormalization (u* > A), the analysis breaks down, and
there is no superconducting instability.

After solving the gap equation with different Coulomb re-
pulsion strengths, we fit the critical temperature to a function
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of the form

A — —au

1
kBTC = 1.14ﬁwDexp (— ), (G4)
1+abu

with two fitting parameters a and b in addition to
the electron-phonon coupling strength A, which is fixed
by the critical temperature at zero repulsive Coulomb
interaction.
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Employing the concept of two-mode squeezed states from quantum optics, we demonstrate a revealing
physical picture for the antiferromagnetic ground state and excitations. Superimposed on a Néel ordered
configuration, a spin-flip restricted to one of the sublattices is called a sublattice magnon. We show that an
antiferromagnetic spin-up magnon is composed of a quantum superposition of states with n + 1 spin-up and
n spin-down sublattice magnons and is thus an enormous excitation despite its unit net spin. Consequently,
its large sublattice spin can amplify its coupling to other excitations. Employing von Neumann entropy as a
measure, we show that the antiferromagnetic eigenmodes manifest a high degree of entanglement between the
two sublattices, thereby establishing antiferromagnets as reservoirs for strong quantum correlations. Based on
these insights, we outline strategies for exploiting the strong quantum character of antiferromagnetic (squeezed)
magnons and give an intuitive explanation for recent experimental and theoretical findings in antiferromagnetic

magnon spintronics.

DOI: 10.1103/PhysRevB.100.174407

I. INTRODUCTION

As per the Heisenberg uncertainty principle, the quan-
tum fluctuations of two noncommuting observables cannot
simultaneously be reduced to zero. However, it is possible to
generate a state with the quantum noise in one observable
reduced below its ground-state limit at the expense of en-
hanced fluctuations in the other observable [1,2]. Considering
a single mode or frequency of light, such states, generally
called squeezed vacuum [1,2], have proven instrumental in
the detection of gravitational waves [3] with a sensitivity
beyond the quantum ground-state limit [4—6]. Furthermore,
squeezed vacuum states have applications in quantum infor-
mation [7-11] since they exhibit quantum correlations and
entanglement. These are best represented and exploited via
the two-mode squeezed vacuum states, where the two partic-
ipating modes are entangled and correlated [1]. The widely
studied [1,2] single- and two-mode squeezed vacuums may
be considered a special case, corresponding to zero photon
number(s), of a wider class: squeezed Fock states [12,13].
While investigated theoretically, the latter have been largely
forgotten, probably owing to the experimental challenge of
generating them. The squeezing concept applies to bosonic
modes in general, and squeezed states of magnons [14-17]
and phonons [18] have also been achieved experimentally.

The concept of squeezed Fock states [12,13] has proven
valuable in understanding the spin excitations of ordered
magnets [19,20]. Squeezed magnons have been shown to be
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the eigenexcitations of a ferromagnet [19,21]. A squeezed
magnon is composed of a coherent superposition of the differ-
ent odd-number states of the spin-1 magnon [19,20,22]. This
bestows it a noninteger average spin larger than 1. The rela-
tively weak spin-nonconserving interactions, such as dipolar
fields and crystalline anisotropy, underlie the magnon squeez-
ing in ferromagnets. These spin-nonconserving interactions
were further found to result in two-sublattice magnets hosting
excitations with spin varying continuously between positive
and negative values [20]. In contrast, exchange interaction in
a two-sublattice magnet leads to a strong squeezing effect,
which does not affect the excitation spin and forms a main
subject of the present paper. Being eigenexcitations, squeezed
magnons are qualitatively distinct in certain ways from the
squeezed states of light discussed above, which are nonequi-
librium states generated via an external drive. At the same
time, the two kinds of states share several similar features on
account of their wave functions being mathematically related.
To emphasize this difference, we employ terminology in
which “squeezed state of a boson” refers to a nonequilibrium
state, while a “squeezed boson” is an eigenmode [23].
Instigated by recent experimental breakthroughs [24-29],
interest in antiferromagnets (AFMs) for practical applica-
tions has been invigorated [30-34]. Due to the well-known
strong quantum fluctuations in AFMs, they have also been
the primary workhorse of the quantum magnetism community
[35]. The Néel ordered configuration, which is consistent with
most of the experiments, is not the true quantum ground
state of an AFM. Furthermore, quantum fluctuations destroy
any order in a one-dimensional isotropic AFM. These and
related general ideas applied to AFMs bearing geometrically

©2019 American Physical Society
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FIG. 1. Schematic depiction of spatially uniform antiferromag-
netic (a) vacuum and (b) spin-up eigenmodes. (a) The vacuum
mode, represented as |0)y, = >, Puln, 1)y, s a superposition over
states with an equal number of spin-up and -down sublattice
magnons. (b) The spin-up squeezed magnon, represented as |1),, =
>, Onln+1,n) gy, is composed of states with one extra spin-up
sublattice magnon. (c) Squared amplitudes corresponding to the
sublattice-magnon states constituting the uniform squeezed vacuum
and spin-up eigenmodes for squeeze parameters of 3 (main) and 1
(inset).

frustrated interactions underlie quantum spin liquids [36-38],
which are devoid of order in the ground state and host ex-
otic, topologically nontrivial excitations embodying massive
entanglement.

‘We here develop the squeezing picture for the ground state
and excitations of a simple, two-sublattice AFM. It continu-
ously connects and allows a unified understanding of classical
and quantum as well as ordered and disordered antiferromag-
netic states. We show that the AFM eigenmodes are obtained
by pairwise, two-mode squeezing of sublattice magnons, the
spin-1 excitations delocalized over one of the two sublattices.
Focusing on spatially uniform modes, the antiferromagnetic
ground state is a superposition of states with an equal number
of spin-up and -down sublattice magnons [Figs. 1(a) and 1(c)].
The result is a net spin on each sublattice diminished by an

AFM N

m E’“ o

PPP

(a) (b)

FIG. 2. (a) An external excitation bath (shaded green) interacts
weakly with the AFM squeezed magnon if coupled via its unit net
spin (left) but strongly if exposed to only one of the sublattices
(right). (b) Schematic depiction of a metal (N) coupled to an AFM
via a fully uncompensated interface.

amount dictated by the degree of squeezing, parametrized by
the non-negative squeeze parameter r. Similarly, a spin-up
AFM (squeezed) magnon is composed of a superposition of
states with n + 1 spin-up and n spin-down sublattice magnons
[Figs. 1(b) and 1(c)]. Thus, despite its unit net spin, it car-
ries enormous spins on each sublattice, which allows it to
couple strongly with other excitations via a sublattice-spin-
mediated interaction (Fig. 2). Owing to a perfect correlation
between the two sublattice-magnon numbers, AFM squeezed
magnons are shown to embody entanglement quantified by
von Neumann entropy [1,39] increasing monotonically with r
(Fig. 3). The degree of squeezing and entanglement embodied
by these eigenmodes is significantly larger than that in hitherto
achieved nonequilibrium states. We also comment on existing
experiments [40,41] where this squeezing-mediated coupling
enhancement (Fig. 2) has been observed and strategies for
exploiting the entanglement contained in antiferromagnetic
magnons. While the squeezed states of light are generated
via external drives and are nonequilibrium states [1], the

(o2}

IN

von Neumann entropy
N

0 1 2 3
Squeeze parameter r

FIG. 3. Entanglement between the two constituent sublattice

magnons quantified via von Neumann entropy for the squeezed

vacuum (Sp) and magnon (S)) eigenmodes. The inset shows a zoom
of the small-r range.
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antiferromagnetic squeezed magnons are eigenmodes of the
system with their squeezing being equilibrium in nature and
resulting from energy minimization.

II. AFM EIGENMODES AS SQUEEZED FOCK STATES

We consider a Néel ordered ansatz with sublattice A and
B spins pointing along Z and —2, respectively. The antifer-
romagnetic Hamiltonian may then be expressed in terms of
the corresponding sublattice-magnon ladder operators &y, by
as [20,42]

H =A@ + bybe) + Ce(ab i + alb’ ). (1)
k

where we assume inversion symmetry and disregard applied
magnetic fields for simplicity. Consistent with the assumed
Néel order, sublattice B (A) magnons represented by bi (ar)
are spin up (down). In addition to the general considerations
captured by Eq. (1), we will obtain specific results for a
uniaxial, easy-axis AFM described by

~ J ~ -
Hui = 25 D _Sa(ri) - Su(ri +8)
i,8

K = K .
=2 2 MSarP = 5 D ISe )P @)
i J

Here, the positive parameters J and K account for intersub-
lattice antiferromagnetic exchange and easy-axis anisotropy,
respectively. Spp represent the respective spin operators,
r; (r;) runs over the sublattice A (B), and § are vectors to the
nearest neighbors. Executing Holstein-Primakoff transforma-
tions [43] and switching to Fourier space, Eq. (2) reduces to
Eq. (1) apart from a constant-energy offset [20,44], with Ay =
JSz+ 2KS and G = JSzy,. Here, S is the spin on each site, z
is the coordination number, and y, = (1/z) >, exp (ik - 8).

The Hamiltonian [Eq. (1)] is diagonalized to H =
Dk ek(&Z&k + ﬁ; Bk) via a Bogoliubov transformation [43]
described by [45]:

B = wibi + ved’ . (3)

W = At e v = Ak — e )
k 2 k 2

where €, = VA7 — C7. & and By represent the spin-down and
-up eigenmodes of the AFM, which are subsequently called
squeezed magnons. Denoting the resulting antiferromagnetic
vacuum or ground-state wave function by |G),,, we have
@ |G)yq = Pr|G)yq = 0 for all k.

Let us first consider the spatially uniform modes, i.e.,
k = 0. We denote states in the corresponding reduced sub-
spaces via |Npy, Nu) gy, and |Ngy, Noy )y Where Ny, denotes
the number of spin-up sublattice magnons and so on. Within
the reduced subspaces, the Néel ordered state is thus denoted
by |0, 0)4p, While the antiferromagnetic ground state obtained
above is represented by |0, 0)y,. We define the relevant two-
mode squeeze operator [1]: S>(rg) = exp (rodobo — roagl;g),
with the non-negative squeeze parameter ry given via uy =
coshrg and vp =sinhry [Eq. (4)] [46]. Employing the

G = ugliy + veb!

sq>

identities [1,19]

@ = $2(r0)a0S; ' (1), Po = S2(r0)boS5 (o), (5)

where & and Bo are given by Eq. (3), in the condition
@00, 0)yq = Bol0, 0)sq = 0, we obtain

‘Ov 0>sq = SZ(rO)lov 0>sub’ (6)

Thus, the uniform modes’ antiferromagnetic ground state
is a two-mode squeezed vacuum of sublattice magnons.
The complementary demonstration of quadrature squeez-
ing is detailed in Appendix A. Working along the same
lines as above, it is straightforward to show that |m, n)sq =
8 (ro)|m, n) gy, thereby demonstrating the antiferromagnetic
eigenmodes are two-mode squeezed sublattice-magnon Fock
states. Therefore, the eigenmodes are henceforth called
“squeezed magnons.”

Based on the analysis above, it becomes evident that the
antiferromagnetic ground state is obtained by pairwise, two-
mode squeezing of the Néel ordered state:

Gy = [1'[ Szw)] INéel) . ™

k

where S,(rz) = exp (redigh_g — rka;;l;ik), with the squeeze
parameters r; given via uy = u_y = coshry. The & eigen-
mode is thus a two-mode (& and b_j) squeezed magnon
[Eq. (3)]. Similarly, the B eigenmode is also a two-mode
squeezed magnon formed by by and a_; modes [Eq. (3)].
Due to this mathematical equivalence, it suffices to analyze
the spatially uniform eigenmodes, which is what we focus on
in the following.

III. SPATIALLY UNIFORM EIGENMODES

For ease of notation, we denote the wave functions for
a spatially uniform squeezed vacuum by |0)y, and spin-up
squeezed magnon by |1),, while the corresponding squeeze
parameter is denoted by r. Considering a uniaxial AFM
[Eq. (2)], we obtain cosh r ~ (1/2)(Jz/K)"/* [Eq. (4)], which
translates to r ~ 3 for a typical ratio of J/K ~ 10*. To get
a feel for numbers, the most squeezed vacuum state of light
generated so far corresponds to a squeeze parameter of about
1.7 [2,47]. Furthermore, in the limit K — 0, the squeeze
parameter is found to diverge. This feature is general and
a direct consequence [Eq. (4)] of the Goldstone theorem,
according to which €p — 0 in the limit of isotropy.

Employing the relation @0|0)q = (coshrag +
sinhrl;g)lO)Sq =0, the squeezed vacuum is obtained in
terms of the uniform sublattice-magnons subspace [1]:

© (_ tanh )
0y =3 B = Y Pl i )

coshr
n=l

The ensuing wave function is schematically depicted in
Fig. 1(a), and the distribution over constituent states is plotted
in Fig. 1(c). With an increasing r, the number of states that
contribute substantially to the superposition increases mono-
tonically. This presence of sublattice magnons in the ground
state constitutes quantum fluctuations.

A similar representation for the spin-up squeezed magnon
is obtained via [1)gq = Bg\O)sq = (cosh rE(T) + sinh 7 dg)|0)
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and Eq. (8):
oo
/n+ 1(—tanh r)"
|T)sq = Z Tln + 17 n)sub
n=0 :
=" Ouln+ 1, n)g ©)

A schematic depiction and the distribution over constituent
states are shown in Figs. 1(b) and 1(c). In stark contrast
to the squeezed vacuum, where the contribution from states
decreases monotonically with 7, the highest contribution to
the superposition here comes from n 2 sinh? r. No such peak
exists for weak squeezing when sinh r < 1. The average num-
ber of spin-up magnons comprising a squeezed magnon is
evaluated as cosh? r + sinh? r. Thus, a typical AFM squeezed
magnon, corresponding to r &~ 3 estimated above, is com-
posed of around 200 spin-up magnons on one sublattice and
nearly the same number of spin-down magnons on the other.
It is thus an enormous excitation, despite its unit net spin.

IV. ENHANCED INTERACTION

This enormous nature of the AFM squeezed magnon re-
veals an approach to exploit it. When it couples to excitations,
such as itinerant electrons or phonons, via its net spin, the
interaction strength is proportional to the relatively small unit
spin. On the other hand, if an interaction is mediated via
the sublattice spin, it will be greatly enhanced (by a factor
~cosh? r ~ 100 for r ~ 3) on account of its large sublattice
spin content [Fig. 2(a)]. Such a situation arises, for example,
when an AFM is exposed to a metal via an uncompensated
interface [Fig. 2(b)] [26,48-50]. This effect provides a physi-
cal picture for the theoretically encountered enhancement in
spin pumping current from AFM into an adjacent conduc-
tor coupled asymmetrically to the two sublattices [49]. The
same mechanism has also been exploited in predicting an
enhanced magnon-mediated superconductivity in a conductor
bearing an uncompensated interface with an AFM [51]. Rig-
orous derivations of electron-magnon and magnon-magnon
couplings presented, respectively, in Appendixes B and C
demonstrate an enhancement of the interactions consistent
with the intuition above, reinforcing the generality of this
phenomenon.

V. ENTANGLEMENT

In a two-mode squeezed vacuum, the participating modes
are entangled with the degree of entanglement quantified by
the von Neumann entropy [1,39] So:

So=—Y_ [P, In(|P,)

= 2In(cosh r) — 2(sinh? r) In(tanh r). (10)

Such two-mode squeezed vacuum states of light have been
exploited for obtaining useful entanglement [7]. This high von
Neumann entropy content of our squeezed-magnon vacuum
can be exploited, for example, in entangling two qubits [52]
coupled respectively to sublattices A and B. Furthermore, the
squeezed magnons themselves embody strong entanglement,

quantified by an even larger von Neumann entropy S§; =
-2 10,17 In(]Q,,|?) (Fig. 3), which may be transferred to
external excitations. This can be achieved by coupling the
systems to be entangled with the opposite sublattices [53-57]
via uncompensated interfaces [Fig. 2(b)], for example, as
has been detailed further in Appendix D. In comparison,
von Neumann entropy [58] of about 1 has been measured
in cold-atom systems [59]. This high von Neumann entropy
content and the large number of entangled spins (~cosh® r)
that comprise the AFM squeezed magnon make it an entan-
gled excitation complementary to the “massively entangled”
excitations hosted by some quantum spin liquids [36-38].

VI. QUANTUM FLUCTUATIONS IN
“CLASSICAL” EXPERIMENTS

The interaction enhancement effect [Fig. 2(a)] is rooted in
high magnon squeezing and the underlying quantum super-
position of a large number of states [Eq. (9)]. It is a direct
consequence of the strong quantum fluctuations in the anti-
ferromagnetic ground state, which hosts this excitation, and
is thus a quantum fluctuation effect itself. Nevertheless, this
coupling enhancement is observed as an increased magnetic
damping around the compensation temperature in a com-
pensated ferrimagnet [40], which mimics an AFM [20,60].
Recently, this enhancement was observed and exploited in a
compensated ferrimagnet for an ultrastrong magnon-magnon
coupling, resulting in hybridization between the two enor-
mous spin-up and -down squeezed magnons [41]. These clas-
sical experiments at high temperatures may thus be considered
an observation of the antiferromagnetic quantum fluctuations.
As detailed in Appendix C, this large squeezing-mediated
enhancement (~./J/K for our uniaxial AFM), suggested
recently in the context of light-matter interaction [61,62], is
reproduced by the classical theory of spin dynamics [41,60],
where it is termed “exchange enhancement.” This is under-
standable since the classical dynamics is captured by the quan-
tum system being in a coherent state [49,63,64], which fully
accounts for the average effect of these quantum fluctuations.

VII. GENERALIZATIONS

The description in terms of squeezed Fock states developed
herein is a mathematical consequence of the Bogoliubov
transformation and goes beyond AFMs. It should allow a sim-
ilar physical picture and subsequent exploitation of quantum
effects in other systems such as cold atoms [65-67]. Here, we
have disregarded the relatively weak spin-nonconserving in-
teractions. Inclusion of those necessitates a four-dimensional
Bogoliubov transform [20], thereby precluding the simple
two-mode squeezed Fock state description employed here.
Similar complications also arise when considering AFMs
lacking inversion symmetry. Nevertheless, an analogous gen-
eral picture can be developed.

VIII. CONCLUSION

We have developed a description and physical picture of
an antiferromagnetic ground state and excitations based on
the concept of two-mode squeezed Fock states. Capitalizing
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on the tremendous progress in quantum optics, these fresh
insights pave the way for exploiting the quantum properties
of antiferromagnetic squeezed magnons towards potentially
room temperature quantum devices.

ACKNOWLEDGMENTS

A K. thanks S. Takei, L. Liensberger, M. Weiler, and H.
Huebl for valuable discussions. We acknowledge financial
support from the Research Council of Norway through its
Centers of Excellence funding scheme, Project No. 262633,
“QuSpin,” and the DFG through SFB 767. A.S. also acknowl-
edges support from the Research Council of Norway, Grant
No. 250985, “Fundamentals of Low-dissipative Topological
Matter.”

APPENDIX A: DEMONSTRATION OF
QUADRATURE SQUEEZING

In this Appendix, we clarify the squeezed nature of the
antiferromagnetic ground state by evaluating the quantum
fluctuations in the appropriate quadratures. This approach is
complementary to the more general discussion in terms of
the two-mode squeeze operator [1] presented in the main
text. Once again, we focus on the uniform modes, i.e., k =0,
recognizing that the corresponding results for k # 0 follow
in a similar fashion. We first demonstrate the quadrature
squeezing following the standard approach within quantum
optics [1] and physically interpret the quadratures later.

For the two-mode squeezing of @ and by that is operational
here, the relevant quadratures are formed via a combination of
both modes’ ladder operators [1]:

~ 1 - ~

X = ﬁ(&o+&3+bo+b$), (AD)
. 1 P

X, = —— (@ — a + bo — bY). A2
2 l\/g(“ﬂ o 0 0) (A2)

Employing the bosonic commutation relations of the ladder
operators, we obtain [X;, X»] = i/2, demonstrating that the
chosen quadratures of Eqs. (A1) and (A2) represent two non-
commuting observables. Denoting the reduced subspace of
the uniform modes within the Néel ordered state by |0),,, the
quantum fluctuations in the two quadratures are evaluated as

(015up BX 1?10} = (Olguy XK1 — X)) [0y = 3. (A3)

v \2
(0lub(8X2)710) s = %
Therefore, the two quadratures host equal quantum noise
in the Néel ordered state, that is, (0] (8X1)?0) g =
(Olsub((SXZ)le)sub'

We now consider fluctuations in the antiferromagnetic
ground state with the uniform modes’ reduced subspace de-
noted by |0),, as in the main text. Employing the~B0g01i13bov
transformation relations dg = cosh r &g — sinh r ,Bg and by =
cosh r By — sinh r 6{6, the two quadratures can be expressed as

(A4)

~  coshr —sinhr

TR

- _cosh r + sinh r

L = i3

(Go+aj+Po+ By,  (AS)

(Go—Gg +Bo— B (A6)

Employing the quadrature expressions thus obtained, quantum
fluctuations in the antiferromagnetic ground state are conve-
niently evaluated as

(coshr —sinhr)? e %

(O (3X1)10)sg == =

- (coshr +sinhr)? e
(015g(8%2)*[0)sqg = = —.
4 4
thereby demonstrating the quadrature squeezing [1] of the
antiferromagnetic ground state, that is, (0|§(1(6X1)2|0)Sq <
(0144 (3%2)2(0),-

We now relate the two quadratures [Eqs. (A1) and (A2)]

with physical observables of the antiferromagnet (AFM).
Employing Fourier relations of the kind

(A7)

(A8)

1 ik
ay =——= a; e™ ", (A9)
P2

in conjunction with the linearized Holstein-Primakoff trans-
formations for the AFM [42,44],

Sar(ri) = Sac(ri) + iS4 (r;) = iv2S &, (A10)
Spy(r;) = Spe(r)) + iSpy(r;) = hv/2S b}, (A1)
we obtain
~ 1 - -
X1 = ——(Sax + Spx), Al2
1 ZEJITS( A Bx) (A12)
~ 1 - ~
%= ———Guy — Say). (A13)

2h\/NS

Here, N is the total number of sites on each sublattice, S is
the spin at each site as defined in the main text, and Say =
> Sac(ri) is the x component of the total spin on sublattice A
and so on. Thus, the two quadratures are related to the x and y
components of the total spin and the Néel order, respectively.

In the qualitatively distinct case of single-mode squeezing
manifested by the uniform mode in an anisotropic ferromag-
net [19], the two quadratures are simply the x and y compo-
nents of the total spin, providing a geometrical “ellipticity”
interpretation to the squeezing effect [68]. In contrast, the
situation is less intuitive for the case of two-mode squeezing
as the ellipticity of quantum fluctuations exists in a more
abstract space. In the present case, this space is defined by
the transverse orthogonal components of the total spin and the
Néel order associated with the AFM [Egs. (A12) and (A13)].

APPENDIX B: ELECTRON-MAGNON COUPLING

Heterostructures in which a magnetic insulator layer inter-
faces with another material hosting conduction electrons have
emerged as basic building blocks in a wide range of spintronic
concepts and devices. The interfacial exchange-mediated cou-
pling between the magnons in the former and the electrons in
the latter have enabled magnon-based information processing
schemes, magnon-mediated condensation phenomena, and so
on. Thus, an ability to engineer and amplify the electron-
magnon coupling is expected to have a strong and broad im-
pact. In this section, we discuss the electron-magnon coupling
in an AFM/normal-metal (N) bilayer with the goal of high-
lighting this tunability and amplification of electron-magnon
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coupling by exploiting the squeezing effect, as discussed in
the main text. A thorough analysis of this system along with
spin transport effects has been provided elsewhere [49]. We
here focus on highlighting the amplification effect for an
uncompensated AFM with respect to other related systems,
providing mathematical expressions complementary to the
intuitive physical picture discussed in the main text.

The AFM and N layers are assumed to interact via inter-
facial exchange, resulting in the following contribution to the
Hamiltonian [49] within a continuum model:

i == d2 > JaSa(p)-Snp).  (BI)

G=A.B

where A is the interfacial area, p is the two-dimensional
position vector in the interfacial plane, Sy is the conduction
electron spin density operator in N, Sg is the spin density op-
erator in the magnet for sublattice G, and Jig parametrizes the
exchange interaction between the two spin densities, allowing
it to be sublattice asymmetric. In terms of the ladder operators
for the conduction electrons and magnons, the Hamiltonian
above takes the form

Ho=h Y & Cq (Whoat + Wy uby) + He., (B2)
q1,92.k

where &g, denotes the annihilation operator for the N conduc-
tion electron with wave vector g and spin +/7/2 along the z
direction and so on, @ and by are the annihilation operators
for the sublattice magnons as discussed in the main text,
and W s is the appropriate amplitude given by the overlap
1ntegra1 between the participating excitation wave functions
[49]. With the aim of focusing on the key ingredient in en-
hancing the coupling, we henceforth consider the relevant and
simplified part of the Hamiltonian [enclosed by parentheses in
Eq. (B2)] describing electron-magnon coupling:

P =W4a, + WBbj, (B3)
where we have again specialized the expression to uniform
(k = 0) modes for simplicity and WAB « T A.iB capture the
sublattice-asymmetry in the interfacial coupling.

For comparison, we first consider the case of a single-
sublattice isotropic ferromagnet [19] for which the interaction
is described simply by P = Way, with d representing the
normal magnon mode. The transition rate I" for the electron-
magnon scattering process is thus simply determined by W,
ie., T' oc |[W|?. For the case of AFMs, in contrast, Eq. (B3)
becomes

= (cosh r W — sinh r W®)&,
+ (cosh r W® — sinh r W*)B; (B4)
in terms of the normal magnon modes. Now considering

WA = WB = W for a compensated interface, in which the two
sublattices couple equally to the N electrons, we obtain

P = W(cosh r — sinh r)&@y + W (cosh r — sinh r)Bg, (BS)

where we see that the transition rate is reduced: I'
(cosh r — sinh r)?|W|?> ~ |W|?/(4cosh®r), accounting for
the large squeezing such that coshr > 1. The electron-
magnon coupling for this case is thus suppressed compared
to that for ferromagnetic magnons considered above. Arriving

at the crux of this Appendix, as discussed in the main text,
when the coupling is mediated by the sublattice spin of the
magnon via an uncompensated interface WA =W, WB =0),
we obtain

P =W coshrag —Wsinhrﬁg. (B6)

The transition rates for the electron-magnon scattering pro-
cesses are thus given by I' o cosh? r|W|? for the Gy mode
and T o sinh? r|W|? = cosh? r|W|? for the By mode. Thus,
we find a squeezing-mediated enhancement in the electron-
magnon coupling for the case of sublattice spin-mediated
interaction. Furthermore, this is consistent with the simple
picture discussed in the main text, and the interaction en-
hancement factor is related to the sublattice spin associated
with a single eigenexcitation: the antiferromagnetic squeezed
magnon.

APPENDIX C: MAGNON-MAGNON COUPLING

In this Appendix, we investigate coupling between the two
opposite-spin antiferromagnetic eigenmodes caused by a spin-
nonconserving interaction [20]. In particular, we demonstrate
that a sublattice spin-mediated magnon-magnon coupling is
amplified via the squeezing effect, in agreement with the
general picture discussed in the main text. This also provides
a derivation, within the quantum picture, for the recently
observed “exchange-enhanced” ultrastrong magnon-magnon
coupling in a compensated ferrimagnet [41] without account-
ing for all the experimental complexities therein.

In the main text, we considered only interactions that
conserve the z-projected spin of the AFM. The diagonalized
Hamiltonian therefore assumes the form

A=Y a@d+ R, n
k

with the two opposite-spin squeezed magnons as degenerate
excitations of the system, in the absence of an applied field.
However, breaking the spin conservation [69] in the system
allows us to couple these opposite-spin excitations, resulting
in a lifting of degeneracy and the concomitant hybridization
[20]. As discussed in the main text, accounting for such spin-
nonconserving terms necessitates a four-dimensional Bogoli-
ubov transform for an exact diagonalization of the Hamilto-
nian [20]. Here, we circumvent this mathematical complexity
by describing the mode coupling in a perturbative manner,
treating Eq. (C1) and squeezed magnons as our unperturbed
Hamiltonian and eigenexcitations, respectively. This allows
us to obtain an analytic expression for the coupling rate
while appreciating and justifying the typical approximations
employed in such descriptions [1].

For concreteness, we consider the following spin-
nonconserving and sublattice spin-mediated contribution to
the Hamiltonian that may stem from the magnetocrystalline
anisotropy [41]:

~ K, ~ K, -
Hoo = 25 Z[smmf + o5 Z[sgxm)]z, (C2)
i J

where K, parametrizes this axial-symmetry-breaking
anisotropy and the rest of the notation was already introduced
in the main text. Employing the Holstein-Primakoff

174407-6



ANTIFERROMAGNETIC MAGNONS AS HIGHLY SQUEEZED ...

PHYSICAL REVIEW B 100, 174407 (2019)

transformation and switching to Fourier space, the coupling
Hamiltonian above is brought to the following form:

N KoS < s
Hcoup = % Z azaik
k

In writing Eq. (C3), we have neglected terms of the type
~a,dy, since they can be absorbed into Eq. (C1), leading to
a small renormalization of the unperturbed squeezed-magnon
energies. We again focus on the uniform modes (k = 0) as
they are also the ones observed experimentally [41]:

+byb' y + akdg + bebg.  (C3)

~ S -

Heoupk = 0) = — (ag +B§ +H.c.). (C4)
Employing the Bogohubov transformation relatlons ap =
cosh r g — sinh r f; and by = cosh r Bo — sinh r ao, the cou-
pling Hamiltonian may be expressed in terms of the unper-

turbed eigenexcitations:

Heoup(k = 0) = — cosh r sinh r 2K, S(@o By + a3 Po)
K,S(cosh? r + sinh®
+ ( ; r)( & + B +He)
(C5)

~ — cosh r sinh r 2K, (@B, + &;Po)- (C6)

In the last simplification above, we have employed the rotating
wave approximation [1] and disregarded terms which merely
cause rapid oscillations.

Equation (C6) constitutes the main result of this Appendix,
where the coupling rate can be read off as cosh r sinh » 2K,,S.
The squeezing-mediated enhancement in the coupling of
cosh rsinh  ~ cosh? r ~ /JJK is evident and consistent
with the intuitive picture presented in the main text. In com-
parison, if we consider a net spin-mediated magnon-magnon
coupling via, for example,

- K, = . 2

Heoup = s Z[SAx(ri) + Spe(r ], €N
an analogous procedure yields a suppressed coupling rate
of K,S/(4cosh?r), in agreement with the electron-magnon
coupling considerations discussed above.

Thus, these two instances (electron-magnon and magnon-
magnon couplings) of detailed calculations reinforce the gen-
erality of the intuitive picture discussed in the main text. This
also suggests these coupling properties are intrinsic to the
antiferromagnetic squeezed magnons and therefore applicable
to a yet wider class of phenomena involving antiferromagnets.
We further note that the squeezing-mediated coupling en-
hancement that we describe here is mathematically analogous
to similar nonequilibrium enhancements suggested recently in
the context of light-matter interaction [61,62]. Our suggestion
for magnets bears advantages such as stronger enhancement,
an equilibrium nature of the effect, tunability via temperature

AFM N

CPCPCPCP
PPOP
PPPP
PPPP

FIG. 4. Schematic depiction of a trilayer heterostructure that al-
lows coupling the two antiferromagnetic sublattices to two different
normal metals.

[41], and the recent experimental observation [41] along with
the concomitant proof of concept.

APPENDIX D: ACCESSING ENTANGLED SUBSYSTEMS

The von Neumann entropy is widely employed as a mea-
sure to quantify entanglement between two subsystems. Thus,
its value depends on how a larger system is partitioned into
its entangled constituents. In the case of quantum spin liquids,
it is common to draw an imaginary boundary and partition
the magnet spatially into inside and outside regions. The
entanglement entropy may then be evaluated between these
two spatial regions and allows us to determine the entangled
and/or topological nature of the ground state as well as exci-
tations. On the other hand, in the case of two-mode squeezed
states, the participating modes provide a natural partitioning
for entanglement [1]. The participating modes are entangled,
which may be exploited for useful protocols [1]. However,
to this end, it is crucial to access the two entangled modes
separately.

As discussed in the main text, antiferromagnetic squeezed
magnons are composed of the two-mode squeezing of
the sublattice magnons. Therefore, in order to utilize the
squeezing-mediated intrinsic entanglement between the sub-
lattice magnons, it is important to access the sublattice
magnons individually. This can be achieved by employing
AFMs with two uncompensated interfaces in a trilayer struc-
ture as depicted in Fig. 4. Similar heterostructures have also
been proposed to host magnon-mediated indirect exciton
condensation [56]. The experimental methods and relevant
materials for achieving uncompensated interfaces have been
discussed elsewhere [50]. Furthermore, the recently discov-
ered layered van der Waals AFMs [57] provide another
promising route towards achieving the desired coupling to the
two sublattices. While Fig. 4 depicts an example of coupling
two normal metals to the antiferromagnetic sublattices, the
general objective is to couple the two systems to be entangled,
which are not necessarily metals, to the opposite sublattices.
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We perform Eliashberg calculations for magnon-mediated superconductivity in a normal metal, where the
electron-magnon interaction arises from interfacial coupling to antiferromagnetic insulators. In agreement with
previous studies, we find p-wave pairing for large doping when the antiferromagnetic interfaces are uncompen-
sated, and d-wave pairing close to half-filling when the antiferromagnetic interfaces are compensated. However,
for the p-wave phase, we find a considerable reduction in the critical temperature compared to previous weak-
coupling results, as the effective frequency cutoff on the magnon propagator in this case is found to be much
smaller than the cutoff on the magnon spectrum. The d-wave phase, on the other hand, relies less on long-
wavelength magnons, leading to a larger effective cutoff on the magnon propagator. Combined with a large
density of states close to half-filling, this might allow the d-wave phase to survive up to higher critical tempera-
tures. Based on our findings, we provide new insight into how to realize interfacially induced magnon-mediated

superconductivity in experiments.

I. INTRODUCTION

For conventional superconductors, the fluctuations respon-
sible for Cooper-pairing of electrons are provided by phonons
[1]. As the role of the phonons is simply to introduce attrac-
tive interaction between electrons, superconductivity can in
principle arise from exchange of any bosonic quasiparticle
that is able to provide a similar attractive interaction [2-5].
One alternative that has received much attention is exchange
of paramagnetic spin-fluctuations [6, 7]. The idea is that the
spins in a paramagnet, close to magnetic ordering, can act
like a medium that can be polarized by the spin of an electron.
Another electron can then interact with the polarized medium,
giving rise to an effective interaction between the electrons.
The quasiparticle mediating the interaction, the paramagnon,
represents a damped spin-wave propagating in an ordered
patch of the paramagnet [8, 9].

The paramagnon exchange mechanism has been proposed
to be closely related to the superconductivity of heavy
fermion materials [10-12] and high-T. cuprates [13, 14]. In
the context of the Hubbard model, paramagnon exchange has
been found to give rise to p-wave superconductivity for small
isotropic Fermi surfaces, and d-wave superconductivity closer
to half-filling [11]. This d-wave superconductivity arises
from antiferromagnetic fluctuations, so that the interaction
is peaked at finite momentum. Although the spin-singlet
s-wave channel is repulsive, the d-wave channel is then able
to become attractive by taking advantage of sign changes in
the gap function [6].

In these systems, superconductivity arises from interactions
between fermions due to their own collective spin excitations
[13-15]. Spin-fluctuation mediated superconductivity may
also occur in heterostructures with itinerant fermions prox-
imity coupled to the spins of insulating materials [16-24].
Since the spins and the itinerant fermions are then separate
degrees of freedom, this provides a simpler context to study
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superconductivity mediated by spin-fluctuations.

Magnon-mediated superconductivity induced in a normal
metal (NM) due to proximity-coupling to a magnetic insulator
has so far been investigated within a weak-coupling BCS
framework [18, 20-22]. The first case to be considered was
a NM coupled to ferromagnetic insulators, which was found
to give rise to p-wave pairing [18]. Similarly, for a NM
coupled to an antiferromagnetic insulator (AFMI), p-wave
solutions were obtained for large dopings by exploiting the
inherent squeezing of antiferromagnetic magnons [25] by
coupling the conduction electrons in the NM asymmetrically
to the two sublattices of the AFMI [21]. This sublattice
coupling asymmetry suppresses sublattice interferences in
the pairing potential, which are very unfavorable for the
p-wave phase. A general asymmetry of this type can be
realized by employing an antiferromagnetic interface where
both sublattices are exposed (compensated interface), but
further breaking the sublattice symmetry by using an anti-
ferromagnetic material with two different atoms on the two
sublattices. The particularly relevant case of coupling to only
one of the two sublattices is, however, achieved through an
uncompensated antiferromagnetic interface where only one
of the two sublattices is exposed [26-28].

For the case of a compensated antiferromagnetic interface,
the magnons live in a Brillouin zone which is reduced
compared to the electron Brillouin zone. This introduces
electron-magnon scattering processes of two types: regular
and Umklapp [29, 30]. In the regular processes, the electrons
are scattered with a momentum within the first magnon
Brillouin zone. In the Umklapp processes, on the other
hand, the outgoing electron receives an additional momentum
corresponding to a magnon reciprocal space lattice vec-
tor. The Umklapp processes are of little relevance for the
small Fermi surfaces considered in Ref. [21], but closer to
half-filling they have been predicted to give rise to d-wave
superconductivity in a normal metal sandwiched between two
compensated antiferromagnetic interfaces [20]. Analogously
to the case of paramagnon exchange in the Hubbard model,
the d-wave pairing arises from a repulsive s-wave channel
and an interaction that is peaked at finite momentum.



We also note that a normal metal coupled to a compensated
antiferromagnetic interface is similar to a single material with
antiferromagnetically ordered localized spins and itinerant
electrons treated as separate degrees of freedom, considered
e.g. in Refs. [31-33]. While Ref. [31] simply found the spin
singlet s-wave channel to be repulsive for magnon-mediated
pairing, Ref. [32] also considered the spin triplet channel and
found p-wave superconductivity due to their treatment not
probing the interference effects discussed in Ref. [21]. Ref.
[33], on the other hand, found that two-magnon scattering
processes were dominant for small Fermi surfaces due to the
strong destructive interference for one-magnon processes,
while spin singlet d-wave pairing driven by one-magnon
processes could be possible for larger Fermi surfaces.

A notable difference between the electron-phonon cou-
pling in common weak-coupling superconductors and the
electron-magnon coupling considered in the present study,
is the behaviour of the coupling matrix element in the limit
of small momentum transfers. Since the electron-phonon
coupling represents a coupling between electrons and spatial
fluctuations of ion densities, it vanishes at zero momentum. In
contrast, the coupling between the spins of itinerant electrons
and the localized spins of the magnetic insulator is local, and
therefore constant in momentum space. For the magnon-
mediated superconductivity discussed in the above references,
this allows processes with small scattering momentum and
small magnon frequencies to dominate the superconducting
pairing. In turn, these small momentum processes can com-
pensate for the relatively small interfacial coupling strength
of order 10 meV [18, 34], which is typically smaller than the
energy scale for the electron-phonon coupling giving rise to
phonon-mediated superconductivity [35, 36].

When the dominant contributions to the pairing arise from
long-wavelength magnons, one should expect that it may no
longer be reasonable to use the cutoff on the boson spectrum
as the characteristic boson energy setting the energy scale for
the critical temperature. This is not captured in simple BCS
theory, which does not consider the frequency dependence
of the bosonic fluctuation spectrum responsible for pairing.
Furthermore, renormalization of both electrons and bosons
is neglected in BCS theory, and these effects could turn out
to play a more essential role here. Although BCS theory ex-
plains phonon-mediated superconductivity in weak-coupling
superconductors reasonably well, a more detailed analysis
may be required when other pairing mechanisms are involved.

In this paper, we therefore investigate superconductivity
induced in a NM by interfacial coupling to antiferromagnetic
insulators using an Eliashberg theory framework. In addition
to exploring how the existing results change when the electron
renormalization and the proper frequency dependence of the
electron-magnon interaction are taken into account, we also
study the effect of magnon renormalization and discuss the
importance of vertex corrections. Instead of focusing only on
regular [21] or Umklapp processes [20], we simultaneously
take both types of processes into account and examine how
the superconductivity varies with both chemical potential
and asymmetry in the coupling to the two sublattices of the
antiferromagnet.

In agreement with earlier results, we find a p-wave phase
for large sublattice coupling asymmetry and large doping, and
a d-wave phase for small sublattice coupling asymmetry and
small doping. For the p-wave phase, the critical temperature
is considerably reduced compared to previous weak-coupling
studies due to the reduction of the effective magnon frequency
cutoff. However, the d-wave phase is found to be less reliant
on exchange of long-wavelength magnons. This leads to a
larger effective cutoff. Near half-filling, the reduction in the
contributions from long-wavelength magnons for the d-wave
phase can be compensated by a larger density of states,
opening up for the possibility of larger critical temperatures.
For a strongly nested Fermi-surface, however, one needs to
consider e.g. the possibility of a competing spin-density wave
instability. Moreover, while a sufficiently large gap in the
magnon spectrum may be necessary to protect the ordering
of the magnet upon inclusion of magnon renormalization,
the net effect on possible critical temperatures is found to be
small.

In Sec. II, we present the model of our system. In III,
we outline the Eliashberg theory for magnon-mediated
superconductivity. ~ We further derive the Fermi surface
averaged Eliashberg equations in Sec. IV, and present results
for these equations in Sec. V. In Sec. VI we move on to the
effect of renormalization of the magnons. Finally, we discuss
the validity of the results, as well as additional neglected
effects in VII, and experimental considerations in VIII, before
we summarize in Sec. IX. Additional details, as well as a
discussion of the role of vertex corrections can be found in
the appendices.

II. MODEL

We consider a trilayer heterostructure consisting of a nor-
mal metal sandwiched between two antiferromagnets, as
shown in Fig. 1. The experimental realization of the sys-
tem would consist of a thin NM layer between two thicker
AFMI layers. For simplicity, we model the system using two-
dimensional lattice models for the three distinct layers. We as-
sume that the antiferromagnets have staggered magnetic order
along the z-direction in spin space, and that this order is op-
posite in the two antiferromagnets. In general, the spin space
z-direction can be either in-plane or out-of-plane in real space
for our model.

We model the system with the Hamiltonian H = Hny +
Harvt + Hing, where

Hyxy = — Z tf-jcjgcjg - “Z czgcw, (1a)
i

ij,0
Hapni = JijSin - Sin = K (S5)%  (1b)
iJ,m i,m

Hie = =27 > Qlcloci- Sy, (lo)
n, Y €Y

and the terms describe the normal metal, the antiferromag-
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FIG. 1. A trilayer consisting of a normal metal (NM) layer sand-
wiched between two antiferromagnetic insulator (AFMI) layers. The
A and B sublattices of the AFMIs consist of the blue and red lat-
tice sites, respectively. The two AFMIs are oppositely ordered so
that the spins associated with a specific sublattice are oppositely ori-
ented for the highest (H) and lowest (L) AFMI. The coupling to the
A sublattices of both AFMIs is taken to be of equal strength (JQ4),
and similarly for the B sublattices, so that the itinerant electrons in
the NM experience no net magnetic field. The coupling to the A
sublattices is however allowed to differ from the coupling to the B
sublattices.

netic insulators, and the interfacial coupling between the ma-
terials. The sums over 4, j denote sums over lattice sites, the
sum over € {H, L} denotes a sum over the the two antifer-
romagnetic insulators, and the sum over T € {4, B} denotes
a sum over the sublattices. All three layers are modelled by
square lattices with periodic boundary conditions. In the nor-
mal metal, our model describes spinful electrons with annihi-
lation and creation operators ¢;, and CL, for an electron on site
¢ with spin o. The electron chemical potential is expressed as
1, and t;; is the hopping amplitude, which we set to ¢ for near-
est neighbours and zero otherwise. The AFMIs in our model
consist of localized lattice site spins, where S;, denotes the
spin on site ¢ in antiferromagnet 7. The exchange coupling
between the spins on lattice sites ¢ and j is .J;;, which we as-
sume to take the value .J; > 0 for nearest neighbour and .J5
for next-nearest neighbour sites. Moreover, KX > 0 denotes
the easy axis anisotropy, The interfacial coupling between the
materials is included as an effective exchange interaction .J
between the lattice site spins in the antiferromagnets and the
spins of the conduction band electrons that are confined to
the normal metal [18, 20, 34, 37, 38]. We use the notation
¢; = (cit,¢iy)T, and have taken o to denote the Pauli matrix
vector in spin space. In order to be able to introduce asym-
metry in the coupling between the normal metal and the two
sublattices of the antiferromagnets, we have included a di-
mensionless, sublattice- and layer-dependent, parameter Q%
in the interaction Hamiltonian [21-23]. In order to eliminate
any magnetic fields, we will focusing on equal coupling to the
two antiferromagnets [20], and therefore let Q% = Q~. Inthe
following, we set h = a = 1, with a being the lattice constant.

The normal metal Hamiltonian can be diagonalized to ob-
tain

Hyxu = Z ke CLUCkav 2)
keO,o

where the quasimomentum sum runs over the full Brillouin
zone, we have defined &, = €, — p, and the single particle
electron dispersion relation is given by €, = —2t(cosk, +
cosky).

To determine the eigenexcitations of the antiferromagnetic
insulator, we introduce the linearized Holstein-Primakoff
transformation to represent the spins in terms of bosons a;,
and by, on the two sublattices of the system. Further, intro-
ducing the Fourier transformed operators ag, and bgy,, one
may diagonalize the AFMI Hamiltonian using a Bogoliubov
transformation

aqn = UgQign + ’UQﬁT—qn7 (3a)

bl g = ugBl g, + vaagn, (3b)

as detailed in Appendix A. By suitable choice of coherence
factors ug and vgq, the AFMI Hamiltonian takes the form

Harmr = Z wq(ag,,aqn + /3;7,5@): (€]
qed.n

with eigenmagnon operators ag,, and 34, magnon dispersion
wq, and where the quasimomentum q runs over the reduced
Brillouin zone, as illustrated in Fig. 2 (a).

As shown in Refs. [21, 23], the electron-magnon coupling
in this system in general consists of staggered and net mag-
netic fields, as well as electron scattering processes of both
regular and Umklapp type. In our case, all net and staggered
magnetic fields from the two opposing antiferromagnetic lay-
ers cancel.

(a) (b)
M
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FIG. 2. (a) Electron (grey) and magnon (orange) Brillouin zones with
labelling of high symmetry points. We refer to the magnon Brillouin
zone as the reduced Brillouin zone (RBZ). The antiferromagnetic
ordering vector @ is also indicated. (b) Fermi surface (green) at
moderate doping. Electrons can be scattered from k (black) to points
k+ g inside the shaded red part of the Brillouin zone through regular
processes, and to points k + g + Q in the shaded blue part of the
Brillouin zone through Umklapp processes.



The interaction Hamiltonian then takes the form

_ Z Rt U .t
Hine =V [Mq ChtqiChit T Mg Chigiqicht
kel
qed

+(A[Eq)TCL+q,TCk~¢ + (]V[—Uq)TCITc+q+Q,TCk¢]’ ©)

where we have defined the magnon operators Mg = Mgy +
Mg, with

Mgy = Qaaqr +5Qpb1 g, (6a)
Mg, = Qual ) + K Qpbgy. (6b)

Here, k € {R,U} is an index characterizing whether the cor-
responding electron scattering process is of regular or Umk-
lapp type, which we associate with the values R — +1 and
U — —1 in the definition of Mg . Examples of regular and
Umklapp scattering processes are shown Fig. 2 (b). We have
also defined the momentum shift vector Q = 7(Z + §) oc-
curring in the Umklapp scattering processes, and the interac-
tion strength parameter V = —2.J,/S/N, where S is the spin
quantum number of the AFMI lattice site spins, and /N the
number of lattice sites.

In terms of the eigenmagnon operators oy, Bq,, W€ may
also express the magnon operators M as

Mg = (QAuq + KQB’Uq) (aqH + ath)

: ™

+(QA”q t K QB“q) (ﬁquﬁ JrﬁqL)7
so that we may think of the magnon operators My as lin-
ear combinations of antiferromagnetic eigenmagnon opera-
tors with a given spin and momentum.

III. ELIASHBERG THEORY
A. Magnon propagators

Since the magnon operators in the electron-magnon interac-
tion only occur in the particular linear combinations Mg, the
propagators of Mg will be key building blocks in our Eliash-
berg theory. In the imaginary time formalism, we therefore
define the magnon propagator

D™ (q,7) = —(T, My (r)(Mg)(0)), ®

where T’ is the time-ordering operator and the expectation
value is computed with the full Hamiltonian. In the non-
interacting theory, one may utilize the eigenmagnon propa-
gators to show that

. o’ 2w
D(’)m (q7ZVm) = - 2A£ (11) < )

2 2
v, +wg

4

where v, = 2mm/[3 is a bosonic Matsubara frequency, and
(3 the inverse temperature. The boosting factors A’g’"’"/ (q) are
given by

A (q) = S[(Qaug+Qpvq)* + (Qavg + Qpug)’], (10a)

A«E,]U(q) = S[(Qaug — QBUq)2+(QAUq - QBuq)Z]v (10b)

_1
T2

N = N =

AfY(q) = AU (q) = (9% — Q%) (ul +v)). (10c)

Here, uq and vq are the magnon coherence factors, arising
from the Bogoliubov transformation, discussed in Appendix
A. Inspecting the boosting factor corresponding to regular
scattering processes, we see that it coincides with the boost-
ing factor occurring from the canonical transformation used
to obtain the effective interaction potential in Ref.[21].

From the expressions for the regular and Umklapp boosting
factors A% (q) and AUV (q), it is clear that in addition to con-
tributions from only the A and B sublattices proportional to
factors of Q2 and %, there are in general also interferences
between contributions from the two sublattices. Since uq is
typically positive and vq is typically negative, as discussed
in Appendix A, we typically expect destructive interference
in the regular process boosting factor A% (q) [21] and con-
structive interference in the Umklapp process boosting fac-
tor AYY(q). The significance of these interference effects is
controlled by the asymmetry in the coupling to the two sub-
lattices, where we find the strongest sublattice interferences
when we couple equally to both sublattices, and that all in-
terference effects are removed when we couple to only one
sublattice. The mixed propagator boosting factors A%V and
AU do not experience similar interferences.

B. Spinor representations

To study magnon-mediated superconductivity, we now con-
struct the Eliashberg theory for the system. To do this, we first
introduce the Nambu spinor

CkT
Ckl
e

of
kL (11)
Cl+Qt

Ck+Ql
C-k-Qt
C k-Ql

Y =

The corresponding Green’s function can then in general be
written as the 8 x 8 matrix

Gk, k', 7) = —(Typ(r)9], (0)), (12)



where we will also be using the notation G(k,k,7) =
G(k, 7). After a Fourier transform, the imaginary time
propagators can be expressed through the Fourier coeffi-
cients G(k, iw,, ), with fermionic Matsubara frequencies w,, =
(2n + 1)m/p3. The 8 x 8 matrix can in general be spanned by
the Pauli matrix outer products

P ® T4 ® 0y, (13)

where «, 8,7 € {0,1,2,3} and the Pauli matrix p, acts on

the momentum sector degree of freedom, 75 on the particle/-

hole degree of freedom, and o, on the spin degree of freedom.
We also introduce the magnon spinor

T
By = (MJ (M)t MY (MY)1) L a4

where each magnon operator in the spinor corresponds to the
destruction of an excitation with momentum g and spin —1,
or the creation of an excitation with momentum —q and spin
+1. The magnon operator propagators can now be collected
in the magnon propagator matrix

Doy(q,7) = —(T, BY (1) B2 4 (0)). (15)

After a Fourier transform, the propagator matrix takes the
form

RRO P @ URO
D(q) = D 0(_‘1) DU?"'((]) D 0(“1)

Di(-q) 0

DAY (q)

(16)

in terms of the previously introduced propagators D*+ Here,
g = (q,ivy,) is a three-vector containing both momen-
tum and the Matsubara frequency. As the magnon propaga-
tors respect time-reversal and inversion symmetry, we have
D' (—q) = D' (¢). Further, the magnon propagators also
satisty DV (q) = DVE(q).

In spinor notation for the magnon and electron operators,
the interaction Hamiltonian can be written on the form

4 ]
Hiw = D D 05 By qatins, arn

kel apBy

qed
where the sum over k runs over the full Brillouin zone, the
sum over g runs over the reduced Brillouin zone, and the index
v corresponds to the various operators in the magnon spinor
Bj. The matrices g are given by

(18a)
(18b)

g2 = f2 ® po,
g4 = f2®p1,

g1 = f1 ® po,
g3 = [1® p1,

e Gll

FIG. 3. Feynman diagram expansion for interacting electron and
magnon propagators. Each vertex is associated with a factor Vg, /4,
and electron and magnon propagators G and D are represented by
solid and dashed lines.

where we have introduced the 4 x 4 matrices

1

f1 = s (o170 —io2T3),

5 (19a)

1 .
fo = z (o170 +i0273), (19b)

2
acting on the spin and particle/hole degrees of freedom to sim-
plify the notation.

C. S-matrix expansion

Starting from the non-interacting electron Hamiltonian and
the spinor form of the interaction, we may now apply the S-
matrix expansion and use Wicks theorem to obtain a Feyn-
man diagram expansion for the electron Green’s function
G(k,iwy,), as shown in Fig. 3.

The resulting equation can be solved for the electron
Green’s function to obtain the Dyson equation

G (k) = Gyt (k) = S(k), (20)

where Y(k) is the self-energy, and Gy(k) is the non-
interacting electron Green’s function given by

Gy (k,iwy) = iwnpoTooo — €xp3Tson + ppotsoo.  (21)

In the following, we neglect vertex corrections, which are
discussed more in Appendix D. We may then consider only
sunset type diagrams in the self-energy. Performing the S-
matrix expansion, we extract the self-energy

V2 / /
s(k) = T SN Ok-w Doy (k= k) g, G(K ) g, (22)

Ky

as evident from the diagrammatic representation in Fig. 3 up
to signs and prefactors. Here, 6, is defined by
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and ensures that the magnon propagator momentum q =
k — K’ is restricted to the reduced Brillouin zone (RBZ) [39].
Here, QBZ refers to the conjugate Brillouin zone which, to-
gether with the RBZ, comprises the full electron Brillouin
zone.

In the discussion so far, we have been using a Nambu spinor
1)y, containing electrons at both k and k + Q. Thus, the 8 x 8
matrix Green’s function G(k) may in general have correla-
tions between electrons at momenta k and k + Q. In the fol-
lowing, we assume that the processes close to the Fermi sur-
face dominate the self-energy. Away from half-filling, we may
then neglect the correlations which are off-diagonal in the mo-
mentum sector, as they are suppressed by the large electronic
energy at momentum k + @ when k is close to the Fermi
surface. This is discussed in more detail in Appendix C. The
Green’s function G(k) and the self-energy (k) then reduce
to two uncoupled blocks of size 4 x 4 which are related by
k — k + Q. In the following, we therefore consider only one
of the two blocks.

D. Eliashberg equations

To derive the Eliashberg equations, we decompose the self-
energy matrix into contributions corresponding to the various
basis matrices o, ® 75 for Hermitian 4 X 4 matrices. We set

Y = (1 = Z)iwn0070 + X00T3 + ¢s02T2 + d0171, (24)

where Z is the electron renormalization, x is the quasiparticle
energy shift, ¢ is the spin singlet pairing amplitude, and ¢,
the amplitude for unpolarized spin triplet pairing.

Among the 16 possible terms on the form o, ® 75, we have
kept only 4. Of the remaining 12 combinations, the 8 which
do not conserve spin cannot occur because they are incompat-
ible with the spin structure of the self energy diagram. The
combinations 7303 and Tyo3 are disregarded because they in-
troduce spin-dependent quasiparticle renormalization, which
is not expected to be present due to the spin symmetry of the
fermions in the system. Finally, we could have introduced
terms ¢s7102 and ¢;0172. However, the associated fields ¢
and ¢, would play exactly the same roles as ¢, and ¢, and
we therefore set them to zero.

Due to symmetry relations between the electron correla-
tions in the Nambu spinor Green’s function matrix G(k) [40],
the normal Green’s function fields satisfy

Z(k,iw,) = Z(k, —iw,)",  (25)
X(k7 7'wn) = X(ka _iw7l)*7 (26)

and the anomalous correlations satisfy

¢s(7k) = +¢a(k)
de(—k) = —¢:(k),

‘We may now derive equations for the fields Z, x, ¢s, ¢; by
inserting the form for X into the Dyson equation, inverting the
inverse G~1(k) and inserting G (k) into the self-energy in Eq.
(22). Comparing term by term, we then obtain the equations

¢s(k7iwn) = ¢s(k7 *iwn)*, 27)
Ot (kyiwn) = pe(k, —iw,)*. (28)

(1= Z(]))ieon = fv% > o - k>i<k>

@(k’) (29a)

(k’)
bs(k) = Vzé ; D(k k’)‘g((]/:;)), (29¢)
de(k) = +V2— ! ZD (k—F )‘g((::)) (29d)

under the assumption that a single symmetry channel domi-
nates, so that either ¢s = 0 or ¢y = 0 [41]. We have also
introduced the combined magnon propagator

D(q) = 0,0 (q,ivpn) + 041D Y (a + Q, i), (30)

where the argument g can now take on values in the full elec-
tron Brillouin zone. The submatrix determinant © (k) is given
by

O(k) = [iwn Z(k))* = & — |st (k)] 31

with anomalous correlation ¢, depending on whether we
consider a singlet or triplet instability, and where have intro-
duced & = & + x(k). In the following, we will assume
that the quasiparticle energy shift y is small compared to the
electron bandwidth, and that it can be neglected. Note the
opposite signs on the right hand side of the equations for ¢
and ¢;. This occurs because the spin flips in the vertices of
the self-energy diagrams introduce a sign change for the spin
singlet amplitude, but not for the spin triplet amplitude.

IV. FERMI SURFACE AVERAGED EQUATIONS

When the electron energy scale is large compared to the
magnon energy scale, the regions close to the Fermi surface
dominate the momentum sums in the Eliashberg equations.
We assume that the quasiparticle renormalization field close
to the Fermi surface is weakly dependent on momentum, so
that we may write Z(k, iw,) = Z(iw,). Furthermore, for
a single dominant pairing symmetry channel, we assume that
the anomalous correlations can be written in the product form
05,1 (k,iw,) = Y(k)¢ps i (iw,), where we assume some sim-
ple functional form (k) for the momentum dependence of



the relevant anomalous correlation.

Since we expect regions close to the Fermi surface to dom-
inate the momentum sum, we may split it into a perpendicu-
lar and a parallel part, and neglect the perpendicular momen-
tum dependence of the magnon propagator. Close to the criti-
cal temperature, one may furthermore linearize the Eliashberg
equations in the anomalous correlations. Converting the per-
pendicular momentum integration into an energy integral, one
then obtains

1 [ N(©)

(1 - 2)iw,= Ny ; A (wp, — fwp )iwn Z /d{m,
(32a)
_ 1 ERYE . / N(é)

(z)s,t - *m ;AQ (zwn — lwnr) ¢s7t /df m
(32b)

‘We have here introduced the dimensionless electron-magnon
coupling strength A (iw,, — iw,’) occurring in the quasi-
particle renormalization equations and the modified coupling
strength A3 (i, — iw,s) occurring in the anomalous correla-
tion equations. We have further denoted Z (k) by Z and Z (k')
by Z’, with similar notation also for the remaining fields, and
denoted the electron density of states by N (), which takes on
the value N at the Fermi level. The dimensionless coupling
strengths are given by

2
M (it — ) = —X—F S 6(6)3(& ) Dk — k), (33)

kk’
St — ) = — #ﬁ ,
Ay (lwn n ) = —Cst <w2(k)>FS Np ;5(@9)6(&6 )
Y(k)D(k — k)Y (K'),

(34)

where (; = —1 for spin singlet and (; = +1 for spin triplet is
the sign associated with a spin flip in the anomalous pairing.
The brackets ( )gs denote a Fermi surface average.

In the following, we assume that the density of states can
be approximated by a constant in the dominant region close to
the Fermi surface. We may then perform the energy integral
analytically to obtain

(1-2)iw, = 7% Z M (iwy, — fwy) sgn(wy),  (35)
Wt
™ sity- . (bl ot
Dot = +B wz; A5 (iwn — iwpr) \w,;Z’\'

(36)

We next assume that the magnon propagator D can be re-
placed by the non-interacting propagator Dy. Solving the
Eliashberg equations is then reduced to calculating dimen-
sionless coupling strengths A; 2, and solving eigenvalue prob-
lems in the Matsubara frequencies. In Sec. VI, we investigate
the effect of including the magnon self-energy.

In addition to introducing the dimensionless coupling
strengths A1 2, we may follow the conventional routine and
also introduce frequency dependent functions (X%QF(UJ) de-
fined such that

2w
(Wn — wWpr )2 + w2’
37

M 2 (twn, — twnr) :/dw a%sz(w)
Comparing with the definition of \; o, this gives

2
QW) = 3 3 B60)8(60)3(w i) Aol — ),

k!
(38)
a3F(w) = (s t#ﬁ D 6(ER)I(Er)d (W — wr—kr)
’ V(W (k))ps Np o=

U(k)Ac(k — K ) (K),
(39

where the boosting factor
Ac(q) = 0447 (@) +0q40A Y (0 +Q),  (40)

has been defined analogously to D(q).

The Eliashberg functions o ,F(w) and the electron-
magnon coupling strengths /\1,2(21/,”) are central quantities
in the Fermi surface averaged Eliashberg equations. Through
the approximate formula

7D _ W <_1‘04[1 + Al(O)]> 7

© T %a(0) “h

they can therefore be used to qualitatively understand the crit-
ical temperatures resulting from actually solving the Eliash-
berg equations. The above formula was suggested by Allen
and Dynes [42] for weak and intermediate electron-boson
coupling. We have set the Coulomb pseudo-potential to zero,
and use the logarithmic average

2
Wlog = Wq €XP {/\22(0) /dwln (§> %(w)

as the effective cutoff frequency, where w, is an arbitrary fre-
quency scale.

(42)

V. SOLVING THE ELIASHBERG EQUATIONS

We now solve the Fermi surface averaged equations using
realistic material parameters, as detailed in Appendix E. We
set Q4 = 1, and use Qp = Q € [0,1] to tune the sublattice
coupling asymmetry.

In order to compute the dimensionless coupling strengths
A1,2, the momentum sums are transformed into integrals over
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FIG. 4. (a) Phase diagram in terms of sublattice coupling asym-
metry Q@ = Qp/Qa and chemical potential p below half filling.
We find spin triplet p-wave, spin triplet f-wave, and spin singlet d-
wave phases. The phase diagram is colored according to the criti-
cal temperature normalized to the largest value in the phase diagram
within the same phase. Parameter regimes supporting multiple super-
conducting instabilities are colored according to the phase with the
largest critical temperature. The insets show the spin structure and
momentum structure on the Fermi surface for the various phases. The
various subfigures in (b) show the critical temperature 7. as function
of © (left) and y (right) along different lines in the phase diagram.

momenta on the Fermi surface. The quasiparticle renormal-
ization field Z(iw,,) can then be calculated using Eq. (35).
Subsequently, we use Eq. (36) to determine the critical tem-
perature for the superconducting instability by finding the
temperature for which the largest eigenvalue of the eigen-
value problem becomes 1 [43, 44]. This gives the critical
temperature 7. of the superconducting instability. We con-
sider three different Ansitze for the superconducting pairing,
namely even frequency spin triplet p-wave pairing, even fre-
quency spin triplet f-wave pairing and even frequency spin
singlet d-wave pairing. These pairings dominate in different
parts of the parameter space of our model. Other pairing sym-
metries like even frequency spin singlet s-wave and different
odd frequency variants were not found to give rise to super-
conductivity. Fig. 4 (a) presents the phase diagram for our
model in the Q2-p-plane, where critical temperature normal-
ized to the maximum value within each phase is indicated by

color intensity. The type of pairing is indicated by choice of
color (green/blue/red), where regimes supporting multiple so-
lutions are colored according to the phase with the largest crit-
ical temperature.

In the following, we discuss the different superconducting
phases in the phase diagram in more detail.

A. Spin triplet p-wave and f-wave pairing

For the even frequency spin triplet p-wave and f-wave pair-
ings, we consider anomalous pairing momentum dependence
on the form

hp(k) = cos ¢,
wf(k) = COSs 3¢k,

(43a)
(43b)

where ¢ is the polar angle between the quasimomentum
k on the Fermi surface and the x-axis. These momentum
dependencies are shown in the insets of the phase diagram.

As expected, and in agreement with the results of Ref. [21],
we find even frequency spin triplet p-wave superconductiv-
ity for small Fermi surfaces and large sublattice coupling
asymmetry, corresponding to small 4 and 2. For small Fermi
surfaces, all processes between points on the Fermi surface
are of the regular type. Since the magnon energy is smallest
for small g, minimizing the denominator of the magnon
propagator, the dominant contribution to the momentum sums
in the Eliashberg equations originate from small g. Without
sublattice coupling asymmetry (i.e. 2 = 1), coherence factor
interference effects suppress the boosting factor AR (q),
whereas 2 = 0 removes these interference effects completely
and makes p-wave superconductivity possible.

Setting 2 = 0, we also find an even frequency spin
triplet f-wave solution in the entire chemical potential range
we have considered. As shown in Fig. 4 (b), the critical
temperature of the p-wave solution is larger than the critical
temperature of the f-wave solution for small Fermi sur-
faces. For Fermi surfaces approaching half filling, however,
the situation is reversed due to emergence of subleading
Umklapp processes. The interaction providing spin triplet
pairing is attractive for scattering processes between k and
k' only when ¢(k,iw,) and ¢(k’,iw,) have the same sign.
Consider now the scattering processes between points on the
Fermi surface where the momentum transfer is closest to @,
bringing the electron from one side of the Fermi surface to
the opposing side. From the f-wave and p-wave momentum
structure of the anomalous correlations shown in the insets of
Fig. 4 (a), it is clear that these processes are always repulsive
in the p-wave phase and typically attractive in the f-wave
phase. This explains why the f-wave phase has a higher
critical temperature than the p-wave phase upon approaching
half-filling. As discussed in more detail in Sec. VIII, the
combination of 2 = 0 and the presence of Umklapp processes
may, however, be challenging to access experimentally.

Compared with the results of Ref. [21], we find signif-
icantly lower critical temperatures for the p-wave phase.
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FIG. 5. Eliashberg functions and Eliashberg equation solutions for
the p-wave regime (u/t = —3.5 and Q = 0) to the left and d-
wave regime (u/t = —0.2 and 2 = 1) to the right. Subfigures
(a) and (b) show the Eliashberg function a%F(w). Subfigures (c)
and (d) show the dimensionless electron-magnon coupling strengths
A1,2(ivm) as well as the Matsubara frequency dependence of the
quasiparticle renormalization Z (iw,, ) and the anomalous correlation
¢(iwn) at the critical temperatures for the respective superconduct-
ing instabilities. The logarithmic average wiog is shown with vertical
dashed lines.

We attribute this difference to the magnon energy cutoff.
As long-wavelength processes dominate, the characteristic
magnon frequency in the pairing interaction is much smaller
than the upper cutoff on the magnon spectrum. Since the
characteristic frequency serves as the energy scale for the crit-
ical temperature, the critical temperature is then significantly
reduced, which is captured in the Eliashberg theory analysis.

More quantitatively, this argument can be understood in
terms of the Allen-Dynes formula of Eq. (41). Since the
boosting factor A7 (q) is peaked for small momenta g,
and the electron-magnon coupling strength V' is momentum-
independent, the electron-magnon coupling function a3 F(w)
is peaked at small frequencies. This is shown in Fig. 5 (a),
where the logarithmic average wjg is indicated with a dashed
line. The effective magnon frequency for the superconducting
pairing is therefore significantly reduced compared to the
largest magnon frequency in the system. Further, the lower
panel of Fig. 5 (b) shows A1 o(iv,), which decays quickly
beyond the effective cutoff. Solving the Eliashberg equations
gives the solutions for the anomalous correlation ¢(iw,),
which also decays quickly beyond the cutoff, and the quasi-
particle renormalization Z (iw,, ), which decays to 1.

B. Spin singlet d-wave pairing

In the Eliashberg equations, the difference between the spin
triplet case in Eq. (29d) and the singlet case in Eq. (29¢) is the
sign. Thus, the small momentum process pairing potential that
was attractive for spin triplet pairing becomes repulsive for
spin singlet pairing. To obtain singlet pairing attraction, we
therefore need to rely on dominant processes with a relative
sign between the anomalous pairing ¢4(k) on the left-hand-
side and right-hand-side of the equation. Since small momen-
tum processes cannot provide this sign change, we need to
rely on Umklapp processes. As an s-wave Ansatz does not
change sign around the Fermi surface, we instead choose the
d-wave Ansatz

Ya(k) = 21 (cos kg — cos ky), (44)

b
shown in the inset of the phase diagram in Fig. 4 (a). Since
the d-wave phase relies on Umklapp processes, it occurs
for chemical potentials p approaching half-filling in the
phase diagram. Furthermore, the Umklapp processes benefit
from the coherence factor interference in the boosting factor
AYY(q), which is maximized for = 1. Crucially, these
interferences also suppress the competing regular processes
with small momentum g, which would otherwise prevent spin
singlet superconductivity. The d-wave phase therefore occurs
only for large Q2 in the phase diagram. This picture is also
verified in Fig. 4 (b), which shows the critical temperature
for the spin singlet d-wave phase as function of coupling
asymmetry, and as function of chemical potential at Q = 1.

The electron-magnon coupling strength function o2 F (w)
is shown in Fig. 5 (b). With = 1, the regular small mo-
mentum processes are suppressed, and away from half-filling,
the Umklapp processes between points on the Fermi surface
require the magnons to carry momentum which differs from
Q by a finite amount. Therefore, a3 F'(w) takes on significant
values only beyond a relatively large lower frequency cutoff.
This cutoff corresponds to the magnon energy associated
with the smallest momentum necessary to bring an Umklapp
scattered electron with incoming momentum k from k + Q
and back to the Fermi surface. Moreover, it should be noted
that this smallest momentum depends on where on the Fermi
surface the electron was situated to begin with. At the lowest
relevant frequencies in a3 F'(w), only a few momenta k bring
k + Q to a position where the momentum transfer necessary
to get back to the Fermi surface is associated with a magnon
energy that is small enough to match the frequency w. The
function a3 F'(w) then only obtains contributions from a few
points k that bring k + Q close enough to the Fermi surface.
As the frequency w increases, a3 F'(w) obtains contributions
from more points k as the restriction on how close k + Q
needs to be to the Fermi surface is relaxed. Therefore,
a2F(w) is not peaked at small frequencies. The situation
should be contrasted with the p-wave case, where regular
scattering on the Fermi surface with vanishing momentum is
possible regardless of where on the Fermi surface the initial
electron is situated. Denoting the magnon spectrum gap by



wo, a%F(w — wyp) therefore receives large contributions
from k — k' &~ 0 regardless of where on the Fermi surface k
is situated.

The reduced reliance of the d-wave pairing on processes
with small magnon energy gives rise to a larger effective
magnon frequency wio,. This larger characteristic magnon
frequency suppresses the magnon propagator occurring in
1,2 (v, ) for small Matsubara frequencies, but also increases
the frequency scale over which the magnon propagator
decays compared to the p-wave regime. Together with a large
density of states close to half filling, this causes the significant
critical temperatures that are observed for the d-wave regime
in Fig. 4 (b). As shown in Fig. 5 (d), the dimensionless
electron-magnon coupling strength A »(iv,,) decays to zero
beyond the effective cutoff frequency, whereas ¢(iw, ) has a
crossover from behaviour 1/w, to 1/w3.

C. Effect of frustration

Since the superconductivity in our system relies on spin
fluctuations, we expect interactions in the AFMI spin model
that enhance fluctuations to also enhance the critical temper-
ature. Earlier weak-coupling studies have investigated the
effect of a frustrating next-nearest neighbor exchange cou-
pling Jo > 0 in the antiferromagnet on superconductivity
dominated by regular fermion-magnon scattering processes
[22, 23]. In Fig. 6 (a), we show how the critical temperature
increases with J, for both the p-wave and d-wave instabili-
ties. The effect of .J» on the superconductivity can be under-
stood in terms of the magnon excitation energies in Fig. 6 (b),
showing that the magnon bands are flattened as J5 increases.
As displayed in Fig. 6 (c) and (d), this shifts weight from
large to the more significant small frequencies in the electron-
magnon coupling function a3 F(w), leading to a higher crit-
ical temperature. Notably, increasing .Jo does not affect the
gap in the magnon spectrum, meaning that the effective cutoff
for the p-wave phase is not much affected. For the d-wave
phase, the effective cutoff is somewhat reduced for larger Jo,
but trading some cutoff for a larger dimensionless coupling
strength \2(0) is nevertheless found to be beneficial. As the
d-wave phase has a smaller dimensionless coupling strength
than the p-wave phase, the increase of the dimensionless cou-
pling strength arising from .J» leads to a more dramatic in-
crease in critical temperature for the d-wave curve in Fig. 6

(a).

VI. MAGNON RENORMALIZATION

To consider the effect of magnon renormalization, we con-
sider the electron bubble diagram shown in Fig. 3, and once
again neglect vertex corrections. Performing the S-matrix ex-
pansion, one may show that magnon propagators D, satisfy
the Dyson equation

D™ (q) = Dy ' (g) — TI(g), (45)
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FIG. 6. Effect of frustrating the antiferromagnet with an next-to-
nearest neighbour exchange coupling .J>. (a) Critical temperature for
the p-wave (at u = —3.5¢ and 2 = 0) and d-wave (at p = —0.2¢
and ©Q = 1) instabilities as function of J> frustrating the antiferro-
magnet. (b) Magnon spectrum for different values of .J», as indicated
by the vertical dashed lines in (a), between Brillouin zone high sym-
metry points as shown in Fig. 2 (a). (c) Electron-magnon coupling
function a3 F(w) in the p-wave regime. (d) a3 F'(w) in the d-wave
regime. Frustration reduces the magnon excitation energies and en-
hance the spin fluctuations in the system. Thus, weight is shifted
from high magnon energies to low magnon energies in the electron-
magnon coupling function a3 F(w), and this increases the critical
temperature.

where the polarization matrix is given by

I, (q) = Z—ﬁ > T [g4Glk +q)g G(R)] . (46)
k

From the matrix structure of the matrices g., it follows that
IL,, takes the form

0 g 0 IRY(g)
Mf(—g) 0 T7F(—q) 0

0 mg) 0 Mg
M (=g) 0 T"(-q) 0

(g) =

47

In principle, we should now solve the coupled equations
for the electron and magnon propagators. However, to esti-
mate the effect of magnon renormalization, we use the non-
interacting electron Green’s functions to calculate the polar-
izations. Using the previous assumption of neglecting terms
in the electron Green’s function which are off-diagonal in mo-
mentum sector, we may furthermore neglect the mixed pro-
cess polarizations TIV % and IT7YV . This leaves the the regular
and Umklapp polarizations IT## and TIVY, which reduce to

V2
" (q) = 7 > Gk + )G (k), (48)
k

2
MYV (g) = % SOk + g+ QGE®E),  (49)
k



where G§! and G2? are matrix elements in the non-interacting
electron Green’s function G corresponding to different spins.

Solving the Dyson equation for the magnon propagator, one
may show that the regular and Umklapp propagators become

-1

DRE(g) = 1 - pyvng? — DRR[[RR|  DRR(4)
1— TD([)]UHOUU 0 0 0 )
) (50)
- q-1
1— DRRHRR
DPUU (4) = 0o 1o _puunuu| puu
(Q) <1—TD§RH(I)BR 0 0 0 (),
) E2))
where we have introduced the quantity
) =1- AT (@) AT (q) 52)
Af(q)AlY (q)

Here, the Umklapp polarization occurs in the regular prop-
agator and vice versa due to the presence of mixed magnon
propagators.

We note that in the special case {2 = 0 where we found spin
triplet pairing, we have r = 0 since all the boosting factors are
equal. In the opposite limit of {2 = 1 where we found spin sin-
glet d-wave pairing approaching half-filling, the mixed prop-
agators vanish, so that » = 1 and each of the two magnon
propagators D""(q) are just renormalized by the correspond-
ing polarization I1"%(q).

We may now calculate the regular and the Umklapp polar-
izations. Performing the Matsubara frequency sums in Egs.
(48) and (49), we obtain the standard result

H(I]?'R(q, V) = V2 Z ("F(fp) - ”F(fzﬁq)), (53)
P

iVm + 517 - EIH—Q

T (g, i) = V2 (nF(é”) : "F(g”*‘”")), (54)
P

iVm + 517 - €p+q+Q

where the momentum sums are evaluated in the thermody-
namic limit through numerical integration [45]. Using that
&p = {_p, one may show that the imaginary part of the polar-
ization vanishes, so that only the real part remains.

For @ = 0 and a small Fermi surface, the relevant
processes are regular processes. The renormalization of
the regular propagator then depends on H[I)H'U(q,z'u,,,) =
i (q,ivy,) + TYY(q, vy, ), where the Umklapp polariza-
tion TIYY is small. In Fig. 7 (a) we present the polariza-
tion TIZTY (k — K/, iv,,) together with the contributions to
X2 (ivy, = 0) from the various momenta k' on the Fermi sur-
face given incoming electron momentum k as shown in the
inset. The dominant contributions to Az (iv,, = 0) arise from
0 ~ 0, which corresponds to scattering processes with small
momentum ¢ = k — k’. In this region, the zero frequency
polarization is more or less constant. Consistent with what

7 0.0 -
% p-wave k., 0 0.02
3 n= —3.5t @k
2 -05 %
) —— m=0 1001 ¥
Z 1.0 —
=T 0.00
0.02
0.002
0.001 %
~<
0.000
0.0 0.5 1.0
o/n

FIG. 7. Polarization renormalizing the magnon propagator for
magnon scattering momenta q between points k and k’ on the Fermi
surface, corresponding to angles 0 and 6, as shown in the inset of
(a). The relative contributions Ak from the various points on the
Fermi surface to Az(ivm = 0) is shown in purple. (a) shows the
combined polarization T (g, iv ) and the contributions to A (0)
for p/t = —3.5 and 2 = 0, where we expect p-wave supercon-
ductivity. The dominant contributions to A2(0) come from small
momentum processes close to § = 0. (b) shows the polarization
T1(q, ivm), corresponding to IT** when k — k' = q is inside, and
VY when k — k' = q is outside the reduced Brillouin zone. Dom-
inant contributions to A2(0) come from Umklapp processes in vicin-
ity to k — k' = Q. The temperature has been set to 7" = 1 K in both
subfigures.

we expect from Eq. (53), the finite frequency polarizations
approach zero as ¢ — 0. The region where the finite fre-
quency polarizations deviate significantly from the zero fre-
quency polarization is, however, small compared to the region
over which we expect the dominant contributions to Ag [46].
Hence we may approximate the polarization for 2 = 0 and
small Fermi surface by a constant value Tl ~ MI{(q —
0,ivm = 0) = —NpV2.

For 2 = 1, the regular and Umklapp propagators are sim-
ply renormalized by the regular and Umklapp polarizations,
respectively. Fig. 7 (b) therefore presents the polarization
Hﬂ(qa ium) = QQH(}){R(q’iym) + 9¢Z+QH(l)]U(q + Q,il/m),
which is relevant for the d-wave phase. Also shown are the
contributions to Az(iv, = 0) as in Fig. 7 (a). The polar-
ization is now weakly dependent on frequency, but it varies
somewhat with momentum in the relevant region. Qualita-
tively, it should also in this case be possible to extract the ef-
fect of magnon renormalization by setting the polarization to
a constant value.

In the following, we consider the same two special cases
as above. For 2 = 0 and large doping, where we found p-
wave superconductivity, the relevant magnon propagator is
DRE(q), which can be written
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Thus, the magnon frequency in the denominator has been re-
placed by an effective magnon frequency wgﬁ, given by

(wg™)? = w2 + dwg AF (q)Te. (56)
Since the polarization is negative, the effective magnon fre-
quency may turn imaginary, indicating that it is no longer rea-
sonable to start out from a Néel ordered state. At q = 0,
where the magnon energy is the smallest, it happens for

(57)

o] >2KS<1+K/2z1.]1>

1+K/Z1J1

where z; is the number of nearest neighbors.

For = 1 and large Fermi surface, where we found d-
wave superconductivity, the two relevant propagators DFf
and DYV are given by

B dwq A" (q)
V2, + w2 + dwq AL (q)TIE"

D™ (q) = (58)

with k € {R,U}. Similar to the previous special case, we
may now introduce an effective magnon frequency. Since the
unrenormalized magnon frequency is the smallest for ¢ = 0
and the regular boosting factor A% (q = 0) is suppressed due
to coherence factor interference, we expect that the effective
magnon frequency may primarily turn imaginary for Umklapp
processes close to ¢ = 0. One may show that this happens for

‘HE{U ( > %KS. (59)

Although the coupling to the electrons may therefore in
principle destroy the magnetic order in the antiferromagnet,
unsurprisingly, this does not happen as long as the easy axis
anisotropy is sufficiently large compared to the polarization.

A picture now emerges where the easy-axis anisotropy
and the magnon renormalization play opposite roles stabi-
lizing and destabilizing the magnetic order in the antiferro-
magnet, respectively. Retaining magnetic order upon inclu-
sion of magnon renormalization requires a larger easy axis
anisotropy. The larger easy axis anisotropy has little effect on
the numerator of the magnon propagator, but shifts the square
of the magnon energies in the denominator upwards by an al-
most constant value with respect to momentum when J>/J is
small. By choice of the easy-axis anisotropy, the effect of the
magnon renormalization on the effective magnon frequencies
can then be compensated. Superconductivity may therefore
still occur at critical temperatures similar to those obtained by
disregarding magnon renormalization.
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VII. DISCUSSION

The Eliashberg equation solutions in this paper are obtained
using Fermi surface averaged equations, thus neglecting the
dependence of the magnon propagator and the fields appear-
ing in the Eliashberg equations on momentum perpendicular
to the Fermi surface. The justification for this is as follows:
Although the magnon propagator is momentum dependent,
the behaviour of the right-hand-side of the Eliashberg equa-
tions when moving k' away from the Fermi surface is still
dominated by the suppression arising from the fermion ener-
gies in the denominator due to the large energy scale of the
electrons. In this case there are additional variations arising
from the momentum dependence of the magnon propagator.
Thus, a possible avenue for further work could be to take the
full momentum dependence in the Eliashberg equations into
account in order to test the accuracy of our approximation.

The results also rely on vertex corrections being small, so
that the series of vertex diagrams can be cut off after the
zeroth-order contribution. For phonon-mediated supercon-
ductivity, the smallness of the higher-order vertex diagrams is
ensured by Migdal’s theorem [47], which states that higher-
order diagrams are smaller by a factor wg/Ep, where wg
is a characteristic phonon frequency. Migdal’s theorem is
however known to break down for long-wavelength phonons
[47, 48] and in systems with strong Fermi surface nesting [49—
51]. Moreover, for reduced spatial dimensionality, the reduc-
tion of the higher-order diagrams should be expected to be
less dramatic [51, 52]. As the superconductivity studied in
this work relies on long-wavelength magnons and/or a two-
dimensional Fermi surface close to half-filling, it then seems
plausible that vertex corrections could be of importance. A
discussion of the effect of vertex corrections in the present
system is presented in Appendix D. For large doping, we find
that vertex corrections can become of relevant magnitude, but
that the region in momentum space where the corrections are
large might be small enough to limit their effect. Exactly at
half-filling, the vertex corrections are expected to be quite
large, but their effect can be reduced by moving away from
half-filling.

Upon approaching half-filling, we would also at some point
expect on-set of spin density wave correlations. Exactly at
half-filling, one may straightforwardly generalize the above
Eliashberg theory to accommodate the expected commensu-
rate spin density wave instability. Previously, this has been
done for the phonon-induced instability [53]. Below half fill-
ing, the commensurate wave-vector () does not connect points
on the Fermi surface. We therefore expect the commensurate
spin density wave to be suppressed relative to superconduc-
tivity due to the large electronic energy for processes between
states which are not on the Fermi surface. However, we may
still have incommensurate spin density waves, which are far
more challenging to investigate theoretically. In this paper, we
have been investigating the properties of the superconducting
phases, and the highly non-trivial interplay between supercon-
ducting and spin density wave orders that we could potentially
obtain is beyond the scope of the present study.

Another effect that could be included is the effect of the



quasiparticle energy shift . For the present system, x was
found to be small compared to the Fermi energy for chemi-
cal potentials ranging from half-filling and down towards the
vicinity of the bottom of the band. Apart from the limit where
the Fermi level approaches the bottom of the band, inclusion
of x would typically amount to a small, weakly frequency-
dependent, shift of the effective chemical potential in the
Eliashberg equations, and it was therefore neglected in the
presented calculations.

The effect of Coulomb interactions on the electron self-
energy is in general challenging to calculate [48]. Their ef-
fect on the Fermi surface averaged Eliashberg equations for
the anomalous pairing amplitudes is typically included by ne-
glecting vertex corrections and including an extra repulsive
and frequency-independent potential in the equations. The
Coulomb repulsion will then have a limited effect on the crit-
ical temperatures as long as Az (iv,, = 0) is somewhat larger
than the Coulomb pseudopotential p* [48]. Moreover, tak-
ing the Coulomb interaction to be momentum independent,
its contributions to the gap equation will cancel for uncon-
ventional pairing symmetries like the ones considered in this
work. For a momentum dependent Coulomb potential, the
Coulomb contributions to the gap equation no longer cancel
identically for unconventional pairing symmetries, but ;* will
still be reduced compared to the s-wave case.

In the system setup we have considered, the antiferromag-
netic order and interfacial coupling to the two antiferromag-
nets has been chosen such that any magnetic fields cancel.
If we instead consider a single antiferromagnetic layer and
Q # 1, there would be a net magnetic field, as shown in Eqgs.
(Blc) and (B1d). In addition, there would also be a term in
the magnon propagator that is odd in frequency, as shown in
Eq. (B4). The odd part of the propagator would renormal-
ize and reduce the magnetic field i, and produce an effective
magnetic field h. Together with the odd part of the propagator,
this effective magnetic field could in principle give rise to an
exotic coexistence of odd- and even frequency superconduc-
tivity [54]. For the experimentally most relevant parameters,
we would however expect the magnetic field to be too strong
to give significant critical temperatures.

We also note that a previously studied system consisting
of a normal metal sandwiched between two ferromagnetic in-
sulators [18] gives rise to a p-wave phase that bears many
similarities with the p-wave phase considered in the present
study. The main difference between the two systems is the
absence of the magnon coherence factors in the ferromagnetic
case. The numerator of the magnon propagator (or effective
potential in a weak-coupling framework) for the ferromagnet
therefore scales as wg M K for long-wavelength magnons,
while the numerator of the magnon propagator for the antifer-
romagnet scales as Af®(q)wy ~ Jy. For superconductivity
dominated by long-wavelength magnons, with K/.J; < 1,
the dimensionless electron-magnon coupling Az (iv,, = 0)
may however still be of the same magnitude in both cases,
corresponding to similar dimensionless coupling constants in
a weak-coupling framework. This is because the ferromag-
net propagator can simply rely on having a smaller gap in the
magnon spectrum, making the denominator of the propaga-
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tor smaller for the long-wavelength processes. As the crit-
ical temperature in a simple weak-coupling framework only
depends on the dimensionless coupling constant and the cut-
off on the boson spectrum, sizeable critical temperatures can
then be obtained for both ferromagnets and antiferromagnets.
Within an Eliashberg framework, on the other hand, the ef-
fective cutoff frequency is determined by the characteristic
magnon energies in the pairing interaction. Since, with ferro-
magnets, the large values for Az (iv,,, = 0) were obtained by
relying on smaller magnon energies in the denominator of the
propagator, the effective frequency cutoff will be smaller, and
the critical temperatures obtainable with ferromagnets should
be smaller than with antiferromagnets.

In the current antiferromagnetic case, magnon renormaliza-
tion was found to have little effect on the available critical
temperatures. This is because the larger easy axis anisotropy
K, required to protect magnetic order in the AFMISs, is com-
pensated by the magnon energy renormalization in the denom-
inator of the propagator. The larger easy-axis anisotropy has
little effect on the numerator of the propagator. For the case
of the ferromagnet, on the other hand, increasing K so that it
compensates the renormalization would also lead to a larger
numerator in the propagator. Magnon renormalization could
then open the way for slightly higher critical temperatures.

VIII. EXPERIMENTAL CONSIDERATIONS

The model employed in this study allows us to tune the
interfacial coupling between the normal metal and the two
different sublattices of the antiferromagnet independently. In
principle, such a general asymmetric coupling could be engi-
neered, as discussed in the introduction. However, the experi-
mentally most promising route to realizing superconductivity
in systems well described by our model appears to be through
fully compensated and uncompensated interfaces, where the
conduction band electrons in the normal metal are coupled to
only one AFMI sublattice (£2 = 0), or equally to both AFMI
sublattices (€2 = 1). There is however a significant difference
between our model and the intended realization with an un-
compensated interface for the case 2 = 0. In the intended
realization, the square lattice of the normal metal matches the
exposed sublattice of the antiferromagnet, and not the square
lattice of the antiferromagnet itself, as in our model. Thus,
the electron Brillouin zone coincides with the Brillouin zone
of the antiferromagnet. Although it is possible to imagine a
compensated interface where the magnons at the interface live
in a smaller Brillouin zone than the electrons, this would not
be the typical case.

Within our model, Umklapp processes are included for both
) = 0 and 2 = 1. In the intended realization for 2 = 0, how-
ever, Umklapp processes are absent. For a small Fermi sur-
face, the effect of Umklapp processes in our model is small,
since all processes between points on the Fermi surface are of
the regular type. The p-wave phase we expect for uncompen-
sated interfaces and large doping is therefore well represented
by our model. For small doping, however, the f-wave phase
of our model takes precedence over the p-wave phase pre-



cisely because of the Umklapp processes. The f-wave phase
is therefore of less experimental relevance, and we expect that
the p-wave phase would dominate regardless of doping for a
normal metal sandwiched between two uncompensated inter-
faces.

For the p-wave phase with 2 = 0, having a trilayer het-
erostructure in order to cancel all magnetic fields seems neces-
sary, as the critical temperature is significantly reduced com-
pared to previous predictions [21]. For the d-wave phase with
Q = 1, the result of coupling to a single antiferromagnet
would lead to the presence of a staggered field. As a staggered
field might be less detrimental to superconductivity than a uni-
form spin-splitting [55], a bilayer heterostructure might be a
viable option in this case.

When it comes to choice of parameters, it is clear that a
strategy of simply taking a very small gap in the magnon spec-
trum in order to increase the dimensionless coupling strength
X2(0) has its limitations, as this leads to a very small effective
cutoff frequency and slow increase in critical temperature with
dimensionless coupling strength. In order to realize supercon-
ductivity in this system it is then essential that the constant
prefactor that appears in the gap equation is sufficiently large.
A sizeable interfacial exchange coupling and electron density
of states is then preferable. Moreover, as the effective induced
interaction experienced by the electrons in the normal metal
might be reduced with the thickness of the normal metal [18],
the metallic layer should be kept quite thin.

The easy-axis anisotropy governs the size of the gap in the
magnon spectrum, and appears to play a crucial role in realiz-
ing superconductivity. A sufficiently large gap in the magnon
spectrum could be important for both the p-wave and d-wave
phases in order to stabilize the antiferromagnet. The p-wave
phase does, however, rely more heavily on fine-tuning of the
easy-axis anisotropy in order to produce a nonzero, but suffi-
ciently small, effective magnon gap producing a sizeable crit-
ical temperature. This could make the p-wave phase more dif-
ficult to realize experimentally. The d-wave pairing receives
contributions from a wider range of magnon energies, and the
critical temperature is therefore more robust to a shift of the
magnon energies. For larger Fermi surfaces, a larger easy-
axis anisotropy is however needed to preserve magnetic or-
der in the antiferromagnet, which could in itself be an exper-
imental complication. However, using a magnetically more
stable three-dimensional antiferromagnet instead of the two-
dimensional magnet considered in our model, could poten-
tially lead to a reduction in the easy-axis anisotropy required
to stabilize the magnets.

In contrast to earlier results, the present study indicates
that the d-wave phase may be able to produce higher criti-
cal temperatures than the p-wave phase. However, the d-wave
phase is, in our model, dependent on proximity to half-filling,
where it e.g. needs to compete with spin-density wave order.
This competition may push the superconducting phase down
towards lower filling-fractions associated with lower critical
temperatures. It should also be noted that since the d-wave
phase relies on Umklapp processes, it is more sensitive to
the detailed structure of the Fermi surface. In comparison
with the p-wave phase, the d-wave phase may therefore place
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stricter requirements on the electron band structure of the nor-
mal metal in the experimental realization. Compared with
the third option of coupling to ferromagnetic insulators, how-
ever, both phases considered in the present study seem more
promising.

IX. SUMMARY

We use Eliashberg theory to study interfacially induced
magnon-mediated superconductivity in a normal metal-
antiferromagnet heterostructure. For large doping and uncom-
pensated antiferromagnetic interfaces, we find p-wave super-
conductivity, while for small doping and compensated anti-
ferromagnetic interfaces, we find d-wave superconductivity.
This can be understood in terms of sublattice interferences
suppressing and enhancing scattering processes in the sys-
tem. Although the qualitative results are in accordance with
earlier weak-coupling studies, the critical temperature achiev-
able for the p-wave phase is found to be significantly reduced
as the characteristic magnon frequency in the pairing inter-
action is much smaller than the cutoff on the magnon spec-
trum. The d-wave phase, on the other hand, is found to rely
less on long-wavelength magnons and can therefore poten-
tially produce larger critical temperatures when approaching
half-filling. Close to half-filling the d-wave instability may
however have to compete with a spin-density wave instability,
potentially reducing the available critical temperatures. A suf-
ficiently large gap in the magnon spectrum might be necessary
to stabilize the magnetic order in the antiferromagnets due to
feedback from the electrons, but this is found to have limited
effect on the critical temperatures.
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Appendix A: Antiferromagnetic magnons

Starting from the AFMI Hamiltonian, we introduce the lin-
earized Holstein-Primakoff transformation [56]

;EA = V2Say Sk =V2Sal, (Ala)

Sien.m = V2Sbly St.p. = V2Sbj, (Alb)
Sicay = V25 aly Sicar = V2Sai;, (Alc)
SJ_EBH V25b;n SJ_GBL V2 bT (Ald)

—-S+ (LiL(li,L (Ale)
(A1f)

z —
Siear =

S;EB,H =-S5+ b;’Hij Sj"ZEBﬁL =5- b;['Lbﬂﬂ

_ T
Sican =S5 —again

where we have assumed oppositely aligned antiferromagnetic
order in the spin space z-direction for the two antiferromag-
nets.

Inserting this into the AFMI Hamiltonian and expressing it
in terms of sublattice magnon Fourier modes a4, and bg,,, the
AFMI Hamiltonian takes the form

Harmi = ZCq(a:;naq,, + 0}, ban)
a.n

+ Dq(agnb—qn + aznbt—qn)v (A2)

where Cy and Dy are given by

Cq = 221«]15 — 222]25(1 — :Yq) + QKS,
Dq = 2Z1J1S’Yq,

(A3a)
(A3b)

and we have defined

1 iq L o1 iq
q:zzeq 4 'Yq:gzeqz. (A4)
81 82

Here, z; and z5 are the number of nearest and next-nearest
neighbour vectors, which are summed over and denoted by &,
and . The Hamiltonian is diagonalized through the Bogoli-
ubov transform

(A5a)
(ASb)

_ i
Qgn = UqOign + Uqﬁ—qm
oo t
blgy = taBLlyy + vqaqn;

where the coherence factors u4 and vg4 can be written as

ug = cosh fg, vq = sinh g, (A6)

in terms of the hyperbolic angle

0y = f%tanh_l (?’) . (A7)
q
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The resulting magnon spectrum is

wg = 1/C2 — D2. (A8)

By expressing the inverse hyperbolic tangent in terms of a log-
arithm, one may show the relations

ud +v2 = +Cq/wg, (A9a)

2uqug = —Dg/wq, (A9Db)
for the coherence factor combinations which appear in the
magnon propagator.

Whereas uq is positive, vg is typically negative. Further-
more, we notice that when K and .J, are small compared to
Ji, |64 becomes large when ¢ — 0, as Dg approaches Cj.
This causes u4 to grow large and positive and vq to grow large
and negative in this limit.

Appendix B: Interfacial coupling Hamiltonian

In the main text, we presented expressions for the interfa-
cial coupling and the magnon propagators under the assump-
tion that the two antiferromagnets couple to the normal metal
with equal strength. In this appendix, we generalize the results
beyond this assumption.

The interfacial coupling Hamiltonian describing the cou-
pling to a single antiferromagnetic insulator labelled by 7 can
be written H', = H}“+ H""" where the magnetic exchange
field contributions H/' = Hl}:nA T4+ HMP from the two
sublattices are

Hl}zlt _ngS Z U(Ccho-Cko' + CT]H,QYUCko')v (Bla)
kelO,o

HPH = 2T 048 S o (chytno — chyguchs): (BID)
kel,o

HpMt = 4704 Z ((ka(/kn- + (k+Q a‘ka) (Blc)
keO,o

R (DY a(c,wc,m o ﬁe,m) (B1d)
kelO,o

and where the exchange coupling strengths .J' Q7 are in gen-

eral different for the two antiferromagnets. Coupling to only

one antiferromagnet can be realized by e.g. setting Q% = 0.

Assuming Q4 = Q% however, all magnetic fields cancel.
The electron-magnon interaction is given by

mt =V Z []\ qn(/k+q 1Ckp T ]M cchqurQ 1Ck, T
kel
qed

HME) el g g0 + (M—qu)TClTe+q+Q,Tckv¢] » (B2)



where we have defined magnon operators Mg, associated
with the antiferromagnet 7 as

My = Qfagn + QL

Mg, =Qhal ) + £ Q%bgr,

(B3a)
(B3b)

so that the operator M introduced in the main text is given
by Mg = M, ";H. + Mgy, Expressing the magnon operators
in terms of the eigenmagnon operators resulting from the Bo-
goliubov transformation, the corresponding magnon propaga-
tors are

2wq

IDS';/ (q7 iwn) == A'cw;; (q)

w2 + w2
, 2iwn T (B4
__ AKK n
oM W2 1 w2 :

Here, the first term is even under the three-vector transforma-
tion ¢ — —q, and the second term is odd. The expressions for
Ag’j]’ (g) can be obtained from Eq. (10) in the main text by the
simple generalization A%~ (q) — A:_”Z/ (g) and Qy — Q7.

The odd part prefactor AR s g-independent, and given by

o,n

HK// 1 7] I
Ay = o@D —me@p?]. @9

where we associate the index 7 with the values H — 1 and
L — —1. We notice that the odd part of the propagator has
different signs for the two antiferromagnets, so that their con-
tributions cancel out when we couple equally to the two anti-
ferromagnets.

Appendix C: Suppression of electron correlations which are
off-diagonal in momentum

In this appendix, we argue that terms in the electron Green’s
function which are off-diagonal in momentum are suppressed
as long as the electron propagator renormalization is small
compared to the difference in electron energies at the mo-
menta k and k + Q.

The self-energy is in general an 8 x 8 matrix in the mo-
mentum, particle/hole, and spin degrees of freedom. The self-
energy can then be written

S i
Y= , Cl1
(Zm Yoo €D
where YJ;; is now a 4 x 4 submatrix in the particle/hole and
spin degrees of freedom corresponding to momentum sec-

tor (i,7). The self-energy is related to the Green’s function
through the Dyson equation, so that

1 (G (k) — S0 (k) —Z1a(k)
¢ = ( i —Eme)H G(?l(k+é2) _222%)).
(62))
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Away from half-filling, both k£ and k + @ cannot both be on
the Fermi surface, so one of the submatrices on the diagonal
will have a term proportional to the identity matrix and pref-
actor of the same order as the electron energy scale. We now
assume that k is close to the Fermi surface, so that this ap-
plies to G5 ' (k+Q). To obtain the Green’s function G(k), we
then make use of the following matrix inversion identity [57]:
Given a matrix G~ which can be partitioned into submatrices
and written on the form

~1_ (N11 Ni2
o= <N21 sz)’ €3

where N1 and Nos are invertible matrices [58], the inverse
can similarly be expressed

_ (M Mo
G= <1W21 ]\122> ’ €4

with submatrices

My = (N1p — NiaNgpt Noy )71, (Csa)
My = —(N11 — N12N2_21N21)71N12N2_21-, (C5b)
My = —N{glNzl(Nn - N12N2721N21)71, (C5¢)
Mpz = (Nao = Nay Nji'Niz) ™" (C5d)

In our case, Naz can now be thought of as an elec-
tronic energy that is much larger than the other submatrices,
which have contributions from the self-energy and the non-
interacting Green’s function close to the Fermi surface. As
long as the renormalization is small compared to the electron
energy scale in the problem, N{; No is then small, and Mo,
and M, are suppressed relative to M71. By similar reason-
ing, My, is also small, and M7, can be approximated by Nﬁl.

When k4 Q is close to the Fermi surface, we may similarly
neglect M1 and the off-diagonal terms, but not Mss ~ N2_21.
For a general k, we may therefore neglect the off-diagonal
terms, which is exactly what we use in the main text.

Appendix D: Vertex corrections

In order to obtain some insight into the importance of ver-
tex corrections, we will attempt to estimate the magnitude of
the lowest-order vertex corrections. Focusing on regular pro-
cesses for the time being, a magnon-equivalent of the lowest-
order vertex correction for phonon-mediated superconductiv-
ity is presented in Fig. 8 (a). Due to conservation of spin, this
diagram vanishes for our system. Starting with the upper ver-
tex of the vertical magnon line, we see that the electron spin is
flipped from 1 to |, meaning that the outgoing magnon carries
a spin +1. In the lower vertex of the vertical magnon line,
this spin needs to be returned to the electrons, but the incom-
ing electron already has spin 7 instead of spin |, and spin can
therefore not be conserved in this vertex. Including Umklapp



FIG. 8. (a) Typical lowest-order vertex correction, which vanishes
in this case due to conservation of spin. (b) Lowest-order vertex
correction for our model.

processes, the momentum structure of Fig. 8 (a) will differ,
but the spin structure stays the same. The lowest-order vertex
corrections are therefore of the type represented by the dia-
gram in Fig. 8 (b). As the diagram in (b) is of higher order,
the effect of vertex corrections should then be expected to be
smaller than what would have been the case if the diagram in
(a) had not vanished.

The diagram in Fig. 8 (b) represents a correction to the
electron-magnon vertex % gy — % gy(1+T), where

V4 ,
T(k.a)~ 57 > DR () DR (") Gy (k + ¢ = q)
q,9

X GR(k—q +q¢"—q) Gy (k—q +¢") G5 (k — ).
(DD

A quick estimate for I" can be obtained in the following way
[36]. We approximate the magnon propagators as

AF(0)
D(g) ~ A0

We

D2)

for Matsubara frequency ¢, less than some cutoff frequency
we ~ wp, where wp is the magnon gap. For ¢,, > w., we
take the magnon propagator to be zero. The number of terms
that should be included in each of the Matsubara sums is then
roughly Sw.. When performing the sums over momentum,
the fermions will typically be away from the Fermi surface.
‘We then approximate the momentum sums with the number of
lattice sites NV, and the electron Green’s functions by G§* ~
1/EFp, where Ef is the Fermi energy, which is taken as a
measure of the electron energy scale ~ 1eV. We then obtain

2 2
r VZNARE(0) 1
E% 100 |’

where we have inserted typical values for the relevant energy
scales, and taken €2 = 0 which is suitable for the case of a rel-
atively small Fermi surface where regular processes dominate.
This estimate would indicate that vertex corrections are typi-
cally small. It does however not take into account that there

(D3)
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can be large contributions arising from fermions being close
to the Fermi surface when ¢ — 0. In order to pick up such
contributions, we need to perform a more detailed estimate.

Starting from Eq. (D1), we can perform the Matsubara
sums. Following Ref. [59], we focus on the term that arises
from the poles of the boson propagators, limiting the number
of factors with fermion energies in the denominator. At zero
temperature, this term becomes

Ly(k,q) = —4v* > AR (q)AFR(q")

q',q"

1 1
X " .
<Wq’ + an - fqu’ > <Wq“ + £k+q”fq - Z(kn - Qm)>

1
—wg" —&k—q'+q"—q

X
<wq’ + i(kn - Qm)

1
X " .
<wq« + an — Wq!r — 6kq’+q”>
(D4)

To estimate this term in the limit of small g, we need to an-
alyze which regions of the Brillouin zone that dominate the
momentum sums. The momentum scattering processes in the
vertex correction diagram can be represented by a hexagon
where opposing sides are parallel and equally long due to con-
servation of momentum, as shown in Fig. 9. Each vertex in the
hexagon represents the momentum of an electron propagator
in the Feynman diagram. We consider processes where k and
k — q are close to the Fermi surface. Consider the variables
q' and ¢’ — q¢"" = 7 to be the integration variables of our mo-
mentum sums. For small g, the vertices 2 and 3 in Fig. 9 are
reasonably close to each other. The dominant contributions to
the diagram should therefore arise when k — q’ + q” is close
to the Fermi surface. With ¢’ — ¢” fixed, the position of the
remaining two vertices 1 and 4 is fixed by choosing ¢’. Tak-
ing vertex 1 to be close to the Fermi surface, vertex 4 will now
typically end up away from the Fermi surface. The number of
terms in the sum over g’ where vertex 1 is close to the Fermi

o
k-a _——_F
k-q

k—q/+q”

k-q'+q" -q

FIG. 9. The momentum scattering processes in the simplest non-
vanishing vertex correction of Fig. 8 (b) can be represented as a
hexagon. Opposing sides in the hexagon are parallel and equally
long due to conservation of momentum. The Fermi surface (assum-
ing large doping) is shown as a circle.



surface is of order Npw,. The Green’s functions correspond-
ing to points 1 and 4 in the hexagon can then be approximated
by 1/w. and 1/EF, respectively. By also approximating the
boosting factors by their maximum values A%#(0) and the
remaining magnon energies by w., we may then approximate
the vertex correction by

ANp[VZARR(0)]2 !
F1(k7Q):* F[ EFE ( )] Z(ikmfk#)

« 1
7:(k’n - (Im) - §k—1r—q '

Alternatively, one can attempt to further restrict the sum over
¢’ in order to keep all the fermions close to the Fermi surface,
producing a similar result as in Eq. (DS5).

Introducing p = k — m, the diagram can now be calculated
by Taylor expanding in small g, using

(D5)

Epfq ~ fp - (pr) q = Ep — UFQ Cos (eq(p))> (D6)
where v is the Fermi velocity and 64 (p) is the angle between
V¢p and g. Writing the momentum integral in terms of polar
coordinates and integrating out the radial momentum, we then
obtain

A[NpV2AER(0)]2
Dy (k. q) ~ —i VA (OF e ©)
F

21 1
x {@(m)@(k”qm)] /0 i <1quqcos(9)>
(D7)

Performing also the angular integration, one may show that
the vertex correction contribution for nonzero bosonic Mat-
subara frequency is of order

2
NFV2A5R(0)> < Ep

Ti(k,q) ~ < o m) (D8)

In short, this result can be interpreted as follows: Domi-
nant contributions to Eq. (D4) arise from Nrw, terms in each
of the momentum sums where two of the electron propagators
then are of order 1/w, as these electrons are close to the Fermi
surface. One of the electron propagators is replaced by a fac-
tor 1/E, as the electron in this case is not close to the Fermi
surface. The last propagator momentum is reasonably close
to the Fermi surface due to the small momentum scattering
g. This propagator is found to be of order 1/+/(vrq)? + ¢2,.
where the square root can be interpreted as an interpolation
between the frequency and the momentum energy scales for
the scattering process with three-momentum (g, g, )-

For ¢ — 0, ¢, ~ 1K, and typical values for the remain-
ing energy scales, the expression in Eq. (D8) is found to be of
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order 1, indicating that vertex corrections could become im-
portant for long-wavelength magnons. As vrq in the denom-
inator grows quickly with ¢, the momentum region where our
estimate for the vertex corrections is of importance is quite
limited. Whereas the above expression is quickly reduced
when ¢ surpasses ¢, /v, the corresponding momentum cut-
off for the magnon propagator depends on the magnon group
velocity close to the bottom of the band, meaning that the mo-
mentum region where the estimated vertex corrections are of
importance is typically significantly smaller than the momen-
tum region where we obtain large contributions to the Eliash-
berg equations. A more rigorous treatment of the vertex cor-
rections would treat both momentum sums in detail and could
potentially give rise to contributions that are larger and/or less
quickly reduced with increasing q.

As the diagram in Fig. 8 (a) vanishes for our model, one
might imagine that it could be possible to obtain signifi-
cant vertex corrections by going to higher-order in magnon
operators in the electron-magnon interaction, giving rise to
electron-magnon scattering processes without spin flips. In-
cluding higher-order terms in the interaction Hamiltonian aris-
ing from the z-component of the antiferromagnetic spins, one
may construct a diagram like the one in Fig. 8 (a) where the
vertical magnon line has been replaced with a magnon loop
and the vertices of the magnon loop does not involve an elec-
tron spin flip, conserving the electron spin in the diagram. Per-
forming estimates like those presented above, such diagrams
are found to be of similar magnitude and displaying a similar
suppression with increasing momentum g as the diagram in
Fig.8 (b).

For larger Fermi surfaces and 2 = 1, the regular processes
are of little importance and the physics is dominated by Umk-
lapp processes. Modifying the diagram of Fig. 8 (b) to only
include Umklapp processes, all spin-| electron propagators
therefore attain an additional momentum shift Q. Below half-
filling, for k on the Fermi surface, placing k — g + Q on the
Fermi surface now requires a finite momentum q. Contrary
to the case with regular processes and g — 0, choosing the
hexagon vertex 2 reasonably close to the Fermi surface does
therefore not necessarily mean that the hexagon vertex 3 is
also reasonably close.

Exactly at half-filling, the Fermi surface is perfectly nested,
and the electron momenta can all be chosen reasonably close
to the Fermi surface for a wide range of integration momenta
and relevant values of g. Thus, we would get large vertex cor-
rections [49, 50, 60]. Moving away from half-filling, the nest-
ing of the Fermi surface is no longer perfect. Our simplest
estimate in Eq. (D3) will then eventually be restored, where
AEFE(0) needs to be replaced with the maximum value of
AUU((q) for scattering processes on the Fermi surface. Thus,
we would expect vertex corrections to become unimportant
sufficiently far away from half-filling.



Appendix E: Material parameters

Typical parameter values are shown in Table I. The electron
density of states is calculated by numerical evaluation of the
elliptical integral in Ref. [61].
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TABLE 1. Parameter values used in the numerical results. We refer
to the main text for an explanation of their meanings.

Quantity Value

Ji 2meV

JQ 0.2 J1

K 1x107*J;
J 15meV

S 1
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