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Abstract

Over 20 years ago, Blagoev et. al. predicted an s-wave pairing instability
in a ferromagnetic Fermi liquid (FFL) as a consequence of spin fluctuations
[5]. Shortly after, it was discovered that, when magnetic interactions in the
ferromagnetic superconductor UGe2 dominate, quasiparticles with parallel
spin form pairs in odd-parity orbitals; i.e., a form of spin-triplet p-wave
superconductivity emerges, in contrast to Blagoev et. al.’s prediction [6].
In this work, we return to this issue by introducing the effects of a gapped
amplitude (or "Higgs") mode on the vertex corrections and subsequent form
of Cooper pairing. As the Higgs mode only propagates in the presence of a
finite spin current, such an amplitude mode results in strong momentum-
dependence in the many-body vertex. This results in the emergence of
an unconventional form of superconductivity mediated by unconventional
low-energy modes in a weak itinerant ferromagnet.
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Chapter 1

Overview

Superconductivity is thought to arise from an attractive interaction that
overwhelms the Coulomb repulsion between pairs of electrons. In the stan-
dard model due to to Bardeen, Cooper and Schrieffer (BCS), an attraction
between electrons is caused by the indirect effects of the crystalline lattice of
ions as electrons move across it, where an electron moving through the lat-
tice creates a positive ripple, thereby, attracting another electron to it. This
BCS picture of cooper pairing is now believed to account well for traditional
superconductors, but there is a growing number of metallic compounds, in-
cluding the high-T superconductors, in which superconductivity appears
anomalous and where the precise mechanism of electron pairing remains
controversial. Therefore, it is reasonable to look at other states, namely
magnetic states such as paramagnetism where spins are randomly aligned,
ferromagnetism where spins align, and anti-ferromagnetism where spins are
oppositely aligned, which may contribute to electron-electron pairing. An
attraction between Fermion quasiparticles near the Fermi surface, arises, at
first sight, from the effects of electrons moving over the lattice, but unlike
the bare Coulomb repulsion, which is independent of the electron spin, a
part of the interaction between quasiparticles can depend on the relative
orientation of the spins, and thus, on the magnetic moments of the carriers.
In the simplest case of nearly ferromagnetic metals, pairs of quasiparticles
with parallel spins attract while pairs with antiparallel spins tend to repel,
showing ferromagnetism may contribute to electron-electron pairing.

This search for ferromagnetic superconductors dates back to the 60’s
when superconducting materials with magnetic impurities were studied by
Abrikosov and Gorkov, which inspired Larkin and Ovchinnikov to study
a model of effective field theory of superconducting fermions coupled to
magnetic impurities where they described the phase diagram of such a
system [1]. While at first, phonon modes may seem detrimental to su-
perconductivity, Thomsen, Cardona, Friedl, et al. reported quantitative
evidence from Raman scattering for the applicability of stroing-coupling
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theory for phonon self-energies to high T superconductors. They found
optical phonon frequencies in the superconducting state of Y BayCusO,_s
which aligned with the phonon self-energy shift obtained from string cou-
pling theory. They used this to determine the interaction’s effect on T
and found that some form of coupling of the lattice to the electronic sys-
tem exists in the superconducting state of high-T¢ superconductors [2].
Later it was found that a collective acoustic phonon, or Nambu-Goldstone
mode, and optical phonon, or Higgs mode, acted similar to phonons in
a lattice [3]. As s-wave pairing in the precessional Goldstone mode case
must overcome the large Stoner gap which suppresses superconductivity,
or decreases the magnetization amplitude, the prescence of the Higgs in a
ferromagnetic state was found to induce magnetization amplitude fluctu-
ations, which made the Higgs mode seem more likely to have a stronger
effect on the Cooper instability in ferromagnetic superconductors.

In 1999, an Itinerant ferromagnet, Rutehnium 1212, undergoing a High
temp superconducting transition was studied which prompted question of
a possible many-body itinerant fermionic system supporting both types
of broken symmetry, i.e. a system supporting both ferromagnetism and
superconductivity [4]. In this work, the self consistent equations for the
superconducting gap and the magnetization, which was tied to the doped
layers of this copper oxide compound, were solved simultaneously for the
first time. Their calculations were tied to the doped layers of this copper
oxide compound where the magnetism becomes itinerant, and they con-
cluded that the induced superconductivity arose from spin-singlet d-wave
pairing in the nearly antiferromagnetic CuO2 layers. In 1998, Blagoev and
Bedell solved for the zero-temperature vertex corrections for both the lon-
gitudinal and Goldstone phonon propagators [5]. They found that very
similar logarithmic behavior would emerge from including an additional
term with the second momentum p, term in the vertex. This implied that
the self-energy was weakly momentum dependent close to the phase tran-
sition and allowed for the realization of a local ferromagnetic Fermi-liquid
theory could be used to describe weak ferromagnetic metals where the mag-
netization is sufficiently small. This confirmed a s-wave pairing instability
in this phase.

Shortly after this proposed theory, an experimental approach was taken
by Saxena et al. on the border of itinerant-electron ferromagnetism in
UGes, suggesting the real possibility for the existence of a pure ferro-
magnetic superconductor|6]. They proposed three conditions that must
be satisfied for specimens to exhibit this phenomenon, of which the most
important being that the material should be close to the border of ferro-
magnetism, i.e. either in a strongly paramagnetic or a weakly ferromag-
netic state at low temperature. Now, whereas in Bedell’s 1999 paper, we
saw the induced superconductivity arose from spin-singlet d-wave pairing
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in the nearly antiferromagnetic copper oxide layers, and in his 1998 pa-
per, we saw spin-singlet s-wave pairing, Saxena found that when magnetic
interactions in this compound dominate over other types of quasiparticle
interactions, parallel-spin quasiparticles tend to form pairs that must nec-
essarily be in odd-parity orbitals. In other words, a form of spin-triplet, or
p-wave, magnetically mediated, superconductivity emerged. A year later,
Wang, Mao and Bedell, studied weak and nearly ferromagnetic metals ex-
hibiting p-wave superconductivity mediated by spin fluctuations [7]. They
determined Ty for the [ = 1 p-wave case from the gap function, and in
doing so, found a suppressed, nonzero, T value near the quantum critical
point further supporting that pairing due to ferromagnetic spin fluctuations
may be spin triplet in nature.

From these proposals, it is reasonable to assume that a ferromagnetic
superconductor will exhibit some form of unconventional pairing, namely
spin-triplet pairing or p-wave superconductivity, induced by an overlooked
amplitude mode within the ferromagnetic Fermi liquid. In this work, we
introduce the effects of the gapped amplitude, or Higgs, mode on the zero-
temperature vertex corrections, which is the first time this calculation has
ever been donel] It was found that the Higgs mode, which requires a
finite valued spin-current to propagate, introduces strong momentum de-
pendence in the many-body vertex. In turn, this increased momentum
dependence allows for an unconventional form of superconductivity me-
diated by unconventional low-energy amplitude modes to arise in a weak
itinerant ferromagnet.

!This work was supported by the John H. Rourke Endowment Fund and Undergrad-
uate Research Fellowship at Boston College.



Chapter 2

Second Quantization

We can begin with an approach toward understanding the BCS theory
of superconductivity through the methods of second quantization.E] This
method allows us to determine the appropriate creation and destruction
operators for the BCS Hamiltonian and perform a Bogoliubov transfor-
mation of this Hamiltonian to determine Ty from the gap function that
arises [

2.1 Issues with First Quantization

We begin with the case of many quantum particles, where if we know the
Hilbert space H; of a single particle along with a basis |«), we know that
for NV particles we have a Hilbert space of

N
Hy = ®H1~ (2.1)
i=1

where a complete basis becomes

@, 8. w) = o) @[B) - 7) (2.2)

Following this, we must solve a Schrodinger equation that admits a wave-
function depending on N variables for each of the N particles. However,
for many interacting fermions or bosons, this procedure is inadequate due
to the indiscernibility of the particles. Wavefunctions of the form (2) are no
longer directly applicable to the system. The functions can become com-
plicated even without interactions in the system as they must be properly
(anti-)symmetrized and normalized. For instance, with two particles we

have
1

o, B) = 7 [le, B) £ 18, a)] (2.3)

IFor a review of quantum statistics, see Appendix A[8-9].
2These notes on second quantization have been adapted from Giamarchi [10].

4
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where + denotes bosons and — fermions. The |a, §) denotes properly sym-
mertized and normlaized kets for indistinguishable particles. For ordered
kets by

|, ) = |a) @ [6) (2.4)

where the first particle is in state o and the second in . Certainly, as the
number of particles increases the need to use a symmetrized wavefunction
becoems extremely heavy as the terms grow as A/!. A general wavefunction
can be expressed as

Y(r1, 1,1y, ry) = C Y (1) Py (rp)a(rp) -t (e
P
(2.5)

where P represent the permutations of the numbers from 1 to N, s(P)
is the signature of the permutation P, and + is for bosons and — is for
fermions. For a fermionic system, we can write this wavefunction as the
Slater determinant

Yi(ry) oo i(ry)
Y(ry,ro, ..., Ty) = : : (2.6)
Ya(re) - dw(rw)

A second issue arises from the way operators are represented in the stan-
dard expression of quantum mechanics. Based on the fact that operators
depend on sums of terms, one would have to change the entire calculation
simply based on the number of particles, which is not ideal. Therefore,
the standard quantum mechanical representation, or first quantization, of
systems with many indistinguishable particles is inadequate here. We need
a system that permits these two things:

(a) Antisymmetrization is easily accomplished without having to deal
with V! terms.

(b) The description of the system is independent of the number or parti-
cles in the system.

Note that the second method will allow us the take the thermodynamic
limit, where A/ — oo and generalize to more situations where the number
of particles can change. These requirements can be accomplished through
the second quantization method provided in the following.

2.2 Fock Space

When particles are indistinguishable from one another, all we need to know
is how many particles are in a given quantum state. We can assume we have
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a basis |«) of states for a single particle. This basis is generally infinite,
but states can be quantized if we place the system in a box resulting in a
finite number of states |ay), |ag), ..., |ag). We can see that the length of
this basis is independent of the number of particles. For Bosons, one can
have a basis of length two with 1000 bosons present due to the fact that
they can be in the same quantum state. However, for fermions, the total
number of particles is always smaller than the possible states due to the
Pauli principle. Once we know the number of particles in a given state |«;),
we can fully describe the system and generate its wavefunction, thus, fully
characterizing the wave function by the set ny,ns, ..., ng, where the total
number of particles becomes N = n; +ny+---+nqg. We can define a space
where an arbitrary number of particles can exist. The Fock space can be
defined as the direct sum of all Hilbert spaces with 0,1, 2, etc. particles,
where if we let Hy be the Hilbert space with A/ particles, then

+oo
§=H (2.7)
j=0

We can define the state |nj,ng,...,ng). It is clear that two states with a
differeing number of particles N belong to different Hilbert spaces, and are
orthogonal in the Fock space. Using the wave function, for systems with
the same number of particles, one can see if the states form an orthogonal
and normalized basis

(n1,n2,...,naln|,nh, ... ,nG) = Ony w1 Ony g~ Ongynt, (2.8)

The basis can thus be used to determine evert operator and matrix element
in the Fock space. The basis chosen is convenient because it uses the
minimal amount of information to describe the system as the number of n;
needed does not grow with the number of particles in the system. E]

2.3 Bogoliubov Transformation

In principle, we know how to solve Hamiltonians of the form

H= ZA&7ﬁCLC/3 (29)
,p

Here we have a quadratic, but not diagonal, Hamiltonian. We can bring the
matrix A, g into a diagonal form by making the appropriate linear combi-
nation of the operators c,. The operators d,, which are linear combinations

3For a discussion on creation and destruction operators, one-body operators, and
two-body operators see Appendices B.1, B.2, B.3 respectively.
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of the ¢,, bring the matrix under diagonal form which allows us to get all
the eigenvectors of the problem. In general, the matrix A, would be of
size 2 x €0 and the diagnonalization would be very difficult to carry out.
There are, however, simple cases where the physics of the problem aids in
in this process. We can illustrate this with the tight binding Hamiltonian.
We will also be able to write this in second quantized form. A complete
basis is provided by the states on each site |i) and we can thus define the
creation and destruction operators associated with it. In other words, czT
is the operator creating a particle on site i. The second quantization form
reads

H =Y (i|HV|j)cle; (2.10)

i?j

where H®) is the Hamiltonian. We thus immediately obtain
H= EOZCZTQ —tZCZch (2.11)
i (t.4)

The second term describes a process where a particle on site ¢ is to reappear
on the site 5 and vice versa. This is quadratic but not diagonal. What this
actually is, is a tridiagonal matrix. To diagonalize this matrix, we can use
the physical input in that since the Hamiltonian is invariant by translation,
momentum must be a good quantum number. Thus, we want to deal with
creation and destruction operators that are linear combinations of the ¢;
that correspond to a Fourier transform. Here, operators will correspond
to the state |k). But let us simply treat this as a linear combination of
operators. We can define

No—1
1 < »
dl = — Z eZk”c; (2.12)
VN &

where we have used a different name d to emphasize that these are new
operators, which obey the required Fermionic operator properties. There
are exactly Ny different operators (the size of the Hilbert space cannot
change) and k is confined inside the first Brillouin zone k € [—7/a, 7 /d]
as discussed for the first quantization solution. Thus, |0;) = |0.). The
transformation is easily inverted

1 )
T —ikr; gt
c; = N Ek e "id, (2.13)

and thus replacing the ¢; in (78) and after some algebra, one obtains

H=FEyY did,—> 2tcos(ka)d}dy (2.14)
k k
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Since the Hamiltonian is now diagonal we can use the operators d; to
express simply the ground state and various averages. On the physical
level we have used the fact that since momentum is conserved one can
diagonalize simultaneously the momentum operators and the Hamiltonian.
Thus, the Hamiltonian is block diagonal in the basis of eigenvectors of the
momentum operator. Since this basis is of size Ny (N, different k values in
the first Brillouin zone) we are left for each value of k£ with a 1 x 1 matrix
to diagonalize. [T

The Bogoliubov transformation is a very useful tool to solve quadratic
but non diagonal Hamiltonians in second quantization. One of its remark-
able uses is that the one is not limited to Hamiltonians of the form cfc,
but can treat forms that contain cfc’ terms as well. For example, the
Hamiltonian

Hpcog = Z f(k)(cLTckT + CLWN) +4 Z l{:(c%ciki + Cc_kCrr) (2.15)
k

is the so called Bardeen Cooper Schrieffer Hamiltonian which is the basis
for the theory of superconductivity. The first term is simply the kinetic
energy, the second term represents the creation and destruction of pairs
of electrons. Note that this Hamiltonian does not conserve the number of
particles and has thus no simple expression in first quantization. However,
since it is quadratic one can treat this Hamiltonian by the Bogoliubov
transformation. In fact, using the canonical transformation

CleT = O‘L
= B (2.16)

Note that this transformation mixes creation and destruction operators.
This one great advantage of the second quantization to allow easily for
such operations. In the transformation it is also important to remember
that

10c,5) = Tl [0crey) (2.17)

In terms of the operators o and [ the BCS Hamiltonian becomes

Hpos = Y §(k)(afar — BLBK) + 0 Y (alBs+ Blax) + > _&(k)  (2.18)

since for most dispersions (k) = {(—k). This is exactly the Hamiltonian
we already examined up to a simple constant, and therefore, it can be
solved by exactly the same transformation.

4For a more complicated problem using the Bogoliubov Transformation to transform
the tight binding Hamiltonian, see Appendix B.5.
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2.4 Bardeen-Cooper-Schrieffer (BCS) Theory

Here, we will utilize the methods of second quantization to find T from the
gap function, which contains components of s and p wave pairing, defined
in the BCS Hamiltonian.These notes on BCS Theory have been adapted
from Henley [11| and Bukov [12].

2.4.1 Derivation of Ty

The Fermi-Hubbard Hamiltonian, which describes fermions of spin ¢ =7, |
on a lattice, is given by

H = —tf Z (CIUCJ'U + ]’LC) — ,uZmZ + Uff Zmnmii (219)

(i,4),0

Here, we assume that each fermion can hop to the nearest-neighbor lattice
sites, which gives them an energy of ;. If they are on the same site, then we
must provide an energy Uy, which is included in the second or interaction
term on the right hand side. Also, the fermions obey the commutation
relation {c}a, Cio} = 00,070;j. The number operator is given by m; = m; +
m;y, where m;, = c;-fgcw. For half-filling, we have (m;) =1, or y = Ep =0,
thus simplifying the above to

H=—t; Z (C}‘O.ng + h.c.) + Uyy Zmnm@ (2.20)
(i,4).0 i

From this, the Hamiltonian can now be written as

_§ : T Uy 2 : i {
HBCS = - €kCLyClo + NS 2 Ck+chfk¢C—k'ick’+qT (221)
g sRTq

where €, is the individual energy of the k-th state. As this appears unsolv-
able because it is not quadratic, let us cast the interaction part of the BCS
Hamiltonian in a quadratic term with the fermionic operators ¢ and ¢f. To
do this, we utilize a mean-field (MF) description to decouple the quartic
term which allows us to define the gap function A, asE]

U
A =H Z <CL+qTCT—k¢> (2.22)

% keBZ

This acts to break a Cooper pair with energy Uy; only to create a new,
subsequent Cooper pair. In other words, it defines the superfluid order
parameter while representing half the energy needed in order to break a

°The derivation of T from the gap has been largely assisted by Bukov [12].



2.4. BARDEEN-COOPER-SCHRIEFFER (BCS) THEORY

pair of Fermions. In general, the gap is a function of the quasi-momentum
q, and its different components correspond to s, p, and d wave pairing if we
expand to into the basis with respect to the point group of the underlying
lattice. Therefore, s wave pairing is defined by A in the Fourier expansion.
Let us limit our investigation to s wave pairing. To find the mean-filed
decoupling of the interaction portion of the Hamiltonian, we utilize the
mean-field approximation for an operator AB ~ (A)B + A(B) — (A)(B).
This assumes that (JASB) is to be ignored, where A = A — (A) and
6B = B — (B). Here, we make the Bogoliubov replacement for the four
fermion operator, which is given as

clcgcgcl ~ <ch§>czcl + clc;,(cgcﬁ — <C£C-§><C201> (2.23)

Thus, the mean field decoupling is given by the form

Urs Pt . Pt N, 2
N, D ChratCliCwitw gt ® B0 ) corilrigt + A5 el — U ol
® kg k & ff
(2.24)

Since |Ag| only enters the equations for determining the phase boundary,
we can take Ay as a real number and write our BCS Hamiltonian as,

~ o 2 t SAY Cit
H~ —U—ff|A0| + Z €k Z (CkT C,]w) (Ao —ep Cory (225)

keBZ  keBZ

Due to the tight-binding dispersion, we have », ., €, = 0, and thus, we
introduce the Bogoliubov transformation

N I [ S i1 - e
2 Vei+Aol? 2 Vet Aol?
L1 &% o I T
2 Vet Aol? 2 VertlAol?

with My, = u, My; = v,and define operators d, = M¢, and ¢, = (cmciki)t
to obtain [

(2.26)

H =~ Egs + EkGBZ,UEkaLJQIm (227)

Here, E,, is the ground state energy, and Ej = \/€ + |Ag]? . Now that
this is derived, we procede to the gap function. We know that we have

U U 0 1) .
N il = do=FL 3@ (0 o) &) (2.28)

% keBZ 5 keBZz

A, =

SFor the following calculations, see Appendix B.6.
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2.4. BARDEEN-COOPER-SCHRIEFFER (BCS) THEORY

Implementing the Bogoliubov transformation, we obtain

Uss

Ay = N

Z (uv(a%akﬁ + u%“;ﬂlﬂ - U2<a—kiaik¢> - UU<a—k¢aik¢>>
keBZ
(2.29)

The averages above were calculated in the notes by Giamarchi, except there,
we used v instead of a, and thus we obtain

U
Ao ==L (uo(1 - 2fp(E))) (2.30)
® keBZ
where
1 A
U = ——F—— (2.31)
2+ 1A
Therefore, the finite-temperature gap equation is given as
Uy Ao
- (1 —2fr(ER)) (2.32)
2N keZBZ €, +100]?

If we consider the zero-temperature limit, then fr(E)) — 0, and we obtain
the zero-temperature gap equation

= Uff > S (2.33)

$ keBZ €i+|AO|2

This is a nonlinear integral equation for a whole unknown function A,
which in general could only be solved by numeric integration. To calculate
the value of T,, the new gap equation looks like this function with an extra
factor of tanh(Fy /2T) on the right side as tanh(e) = 1 — 2F(¢). If we
adopt Cooper’s toy potential, we obtain

= —v0 Z —tanh ( ) (2.34)

where the potential Uss Vy. Raising 7', the tanh factor suppresses the
logarithmic divergence, which was handled by A in Ex = /ef + |A]? in
the denominator. Therefore, the value of A will decrease. By definition,
T. is the temperature where A = 0 and thus Ex = |ex|. At the critical
Be = 1/T., we get

VZ tanh L3 Jexd —1N(O)V/+hwcd L fanh 24,
2N 0 an 9 cl€k —2 0 - €|€‘ an 9 cl€
(2.35)
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2.4. BARDEEN-COOPER-SCHRIEFFER (BCS) THEORY

using the same approximations as in Sec. 7.3 D. We can estimate this
integral by the "poor man’s approximation" as in Sec. 7.3 D. The upper
cutoff is hw,. while the lower cutoff is roughly e, &~ T, since that is where
the tanh fucntion in (121) crosses over from unity to a linear behavior that
cancels the 1/]e| divergence. Thus, T, is playing the same role in (121) that
A played in the gap equation in Sec. 7.3 D; we have 1 ~ N(0)V[In(hw,./T)
+ const.] and T, ~ A(0). In fact, you can solve exactly,

T. = 1.14hwe N OV (2.36)

which is written in terms of the density of states N(0) times the potential
Vo. This is the BCS result for the superconducting transition temperature
Te.
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Chapter 3

Fermi Liquid Theory

A Fermi Liquid is a quantum many-body state that involves a group of
interacting fermions, whether interactions are small or large. It generally
is a low temperature state of a metal characterized by well defined Landau
quasiparticles, or low lying excitations of an interacting electron system
with the same spin, charge, and k vectors as the electrons. The quasipar-
ticles can have as many degrees of freedom as electrons and be labeled by
k. As they still obey the exclusion principle, a quasiparticle is fermionic.

A collective excitation is what becomes bosonic. A collective excitation
is a quantized mode in a many body system which occurs because of oscil-
latory (cooperative) motion of the whole system as a result of interactions
between particles. These obey Bose-Einstein statistics and examples are
plasmons and phonons in solids. A cooper pair is a loosely bound pair of
fermions with opposite or aligned spins and moving with the same speed
in opposite directions. They are believed to be responsible for supercon-
ductivity. As the pair is composed of total spin 0 or 1, these are bosonic.

A Fermi Liquid exhibits two types of symmetry, namely gauge U(1)
symmetry and spatial translational symmetry. Gauge symmetry is geo-
metrically the rotational symmetry of a circle, or a set of 1 x 1 matrices,
i.e. a symmetry group from electromagnetic interactions where fermions
act individually. Furthermore, a Fermi liquid is highly entangled. This can
be quantified and the entanglement entropy for free fermions scales as

Sy~ L7 'InL (3.1)

with the Fermi momentum kr allowing the units to match. Using L =
27kr, we have

Sy ~ (27kp)? In 27k (3.2)

which is isotropic, or exhibiting the same properties in all directions.
Really, metals themselves are not Fermi Liquids, however, the sea of
electrons within them is, which is also dependent on the lattice of the metal
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3.1. QUANTUM FERMI LIQUID

in some cases. It is really the interactions between these electrons that form
a Fermi Liquid. However, Fermi liquids only describe a metal in its normal
state. Therefore, superconductors and orthogonal metals, where charge
carriers are orthogonal to electrons, do not exhibit the necessary properties
to be Fermi Liquids.

3.1 Quantum Fermi Liquid

Once the temperature of a liquid is low enough, the de Broglie wavelength
corresponding to the thermal motion of the atoms becomes comparable
with the distances between the atoms, and thus, the macroscopic proper-
ties of it are determined by quantum phenomenaE] We will need to under-
stand a macroscopic body’s energy level spectrum in order to find relevant
thermodynamic quantities. When calculating the partition function at suf-
ficiently low temperatures, we will only consider energy levels that are
weakly excited within the liquid, i.e. those lying close to the ground state.
We can then regard these weakly excited states of a macroscopic body as a
collection of separate elementary excitations acting as quasiparticles with
energies € and momenta p. Here, we will take ¢(p) as the dispersion relation
for the elementary excitations.

Noting that energy spectrums within quantum liquids can vary, consider
a liquid with a Fermi spectrum. The structure of this energy spectrum will
take a similar form to that of a Fermi gas. However, in a liquid, there are
no quantum states for individual particles. Thus, for a Fermi liquid, we can
consider a system of fermions where we turn on interactions slowly enough
to build a one-to-one correspondence between the free Fermi gas and the
interacting Fermi liquid. Here, the elementary excitations, or quasiparti-
cles, relate the the gas particles where the number of quasiparticles, which
obey Fermi statistics, is equivalent to the number of atoms. This spectrum
is specific to the nature of interactions between atoms in this system and
cannot be applied in general to all liquids. Each of the quasiparticles has
momentum p. Take n(p) as the momentum distribution function of the
quasiparticles, which is normalized by

/ndT:
3

where dr = (217?)3' Classifying the type of spectrum involves supposing
that the energy FE of the liquid is uniquely determined, where the ground
state corresponds to the distribution in which all states are occupied within

(3.3)

<|=

!The notes in this section have been adapted from E.M. Lifshitz and L.P. Pitaevskii
[13].
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3.1. QUANTUM FERMI LIQUID

the Fermi sphere, whose radius pr is related to the density of the liquid by

% 3(2wh)?  2m2h? '

which is the same as seen for an ideal gas. As the total energy F of the
liquid is a functional of the distribution function, which does not reduce
to the same form as for an ideal gas in [ nedr, the total energy E is not
the sum of energies € of the quasiparticles. In order to write an expression
for the energy of the quasipartciles allowing for their interaction, we can
consider the change in F due to an infinitesimal change in the distribution,
i.e the free energy functional,

57E = /e(p)éndT (3.5)

where € is the functional derivative of the energy E with respect to the
distribution function. This expression accounts for the change in energy of
the system when a single quasiparticle with momentum p is added, and is
a functional of the distribution function as ¢ depends on the distribution
of particles in the liquid.

Thus far, we have ignored the spin of the quasi-particles, and since spin
is quantum-mechanical, the distribution function must be a regarded as a
statistical matrix or an operator n(p) with respect to the spin. The energy
e of an elementary excitation is a function of both the momentum and an
operator with respect to the spin variables expressed in terms of the quasi-
particle spin operator 5. Stating that a quasi-particle has spin expresses
the possibility that all energy levels could become doubly degenerate, as in
the case of a homogeneous isotropic liquid where the quasi-particle energy
becomes independent of the spin operator. This allows for the spin of the
quasi-particles to be labelled as %, regardless of the spin of the particles
within the liquid, as any spin s other than a % would simply create branches
of € with each branch corresponding to quasiparticles with spin % Now, the
distribution operator n(p), which arises from the existence of spin, can be
written as a Hermitian statistical matrix n,s(p), where o, 5 = i% are spin
matrix indices. Here, the diagonal matrix elements determine the numbers
of quasi-partciles in each spin state, and the normalization condition for

the distribution is written as

N
tr | ndr = aadT = —
r/nT /n T v

d3
dr P

~ (27h)? (3.6)

where tr denotes the trace of the matrix with respect to the spin indices.
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3.1. QUANTUM FERMI LIQUID

The quasi-partcile energy € is then also an operator expressed as

E
57 :tr/eéndrz /6a55n5ad7 (3.7)

and as there is no spin dependence of the distribution function and the
energy, Nqgp, €ap reduce to unit matrices nyg = Ndap, €ap = €0qp3. Then,
taking the trace in the previous expressions multiplies each by a factor of
2, 1.e.

N oE
2/nd7 =3 and v = 2/65nd7' (3.8)

In statistical equilibrium, the quasi-particle distribution is a normal Fermi
distribution with the energy as defined by equation (3.7). Thus, as the
energy levels of the Fermi gas and liquid are distinguished in the same
way, the entropy S of the liquid can be found from a like combinatorial
expression in

S
v —tr/[n logn + (1 —n)log(l — n)]dr (3.9)
with total particle number conservation 57N = tr [dndr = 0 and total
energy conservation 57E = tr [ edndr =0,
1
eT +1

we obtain the desired distribution of the liquid where p is the chemical
potential. When the energy becomes independent of the spin, we have

1

T e 1]

(3.11)
where at T' = 0 the chemical potential is equal to the Fermi energy, or the
limiting energy on the surface of the Fermi sphere, i.e. p |r—o= €r = €(pr).
For the assumption that a definite momentum can be assigned to each
quasi-particle to be valid, we require that the uncertainty in the momen-
tum due to the finite mean free path of the quasi-particle must be small
in comparison with both the momentum itself and the width Ap of the
transitional zone of the distribution. This condition takes the form

I p<pr
O(p) = 3.12
) {O P 3.1

where it is satisfied if the distribution n(p) differs from the above expres-
sion only in a small region near the surface of the Fermi sphere. This is
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3.1. QUANTUM FERMI LIQUID

due to the fact that, by the exclusion principle, only quasi-particles in the
transitional zone of the distribution can take part in mutual scattering,
and as a result, they must enter free states in that zone. Therefore, as
the probability of collision is proportional to (Ap)?, the uncertainty in the
energy, and thus, the momentum are both proportional to this quantity.
When Ap is small, this allows for the condition to be satisfied, where the
uncertainty in the momentum will be small in comparison with pr and Ap.
This method described can be adequately applied to to excited states of the
liquid which are classified by a distribution differieng from a step-function
in just a narrow region near the Fermi surface. Since thermodynamic equi-
librium distributions require sufficiently low temperatures and the width
in this distribution has order T', the condition for the theory to be valid is

h << T (3.13)

-
where the quantum uncertainty in the energy of a quasi-particle is of order
2, where 7 is defined as the mean free time of the quasi-particle. We can
see that the time 7 is inversely proportional to the squared width of this
zone in 772 where the condition on § is certainly satisfied as T" — 0, and
as we are considering weak interactions, 7' << |ep|. For distributions close
to T = 0, i.e. near step-functions, we can make a first approximation wjere
we can replace the functional e by its value for n(p) = 6(p). Then e becomes

a definite function of the magnitude of the momentum, and n = ——=

eT)+1

becomes the normal Fermi distribution.
As the function €(p) has explicit physical significance near the Fermi

sphere’s surface, we can expand it in powers of p — pp, i.e. € — ep =

ve(p — p — F) where vp = [g—;] is the velocity of the quasiparticles
P=PF

on the Fermi surface. In an ideal Fermi gas, where quasi-particles are the
. 2 .
same as the actual particles, e = & — ovp = 5—?. Thus, for a Fermi

2m
liquid we can define

O (3.14)
UF
called the effective mass of the quasi-particle. We can now write as the
condition for the theory to be applicable T << vgpp, where only quasi-
particles with momenta p, |p — pr|<< pp hold value. This effective mass
allows us to write the entropy S and specific heat C' of the liquid at low
temperatures as

S=C=VyT (3.15)

where v = ";;%F = (%71’)%<ng)(%)%, which is the same expression as for
an ideal gas with the insertion of the effective mass m* for the particle
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3.1. QUANTUM FERMI LIQUID

mass m. This can also be seen from equation , which is the same in
the gas and liquid cases, and as we are only considering momenta near pg
to be important, the quasi-particle distribution of the liquid and particle
distribution of the gas can be expressed as in equation (3.11]).

Now, in order to determine the Landau parameters in Fermi liquid
theory, we must use a perturbative approach to write the difference in the
Free energy as

1 1
5F = V Z(Epg - M)(Snpa' + W ng fgﬁ// 5np0'5np/0' (316)

where dn describes density fluctuations about equilibrium and the landau
paramter f contains all interactions,
2 En,,
fpp’ = [ - ]_ (317)

/ 57’Lp05np/0/
In the following section we will show that there is a lower bound to the
Landau parameter, which can be shown by performing a transformation of
Free energy. From this theory, we also have the linearized Landau Kinetic
equation,

on?
527;]3 + v, - % <5np — 8_:5€p) = I[ny] (3.18)
where v, and the partial derivative of the density fluctuations with respect
to € are equilibrium functions, and I is the collision integral in term of the
density fluctuations. This function describes the dynamics of quasiparticle
disturbances within our system, and therefore, the collective modes of the
Fermi liquid can be derived from this equation.

An important theorem that arises from Fermi Liquid Theory includes
Luttinger’s theorem, which states that the volume enclosed in the Fermi
surface is independent of the interaction strength so long as the density
is held fixed. Fermi liquids are not the only things to obey Luttinger’s
theorem. Things like dilute 2D materials such as low-disordered silicon
metal-oxide semiconductor field-effect transistors, where there appears to
be a strongly-correlated metallic ground state with a lack of a Landau Fermi
liquid. Strange metals obey this and pseudogaps violate this theorem.
This theorem is profound as it can be utilized in theoretical models of
correlated electrons, such as the high-temperature superconductors, and in
photoemission, where a metal’s Fermi surface can be observed directly.

Another reminder is that a superconductor is not a Fermi liquid be-
cause in the normal BCS state there is an attractive interaction between
fermions to create bosonic cooper pairs. The Fermi liquid description fails
here because the quantum numbers of the noninteracting Fermi gas are
no longer good, i.e. particle number conservation is violated, and thus,
superconductors are not Fermi Liquids.
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3.2. THE POMERANCHUK INSTABILITY CONDITION

3.2 The Pomeranchuk Instability Condition

We can now look at a transformation of the free energy to derive the Pomer-
anchuck instability condition.. This instability condition imposes a lower
bound on the Landau-Fermi Liquid parameter Fj by imposing that the
free energy of the Fermi liquid cannot become negative. To derive the
Pomeranchuk instability condition, we can begin with the difference in the
distribution of fermions,

ONpo = Npo — Ny = O(pr (0, ¢) — p) — O(p% — p) (3.19)

where n,, is the distribution function, p is the momenta, pr = kph is the
Fermi momentum, and O is the Heaviside step function. We can then input
this difference into the expression for the free energy

Z(ep — )on,, = Vi Z(p — PF)0Nps (3.20)

and expand via spherical harmonics to obtain

2 1
1+F—(2+F =0
o (50) () e

2
— 1+ Fp > pg(\’% (g - Fo) (3.21)

where we require the final expression to be > 0 for this condition to remain

unbrokenE] In general, when this condition is violated, the Fermi liquid

description is no longer valid. Here, if o < éil;% pr/m, when pgg is less

3
than this, a Fermi liquid approach is no longer valid. In fact, when this
condition is broken, it allows for ferromagnetic order to arise within the
system.

3.3  The Ferromagnetic Fermi Liquid (FFL)

We can now extend the Theory of the Fermi Liquid to the Ferromagnetic
Fermi Liquid. In the Ferromagnetic Fermi liquid, spin SU(2) symmetry is
conserved. This is geometrically the rotational symmetry of a sphere, or
the set of 2 x 2 matrices with unit determinant. This can be thought of as
analogous to the weak nuclear attraction between a pair of fermions and
set of bosons. Here, we are considering an itinerant Ferromagnetic Fermi
Liquid where spins can move, and thus, magnetization fluctuations in this
system are permitted.

2For the full calculation, see Appendix C.1.
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3.3.1 FFL Self Energy Expansion and Linearized Spin-
Magnetic Equation

In order to aid our extension of Fermi Liquid Theory to Ferromagnetic
Fermi Liquid Theory, we can look at the work of Abrikosov, Gorkov, and
Dzyaloshinski. We can write the free energy functional in terms of the
magnetization, which is our order parameter in the FFL,

L+ Fg o 1 A
= _— 3.22
+9N(0)3m° + (3-22)

oN(0) O

where mg is the equilibrium magnetization, N(0) the density of states,
g is some positive constant, and F/* = fN(0) are the dimensionless anti-
symmetric Landau parameters. In this Landau-Ginzburg free energy, when
1+ F§ is negative, we break the Pomeranchuck instability condition allowing
ferromagnetic order to arise and the possibility for spontaneous symmetry
breaking to occur. In order to study the collective modes in the FFL, we
use the Linearized Landau Kinetic Equation in the spin channel, which
describes the free oscillation of the momentum dependent magnetization,
or ém,, which describes magnetization fluctuations about equilibrium,

0dmy,(r,t) 5712
iy ASR A v " 2
v + vy (5mp(7“, t) 62 dhy(r,t) (3.23)

= —2 (my(r,t) X 0hy(r,t) + dmy(r, t) x ho(r, 1)) + I[my)

where
0 a
hp =—-B+ 22 pp’m;
p/

Shy = —0B+2> _ fo,6m),
pl

where m,, is the spin density distribution function, v, is some velocity, h,,
is the effective equilibrium field, and 0h, describes the fluctuations of the
effective equilibrium field. If one were to compare this to the Fermi Liquid
case, we see an additional term on the right side along with the collision
integral which accounts for the interaction between the magnetization and
the effective equilibrium field, i.e. the coupling between the electrons and
the magnetic and electric fields [14]. Here, a small magnetic field delta B
is set transverse to the equilibrium magnetization, and one can find the
dispersions by taking the limit of free oscillations of the kinetic equation
by setting B = 0 and d B = 0, and analyzing the low temperature limit for
which the collision integral I[m,] can be ignored. Through this, one can
then study the collective modes of the FFL by studying the magnetization
amplitude fluctuations.
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3.3.2 Collective Modes Derived from the Kinetic Equa-
tion

The emergence of low-energy excitations in systems with spontaneously
broken symmetry plays an important role in our fundamental understand-
ing of these systems. The two types of fundamental excitations, or parti-
cles, that are present in the field theory description of these spontaneously
broken symmetries include the Nambu-Goldstone bosons, also known as
magnons or phase modes, and massive Higgs bosons, or amplitude modes.

Nambu-Goldstone  ¢(x) = poe®® with p, constant
Higgs  ¢(z) = p(x)e'” with 6y constant

In the simplest case, we can let the order parameter that describes a state
with a spontaneously broken symmetry be ¢(x) = poe®®, or an ampli-
tude, p, times a phase factor, . This results in a term quadratic in the
amplitude p, but not in the phase, which leads to the two fundamental exci-
tations: the massless Nambu Goldstone boson, or gapless collective mode,
which corresponds to fluctuations of the phase, 6(z), with fixed amplitude,
po, and the massive Higgs boson, or a gapped collective mode, which cor-
responds to fluctuations of the amplitude, p(x), with the phase, 6y, held
constant. Here, when I say gapped mode, I am referring to a mode with a
gap in the excitation spectrum. A precessing or phase mode is the analog
of the acoustic phonon, or Goldstone mode, in our system, and the Higgs in
high energy physics is the analog of the optical phonon, or Higgs amplitude
mode.

In the context of high energy physics, three of the four fundamental
forces, the strong, weak, and electromagnetic forces, are the result of gauge
symmetries. When one of these gauge symmetries spontaneously breaks,
one obtains a massive Higgs mode in the system. This is in stark contrast to
the breaking of a physical global symmetry, where spontaneous symmetry
breaking results in a massless Nambu-Goldstone mode.

One can understand the fundamentals of the Higgs mechanism by con-
sidering the case of a complex ¢* theory:

L= (0.0)(0"¢") = m*¢" ¢ — A(¢"¢)” (3.24)
We ignore the cubic term from symmetry arguments, where we only con-
sider small deviations from the equilibrium in order to truncate at quar-

tic order [15]. Here, m is some "mass-like" parameter and A is the self-
interaction which is quartic in the field ¢. Note that the system has a

minimum for ¢* = ¢ = 0 when m? > 0. However, if m? < 0, then
the system has a local maximum at ¢ = 0 and local minima given by
|¢|?*= —m? /2. This is visualized below, with the blue curve correspond-

ing to the Ginzburg-Landau like potential V(¢) = m?¢ * ¢ + A\(¢*¢)? when
m? > 0 and the orange curve corresponds to V(¢) when m? < 0.
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\/\/

Figure 3.1: Ginzburg-Landau potential where the cases of m? > 0 (blue)
and m? < 0 (red) are plotted. Here, we are interested in the m? < 0 case
as, in analogy with our system, the Pomeranchuck instability is broken in
this regime, which allows for ferromagnetic order to arise.

With the potential now defined, let us consider some small amplitude
mode. In other words, letting ¢ = ¢ + i¢2, we now let ¢(x) = (p'(z) +
a)e®) . This ultimately results in a term quadratic in the amplitude ¢/,
but no quadratic term in the phase 6(z). Thus, the spontaneous breaking
of a continuous global symmetry results in the appearance of a gapless
collective mode; i.e., the Goldstone boson.

In the presence of a gauge symmetry, we demand invariance of the La-
grangian given above under the transformation ¢ — 2 ¢. The resulting
gauge-invariant Lagrangian is then given by

L= (9, + ieA)d(D" — ic A" — m>¢ 6 — N¢9)? — %lFWF“” (3.25)

where 0, +1ieA,, defines the covariant derivative and F},, is the electromag-
netic field tensor. Under an amplitude fluctuation of the order parameter
¢, the system contains two massive fields. In this sense, we say that the
spontaneous breaking of a local gauge symmetry results in the photon mode
becoming massive[1]|[16]. Therefore, we can say that the Goldstone mode
is consumed by the gauge bosons to give the photon mass.

The spontaneous breaking of gauge symmetry has implications in the
context of high-energy physics, where the spontaneous breaking of a U(1) x
SU(2) symmetry results in electroweak symmetry breaking. The breaking
of such a symmetry ensures that electrons, muons, and 7-neutrinos (along
with the gauge bosons) remain massive while the photon remains massless.
Additionally, the discovery of the Higgs boson at the Large Hadron Collider
resulted the wide-spread popularization of the Higgs boson.

In condensed matter and many-body physics, the Higgs mechanism has
similarly gained prominence. The Landau-Ginzburg free energy describing
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Bardeen-Cooper-Schrieffer (BCS) theory follows the same basic form of a ¢?
theory. In the presence of a gauge field, a Higgs mechanism emerges, which
relates to the London equations for superconductors and the Meissner ef-
fect. In particular, Bedell and Blagoev found a new massive mode in the
ferromagnetic metal by constructing a spin-hydrodynamic analog of the
quasi-classical Landau-Silin kinetic equation [16]. More recently, Zhang,
Farinas, and Bedell identified this mode as the Higgs mode [15]. However,

KB

F§ = —1.18 “p

F{' = —2.60 mo = 0.4 0qg =dow =1.0E — 04
2.0 : : : }

1.5F ' /
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Figure 3.2: Dispersion relations of the Goldstone and Higgs modes in the
FFL for specific parameters are given in the title. The blue and red dotted
lines represent Yi Zhang’s analytical solution assuming s = w/qup << 1.
The solid lines represent J.T. Heath’s analytical predictions. The blue lines
represent the Goldstone, or gapless mode, and the red lines represent the
Higgs, or gapped mode. The shaded region is the imaginary region [17].
Since one mode lies in the particle hole continuum but two lie outside of
this region, or as two modes outside transition to one inside, this implies
that leaving or entering the particle hole continuum breaks some symmetry
meaning that the Higgs mode could mediate some pairing effect on our
system.

there is still confusion as to what a "Higgs mode" means in many-body
physics. The Higgs mode is often called an amplitude mode even in the ab-
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sence of a gauge field, which leads to such an ambiguity. Unlike the localized
ferromagnet, the itinerant ferromagnet, as described by FFL, supports a
"true" Higgs mechanism. In this work, we show that the Higgs mechanism
in the ferromagnetic Fermi liquid may result in a highly unconventional
form of superconductivity.

From the kinetic equation , the dispersions of the gapless Gold-
stone and gapped Higgs mode are given by the following [15], respectively,

2

CS
wi (p) = —zp°
+ + c
wy (p) = w™ — _wip

where

wE = +2mg|Fy — F1/3|
=1+ FJ|(1+ F/3)v%/3

As the Higgs mode arises due to the breaking of SU(2), or spin symmetry,
i.e. the relative spin phases remain constant but spin amplitude fluctua-
tions are permitted, this causes it to exhibit an initial mass like effect as
seen in Figure ([3.3.2). This is possible when considering an itinerant ferro-
magnetic fermi liquid where spins can move. In contrast to the Stoner gap
wE(F§) that must be overcome in the Goldstone case, the gap w*(F¢, F{?)
quantifies the mass of the Higgs mode in the itinerant ferromagnet. This
mode sits close to the Stoner gap, is propagating at small momentum p,
and becomes Landau damped at larger momentum p.

The introduction of the higher order Fermi liquid parameter F}, here,
is responsible for the propagation of the Higgs mode. This parameter cou-
ples the momentum of the quasi-particle to its spin and is responsible for
pushing the mode out of the particle hole continuum. The Higgs only prop-
agates in the presence of a finite-valued FY}, i.e. with a finite spin current,
otherwise, there is no propagation of the Higgs mode as it becomes stuck
in the particle-hole continuum. This is equivalent to stating that the mode
lies in the spin orbit magnetic state in the F}' channel. By reconstructing
the Fermi liquid theory in a gauge-invariant form, the massive propagating
mode becomes the result of spontaneous breaking of a spin gauge symmetry
in the FFL. This is apparent in figure (3.3.2), where numerical calculations
show the Goldstone and Higgs mode merging in the particle-hole contin-
uum, appearing to mirror the mass generation of W+ and Z bosons by
breaking an SU(2) x U(1) symmetry. This, in turn, could mediate some
pairing effect on our system in analogy with High energy physics.
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Chapter 4

FFL Modes’ Effects on the
Cooper Instability

4.1 The Green’s Function

We can now proceed by taking a Green’s function approach to better un-
derstand the many-body interaction between particles in our system. This
approach should allow us to determine what effects the FFL phonon modes
have on the Cooper Instability]]

4.1.1 The Fermionic Green’s Function

The one particle Green’s function in the free field Heisenberg operator
representation can be written ag’

Gap = —i{T'(Ya(x)1s(a"))) (4.1)

where
- 1 .
Y(rt) = — Z apel[p"’ﬁo(ﬁ)t] (4.2)
VAl

Thus, we can rewrite in term of the fermionic operators ¢, cf
G = —i(T(c(z, t)cl (2, 1)) (4.3)
We can then take the forward and backward in time components, to obtain
G = —i{c(z, t)c' (2, )0t —t') — ' (z,t)c(x’, )OO — 1))

_ / o (2, 8)cl (2, e (e (E)erdr (4.4)

IFor all substantial calculations in this section and a more thorough analysis on the
results presented here, see Appendix D.
2The understanding behind Green’s functions was developed from [18],[19],[20].
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4.1. THE GREEN’S FUNCTION

We can now perform a Fourier transform to momentum space while setting
t' = 0. We also desire a form ¢ (t) = f(t)cs. Now, recall H = 3", exch_cpo
and the fermionic anti-commutation relation {c, c'} = ccf + cfc = §;; where
for one state we have 1—cfc = ccf. Using this, we require ¢(t) = ce# . One
can then remove the time components by performing a temporal Fourier
transform with an additional e %" term added to describe behavior at
infinite (co) time,

ot — 1_nkcr Nko
Golk,w) = [ e“ G, (k. t)dt = 4.5
o) = [ Gt = T e )

The first term becomes zero for ¢, < u = er and nonzero for ¢, > p =
er. This term describes the propagation of the electron (positive time
representation). The second term becomes zero for €, > p = ep and
nonzero for ¢, < u = ep. This term describes the propagation of the hole
(negative time representation). Now, choose 0, = sgn(e, — €r)J) and take
h = 1, measure energy relative to Fermi level p.

1

Eow)— —  —
Golkow) = S

(4.6)

where & = €, — p.

4.1.2 The Bosonic Green’s Function

We can begin with the same formalism as we used in the derivation for
the one particle fermionic Green’s function by writing the phonon Green’s
function as

D = —i{T((x, 1) (', 1)) (4.7)

where we define

i w k i|k-r—w —ilk-r—w
bt = =3 ./ 02( ) {peter-an®n _gle-ter-amil - (48)
k

as we need more than the displacement operator € if we eventually want
to include the interaction between phonons and electrons in a metal. Here,
we take |k|< ko, and as there are no phonons in the ground state, this
implies 2/, ¢ — 0. In this step, we have also expanded the normal position
q in plane waves to obtain qx and translated these into new operators
br = qr\/2pwo(k) which obey the usual bosonic commutation relations.

Substituting this expression ((D.12)) into expression ((D.11)) to obtain

. i wo(k) | eler—woil ¢ >0
D(O) (Tv t) = _Z<T(¢<I,t)¢(x/at/)> = v g 02 {e—i[k-r—wo(k)t] t<0 (49)
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

as because we are in the ground state bzbk =n =0 and bkbz =1—-n=1.
Further, we have that bk/bk,bz,bk,bkbz,,bL,bk,bk/bL — 0. The remaining
terms bLb,TC also go to 0. Taking the limit as & — oo and performing a
temporal transform where the sum becomes an integral we obtain

DOk, w) = /e_‘stD(O)(r, t)dt = (4.10)

4.2 Goldstone Mode’s Effect on s-Wave Pair-
ing

We can now take a Feynman diagrammatic approach to determine what the
FFL mode’s affects on particle particle pairing areff] The vertex describes
the many body interaction of the itinerant ferromagnetic fermi liquid, which
is connected to the scattering amplitude. In particular, it describes the
coupling between a photon and an electron beyond the leading order of
perturbation theory.

1]
+

Figure 4.1: Vertex function for conventional BCS theory of superconduc-
tivity. This diagram describes the vertex integral we will need to solve in
order to determine what the affect on particle particle pairing is. The first
term, I'® | is the two-particle irreducible vertex, and both terms describe
the interaction between particles within our system.

4.2.1 Zero temperature Vertex Function

It is important to note that here, p is the quasiparticle momentum, pq is
the bare particle momentum, and pg is the Fermi momentum. The integral

3This derivation was largely aided by Professor Bedell’s Notes on Superfluid FLuc-
tuations[21].
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

equation is

I'(1,2;3,4) =T@(1,2;3,4) (4.11)
1
+3 > T™(1,2:5,6)G(5,5)G(6,6)I(5,6,3,4)
5,57;6,6/

where I'® is the two-particle irreducible vertex which describes the non-
interacting contribution and I'" describes the interacting vertex. Here the
labels 1, 2 etc. are defined by 1 = (py, €1,0), etc. Now, let us introduce new
variables p,p + k with p = (p,€) and k = (k,I"). In this section, p is the
quasiparticle momentum, p, is the bare particle momentum, and pg is the
Fermi momentum. We also have that G(5,5) = G(5)d55 = G(5)0ps 1. 005,01
for paramagnetic systems. We now use the labels 1,2, etc. for spin labels.
For convenience under the integrals we have made a change of variables,
p’ = p’— g We will show that the integral equation decomposes into
two separate integral equations; one for spin singlet I'y and one for triplet
spins I';. Now, making use of these transformations the integral equation
becomes

1
T1oa = D154 + 5 S GGk —p) > TP Ts6sa (4.12)
P’ 5,6

For paramagnetic systems both I' and I'® have the same spin structure,
thUS, F1’2;3’4 = F5513524 + Fa(7240'13 and F&?%;SA = F(2)5613(524 + F(Q)a0'240'13
where I, = —TI', is standard notation. The triplet amplitude I'; is defined
by
[y =Ty =Dy =05 4T (4.13)
The singlet amplitude I'y is
Fy=I"-3"=2I'y, —I'y =Tg+ T, (4.14)

Identical expressions can be written for I'®. We can then proceed by
considering the the equation for I'i4 and sum on 5 and 6. Once the integral
equation for I'y) is constructed and using the definition I'y = 2I'y) — 'ty we
have that,

1
_ 12 - (2) ” o
L, =T® 4+ § TG )Gk — p°)T, (4.15)
p

Following this, we can study the singularities of I as & — 0. The analysis
is identical for spin singlet and triplet, and thus, we can drop the subscripts
such that

L(p,p k) =T (p,ps k) (4.16)

1 k k
- (2) »n v, ” P »n v,
+3 Ep” I, p" = 5 R)GE7)G (k= p")E(" — 53 k)
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

Before we analyze the singularities of this function and compute the integral
equations for the vertex, we expand I'®(p,p') and I'(p,p’; k) in partial
waves. For small k we have that p-p” = p-p” — *%k and p = 0 for
|pn|= kp. Thus, in the limit £ — 0 we have,

/ AT (NP, PR - P) Zr ) (4.17)
Ll

Note here that

where ;" (6,6) = %%%FW%%WW%Mfmwwme&@:

01,170 . This equation decouples into partial waves,

> [ G RGRG D = g he 6

Note that we carried this step out first as it is more convenient. We can now
look at the second term of our vertex. Now that we have established the
proper form of our function, let us go back to focusing on the singularities
of the vertex function. In equation (4.16)), it is important to note again
that we are working in the limit of small &k, and that,

(a) T®@ is slowly varying function of k on the scale set by kr. Therefore,
we can set k= 0in ['®.

(b) The most important contribution comes out of G(p”)G(k — p”) as
k — 0.

(c) The most significant of this being the vicinity of [p” |~ kr and €” = 0.
In this region, G(p”)G(k — p”) can be written.

Continuing, we can see that

Gp")G(k—p7) (4.20)

9 ZP Zp
% (b(p ) 79 N 99 7 N 79
€ — &y +1dsgn(p” —kp) A — € — &y + vy - k+idsgn(|p” — k|—kr)
where the quasiparticle residue, or weight, Z,» has been introduced into
each Green'’s function and §; = v,(p” — kp) for p” ~ kp. Now, fully
expanding the summation in (D.25)) and using the above, we can write the
integral equations for the vertex as

d4 9
/. (2 —_£

Zyp Zy } /
? _'_ . 9 9 ; 77 F ”7 ; k
{¢(p ) A =€ = &g +idsgn(|p” — k|—kp) € — & +idsgn(p” — kr) WLk

I3 (p,p”)x (4.21)
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

with §,_ = €p_p —€r = —v, - k. At small k, v, = %  We can now

op *
linearize the expression where for p ~ kg, v, = fjﬁ and &, = vp(p — pr).
The largest contribution to the integral will come from the neighborhood
of € =0 and & = 0. If we assume I' + I'® vary slowly in this region we
can perform the frequency and momentum integrals where we know that
p” remains finite. Moreover, on the Fermi surface p” ~ kp with €’ = 0
the excitations become pure quasiparticle excitations, which implies that
o(p” = kp,€” =0) = 0. The integral is also concentrated around kp. We

can proceed to pull Z,» = Z out and write the integral as

— i 722k / il / dp / de” (4.22)

—1
€ — & + Z589%(19” —kp) [N =€ + & —idsgn(|k — p”|—kF)]

Only those terms will survive in which, (a) p” > kg, |p” — k|> kg, which
will correspond to the (1 — n, )(1 — ng—,) terms, and (b) p” < kp,|p” —
k|< kg, which will correspond to the n, ny_,» terms. For (a) we have a
closed contour in the lower half plane and for (b) in the upper half plane.
Therefore, the above expression reduces to the following:

Q77 77 7
72 / d / dp / de” (4.23)

( Npr Ng—p> i (1 —np)(1—ng_p) 1 )
€ =& —id[AN—€ + fkfpw + 0] € =& +10 A — € + & — i6]

We will now proceed by first calculating the € integral, then the k integral,
and then the € integral over the function. First, let us simplify the €
integral. Using the Sokhotski-Plemelj formula, lims m_xlo — = P x_lxo F
imé(x — o), the above € integral reduces the integrand to

i ((1 —ny ) (1 — ”kfp"’) _ Ny Ng—p” . ) (4.24)
R S S -

in the limits limssgn(p”—kp)—0, IMssgn(p7—k—kp)—0 [22][23]. We just solved
a closed contour in the first integral in the upper half plane and a closed

contour in the second integral in the lower half plane. Plugging equation
(D.44)) into equation ((D.45]), we obtain the simplified integral term of

ZZk%/ dQ”Q /oo dp” ((1 — np”)(]' — nk—p’.’) o Top» Mg —p” : > (425)
2m)2 Jo 2m \&p +&p —A—10 &+ &y — A+
We will now compute the momentum integral, followed by the x component

of the 2 integral, and lastly the ¢ component of the €2 integral. In order
to compute the momentum integrals we must consider the phase space
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

restrictions imposed by the Fermi factors: For n,n,_; we have p” < kp
and |p” —E|§ kp or p”?—2kxp”’ +k* < k%. Now, if we integrate freely over x
we must restrict p”, p’? —2kxp’ —(k%:—k*) <0 = p,” =~ kp+kz to order
% where we can see p, "2 —2kxp,” — (k% —k?) = 0, and therefore, p” < p,”.
We can use the equality £ +&p—p = 28 — vy -k = 2vp(p” — kp) —vpka”
and employ a change of variables by setting & = {,» = vp(p” — kr) and
d§ = vpdp” so that § +&,—p = 2§,» —vpka”. We also intend to reduce the
first integral by introducing a cutoff, U, in the ¢ integrand where kT, <<
U << e = kgTr. Therefore, using these substitutions and adjusting the
limits of each integral, we can write the integral over x and p as

Fu [ (oo e
% +§kp —A—id &+ &y — A+

B /1 dx” 1H‘QU — A —vpkx”
)2 vpkx” — A

which admits

i (—ik2\ [ 22N\ [ dSY
C(p,p'sk) =T@(p,p) + 5 ( 27;) (2vp)/ e (4.27)

2U + \ — vpkx”
vpkx” + A

+ m( ] + m} (4.26)

2U — X\ — vpkx” 2U + X — vpka” ,
F(Z) N (p” /. k 1 ‘ 1 ’
R(ka")

We can look back at our expansion of the vertex function in partial waves,
equation and see that the vertex function is now complete with the
addition of one more step. We must compute the integral over €2, which
decomposes into an integral over x and ¢, and produces the result

(k) =T 4 = 5 (;fz) (%) r® /1%}2(1{; ) (k) (4.28)

Here, we set k = 0 in R(k,z”), which leaves no x dependence and leaves
the vertex as

rl@)

Z2N(0) 2U
L+ T F {ln— +12}

I = (4.29)

It is important to note that this vertex will take the same form whether
you are working in the spin singlet or triplet case. We can now make some
useful observations. For FZ(Q) > 0, I'; has no poles. For Fl(z) < 0, I'; has a
pole on the positive imaginary axis. Further, we can analytically continue
to A — iA., which admits

2U —12U 20 o«

Y In . In " —ig (4.30)

In
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

Thus, we have a pole when

Z2N(0)
420+ 1)

2U
)\6—0:>)\c—2UeXp W

4(21+1)

1+ r'® In (4.31)

(2)

which will only happen for the case when I';” is attractive since 2U >> ..

4.2.2 Finite Temperature Vertex Function

We have just derived the zero temperature vertex function and found that is
was singular for £ = 0 and ¢\ — \.. To determine the critical temperature
of the vertex we must find the finite temperature vertex function 7. The
spin structure is identical to the zero temperature case so we have singlet
and triplet terms.

T (p1,p2; p3, pa) = T (1, p2; P, pa) (4.32)
T
~ 5 > T p1, p2; ps, p6)G (05)G (06) T (pa, Ps; P, pa)
P5,P6

We can set kg = 1,p; = (pi,wn,),wn;, = (2n; + 1)7T. The sum we must

solve becomes
p;
Y% (439

New variables can be defined, as we did for the zero temperature Green’s
function, by setting p” — p” — %, the integral equation becomes

TP, Wy Dy Wt by M) = T D, Wi, 0y Wt by ) (4.34)
dS 99
Z/ p7 w?’wp Wp» Jk /\ )g<p”7wn”)x

g(k - p”7)\n - n”)T(k - p”a An — Wn”ap/awn’§ ka >\n)

Since we want to study this function in the limit A — 0 and £ — 0, it
is necessary to construct an analytic continuation of this function. The
spectral representation for the G’s is,

o g 7 7
G(p,wn) = / i% gqp(p7wn) = ﬁ (4.35)
—00 n n D

where &, = vp(p — kr), |p|= kr, and T" << Tp. Moreover, in the limit
k — 0, |p|= |p'|= kF the function T will depend only on k£ and \,,. We can
write the spectral representation as

T (ks An) = / 5—;;%_6)6 (4.36)
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

Note 7 will actually depend on the angle between p and p’ but not on their
magnitudes. As the interest is in the limit 7 << Tp amd k& — 0, T can
be replaced by I'® at k = 0, which is the zero temperature value of 7
7@ is not anomalous as k — 0 and is slowly varying as a function of 7.
Furthermore, most of the weight in the integrand of equation (D.62)) comes
from |p;|~ kr since, in this region, the G’s~ ﬁ, T << Tp. Assuming that
7@ and T are slowly varying functions in this region, we can bring them
out of the frequency sum. Once expanding the product of G's in the sum,
the finite temperature vertex reduces to

A 72k2 tanh 2
re - L / d 4.37
T 2 471' 277'2’UF T 6 f — )\ ( )

where We restrict ourselves to the region near kr so that d®p” = dQ"kidp” =
Ay ko o2-. Using T — T or the retarded function defined in the upper
half plane where 1A, — A —|— 10, we can write

) F(Q)
Fl ()\, T) i B (4.38)

1+ 4(2l+1 fo 525 >\+16)

which is found from the same decomposition as in the 7' = 0 case. For
A — 0 we can determine the temperature 7, at which Fl(+) is singular.
First, we must reduce the £ integral in order to analyze the poles of this

function. Employ a change of variables where x = % — (= %x and
dr = gdf = %dm = d&. We also define g = %, such that
U tanh 2 2vBU
/ ey, 20 (4.39)
0 2¢ ™
The final form of the vertex for finite temperature becomes
r®
I\ T) = - N(0§F (4.40)
2 29U
L+ 4(20+1) In ’1?7r
where we get a pole as T' — T, for I‘l(2) <0and U >>T,, ie.
Z2N(O)T? 24U 1
1 L] =0 = T/ = 1.13Ue" 4.41
@) Ta ¢ . (441)
2 (2)
where g, = % with N(0) = ﬂg%p = L2 Asin the zero-temperature

case, it is important to note that the finite temperature vertex will take
the same form whether you are working in the spin singlet or triplet case.
For Helium-3,

T! = 1.13aTpen (4.42)
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

as T is our scale of energies in > He, therefore, we set U = oT%. This cutoff
is more accurately determined from the cutoff frequency of the particular
phonon mode of interest.

Normal Phonon — U ~ wp, Debye frequencywp
Goldstone Phonon = U ~ w'(F}), Stoner gap
Higgs Phonon = U ~ w*(F{, F}), Higgs gap
The cutoff U for a normal phonon mode goes like the debye frequency, the
Goldstone mode goes like the Stoner gap, which is not a lot of energy to
excite, and the Higgs mode goes like the Higgs gap, which is a larger gap

to overcome, as illustrated above. This shows that the Higgs mechanism
may lead to stronger coupling of electrons, and thus, a higher T value.

4.2.3 Corrections to the Description of s-Wave Super-
conductivity Induced by Weak Ferromagnetism

We will now solve for the finite temperature vertex corrections to the three-
point vertex in the weak ferromagnetic metal. These can be written as

1 1 1
T3 (k& +q) = T + T
1 1 1
T4 (k& +q) = T4 + T (4.43)

In the above expression, the terms can be defined as

r) = igt [ dpGi(p)Dilp ~ WGk + )

Ty =g / dpG4(p)Da(p — q)G o (k + q)

) = ig? / apG(p)Di(p — q)Gi(k + q)

Iy = igs / dpG(p)Da(p — ¢)G(k + q) (4.44)
We can generalize these down to two expression

00, = ig? [ dbGalp)Dilp = )Gur(p +0)

) = igo / dpGo(p)Da(p — k)Gor (p + q) (4.45)
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We also know that

Z
Golho) = b= + 16 ()
~ AN(O)ur Qo (p)
De(p,w) = ——— (w +1i6)2 — Q2(p)
2
Di(p,w) = _N(g)pF 1 impgw (448)
§72 4 [Pl =gy

2vp|p|

where k is the three dimensional momentum of the particle, &, is the Fermi
momentum of the spin-o electrons, N(0) is the average density of states
over the Fermi Surfaces, p is the quasiparticle momentum, vg is the Fermi
velocity, and J, = 0x sign(|k|—k,), with § an infinitesimal real number.
The exchange splitting A takes the form A = ky — k; and Qy(p) = D|p|?

where D = ”]fTA is the spin stiffness. The electron Green’s function G
F

describes a system of quasiparticles with spontaneous magnetization given
by Dzyaloshinskii’s theorem,

1 e —n

mo = W(ki - Pi) = % (4.47)
where myq is the uniform, static magnetization, and n, is the density of
spin-o particles [5]. When calculating the vertex corrections, we first set
the frequency w to zero and then proceed to take the limit for the mo-
mentum. The phonon Green’s function D¢/ is the spin wave analog of
the phonon propagator. The phonon dispersion {2y represents the phonon
mode’s dispersion of interest. Note that in the itinerant FFL case, the
Fermi momentum, k, of the electrons located inside the electron Green’s
function GG, depends on the spin, o, of the electrons in contrast to tradi-
tional BCS theory.

As we are working in the broken symmetry phase, we must make a
distinction between corrections involving particles on one of two Fermi
surfaces and corrections involved with particles on different Fermi surfaces.
In the former and latter case we have the limits, T, (|k|— ko, |k|— ky)
and I'yor (|k|— ko, |k|—= ks + A), respectively. For these cases, we use the
spectral representation for the propagators Dy,

2 (> zImDyq(p, 2)
D = — dz—————~ 4.4
Z/G(p7w) ﬂ_/ov Z 22 248 ( 8)
Writing G, (k + p, € + w), we can expand this as
ka/
GO’ k + y + == .
(kP et w) = o s pl—ko) - 0,0k £ )

e+ w—vp(lk+ p|l—k,) —ids(k + p)
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4.2. GOLDSTONE MODE’S EFFECT ON S-WAVE PAIRING

where fir = 0(|k+p|—kr), which allows us to expand G, (k+p, e+w)Gy (k+
p+q,e+w) and set ¢ = 0. In these expressions, we use a Sokhotski-Plemelj
expansion where all —5 — 0 as these are far from the Fermi surface and
we set &, = vp(|k + p| »). Spins were also insignificant here, which is
why we can combine terms. Therefore, the two integrals we must solve for
the vertex corrections at zero temperature are

1) 22Zg0 *“ de [*dz
e = S
—00 0

ZIle/G<p7 )
22 —w? —140

I
e 2Ty T

tmDya(p.2) (z—w+7,5 a z+w—z‘5) x
{ Jw . (1= fw)
e =&, +w+ids(k+p)2  [e—&, +w—id,(k+p)]?

[Go(k+p,e+w)Gor(k+p, e+ w)]

(4.50)

+ 7T2(5(e — &, W)

As before, we will first solve the € integral. Recalling the Sokhotski-Plemelj
formula, lims_,q z_rtiw = Pm_lx0 F imd(x — xg). We can then continue to
set € — 0, consider z small, and take the integral over dw. It is important
to note here that the principal value terms become negligible in the bosonic
expansion because we are considering z small. Therefore, we can set w = 0,

|ks|= kF, which allows the integral to become

27%¢2 *dz

I =~ 0/ / / ZImD

od’'G UV 0 o m l/G(p7Z)X
Jw

(gk_Jer) + 7% (6(z — €y ) — 0(2 + €xy) (4.51)

[(ko P

and the imaginary bosonic term for the Goldstone mode [24] becomes

Qo B
Im Lw i Qg} = §(|w|—) (4.52)

Plugging this expression back into the above integral, setting Qy = Dp?+g,
and taking ¢ — 0 we come to the expression

Z2g2AN
o, — 26 / / (4.53)

fr n (1— fw)
(Erp — (Dp*+9))?  (&p + (Dp* + g))?

+ 7 [§(Dp* + g — €y.) — 8(Dp* + g + €]

36



4.3. HIGGS MODE’S EFFECT ON P-WAVE PAIRING

I will now proceed to compute the momentum and space integrals over
Z2g2AN(0)
(2m)3
that &, = vr(|k + p|—kr). As before we will consider p ~ kp + px.
Setting the gapped term to g = 0 and reimplementing the cutoff po where

kpT. << p. << €r = kT the vertex [25] becomes

1 ')
n f (1— fw) ]
Mo =R [ ar [ ap [@W "o (&, v Y

and reduces to

the respective heaviside step functions while setting R = . recall

_ %N (0)Z*

F((,l)f;c == log [1 +

wﬂ} (4.55)

kr
with m — 0, pc << kp, and D = UISQFA. This is the final form for the
Goldstone mode’s effect on the zero-temperature vertex, where significant
momentum dependence lies in the log. Very similar logarithmic behavior
would emerge from including an additional term with the a second psigma
term. This implies that the self-energy is weakly momentum dependent
close to the phase transition and therefore a local ferromagnetic Fermi-
liquid theory can be used to describe weak ferromagnetic metals where
the magnetization is sufficiently small. This confirms an s-wave pairing
instability induced by the Goldstone mode within the FFL.

4.3 Higgs Mode’s Effect on p-Wave Pairing

A similar procedure as in the Goldstone case can be carried out while in-
cluding the Higgs modes’s dispersion in the zero-temperature vertex func-
tion. We will begin from equation , where, rather than set g = 0, we
can set ¢ = w* as in the Higgs dispersion.

4.3.1 Zero-Temperature Vertex Calculation

[ will now proceed by computing the imaginary bosonic term for the Gapped,
or Higgs, mode. Setting g as the gap, we have

(Q0+9)
(w+1id)* — (2o + g)?

= 0(|w[= (0 + 9)) (4.56)

In the expansion of equation (4.53), an additional gapped term does that
change the integral over x. However, we will see an additonal term arise
from the momentum dependence. Therefore, the Higgs result takes the
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form,

3 pC
(1) gom
e, =—— d 4.57
co'H (27T)21€F /0' bapXx ( )

1 1
+
vep+ Dp?+9— &= vep+Dp? g+ £

For the Higgs case, it is appropriate to assume a small mass limit, however,
we cannot take m — 0 due to the fact that the propagation of the Higgs
in the spin-channel arises from spin amplitude fluctuations that induce an
initial mass-like effect. Carrying out the indefinite integration over p, we
obtain

Pe
0

3m? ng 2gm
S| LU Uiy — p+ 2D log[Z9™ 4 9k — p+ 2D
oo’ H (27'(')2]{?F 0g kF + F p + mp + Og[ p + F p + mp]

3,2
gom 2gm 2gm Pe
— |1 —2kp —p—2D log| — + 2k 2D
(4.58)

using the small mass limit for % as the gap ¢ — 0 when the momentum
p — 0. Where the expression for the Higgs effect on the many body vertex
becomes
IN%(0)Z22
Fgc)' H = = 7 7 é ) X (4.59)
8Dkpmpl + 12D(w*)pgkrm? + (w*)mp?,

log |1
o8 |t 2k3p% + 2kp(w*)?m? + 4(wt)kimpe

UFA

with po << kp, ¢ = w®, and D = . The above is the final form of
the Higgs effect on the zero temperature vertex, where I have added the
additional term from the gapped mode’s dispersion. This is the first time
that this calculation has ever been done.

In the Higgs case, it is evident that the momentum dependence is much
greater than in the case of the Goldstone mode, and the presence of a finite
gap also increases this effect. The Higgs only exists in the case where [ = 0
and when there is momentum dependence which leads to higher order Fermi
liquid parameters. Furthermore, as F}* must must be finite valued while
going beyond the Pomeranchuck instability constraint allowing ferromag-
netic order to arise and the possibiity for spontaneous symmetry breaking
to occur, the induced pairing effect cannot be s-wave in nature. In the
traditional Stoner model to describe ferromagnetic metals, the self-energy
is local for the Goldstone mode which leads to logarithmic dependence
of the quasiparticle residue on the magnetizations which implies a s-wave
pairing instability arises. However, in the Higgs case, the self-energy is
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not local, as the Higgs propagates in the spin channel, which will likely
lead to triplet pairing. This effect will produce the realization of some un-
conventional form of superconductivity induced by the Higgs mode, and
therefore, the propgation of the Higgs will affect the Cooper instability in
the itinerant FFL. A calculation of the four point vertex, as shown in Fig-

Dy

ya
AN

ro r

p p+p —p

Figure 4.2: This is the four point vertex, which includes the effects of both
the singlet and triplet propagating terms.

ure [4.2 will determine the total pairing interaction by both modes. This
vertex includes both the singlet and triplet terms, and thus, this should
be able to show which mode, the Goldstone or Higgs, has a stronger effect
on particle-particle pairing in the FFL. Hopefully, this will lead to further
understanding on the proposed coexistence of superconductivity and ferro-
magnetism, as well as, the collective mode effects on the Cooper instability
in these systems.
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Appendix A

Quantum Statistics

This review of quantum statistics has been adapted from and elaborated on
from Richard Fitzpatrick’s Thermodynamics and Statistical Physics [6] and
L.D. Landau’s and L.M. Lifshitz Statistical Physics: 3rd Edition Part 1|7].

A.1 Fermi-Dirac Statistics

In Fermi-Dirac statistics, particles are considered to be indistinguishable
and obey the principle that no more than one particle can occupy a given
quantum state. Now, consider a gas made up of two identical particles,
denoted by A, where each particle can be in one of three possible quantum
states, x=1,2,3. Using Fermi-Dirac statistics, we can write the possible
states of the entire gas as Using the expression

1 2 3
A AL
A ... A

A A

Table A.1: Fermi-Dirac statistics applied to a system of two particles with
three possible states.

__ probability of particles being in the same state

i = Al
probability of particles being in different staes (A1)

we know that for Fermi-Dirac statistics, Xpp = 0. For Maxwell-Boltzmann
statistics Xy g = % and for Bose-Einstein statistics Xgg = 1, which tells us
that in Fermi-Dirac statistics, there is a lesser relative tendency for particles
to cluster in the same state than in classical statistics.
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A.1. FERMI-DIRAC STATISTICS

A.1.1 Fermi-Dirac Distribution Function

The average number of particles in quantum state x can be written

— an nxe_/jnzez Zq(‘i)’n% 6_,8(71151+n2€2+,.,) A ,
Ng = —Bngex (z) —B(nie1+naea+-) ( . )
S, € €

ny,nz,

where n; are the number of particles in state ¢ with energy ¢; and § =
%. The first sums involve all possible values of the number of particles
occupying the quantum state x, whereas the latter sums omit the particular
state x as indicated by the superscript (z). These sums range over all

values of the numbers ny, ns, - - - such that n; = 0 and 1 for each ¢ with the
constraint that
> ni=N (A.3)

Using Fermi-Dirac statistics, weintroduce the partition function for N par-
ticles distributed over all quantum states except state x as

(=)
Zy(N) = ) e Pmetnat) (A4)

n1,m2,

Due to the fact that state z is either occupied or unoccupied, we can now
consider the summation over n, = 0 and 1, where equation [A.2] becomes

N an nme_ﬁngcez Z(J?) 6_5(n151+n2€2+-~)

n1,N2,...

Ny
—PNg€x (l‘) -
E i e Bnge § : e B(n1e1+ngea+-)

n1,n2, -

O+ e72) S, € Pt

(O + e*ﬁﬁz) Z(x) e*ﬁ(n1e1+n262+---)

ni,ng,

04 efeZ,(N—1)
0+ ePeZ (N 1)
1
— A5)
Zx(N)__pe, (
szN_l)eB +1

In order to find the form of the Fermi-Dirac distribution, we must relate
Zy(N —1) to Z,(N). If we assume AN < N, then In Z,(N — AN) can be
Taylor expanded as

0ln Z,

InZ,(N—-AN)~InZ,(N)— N

AN =InZ,(N)—a, AN (A.6)
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where

dln Z,
oy =
ON
Taylor expanding the slowly-varying function In Z,(NN), rather than the

rapidly-varying function Z,(N), is important as the latter Taylor series
has a radius of convergence that is too small to be of use. Rearranging

equation gives

(A7)

Zo(N — AN) = Z,(N)e o=2N (A.8)

As Z,(N) is a sum over many different quantum states, the logarithm of
this function will not be sensitive to the state x that is excluded. Thus, we
can approximate «, as being independent of z for all x and write a, ~ «.
It follows that the derivative in equation [A.7] can be approximated as the
derivative of the entire partition function Z, where the N particles are
distributed over all quantum states. In other words,

OlnZ
C=TON

Setting AN =1 in [A.8] equation reduces to the Fermi-Dirac distribu-
tion in

(A.9)

1
Mg = ———— A.10
e (A.10)
where the parameter « is determined by the constraint that ) .7, = N,
ie.
1

N=—"7"7"— A1l
€a+ﬁei + 1 ( )

Taking the limit as ¢, -+ o0 = n, — 0. Taking the limit as ¢, - 0 —>
n, — 1. Therefore, the average number of particles in quantum state x is
limited by the constraint

0<m; <1 (A.12)

as expected by the Pauli exclusion principle.

A.1.2 Density of States

Consider a gas of electrons confined to a 3D space with sides of length
Ly, Ly, L,. SetV = L,L,L,. We can write the wavevector of each electron
as, e.g. for the x direction,

== (A.13)
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The energy of each electron can be written as

e(k) = ZZ (A.14)

which gives the wavevector in terms of € as

o= ()

Here, there are 55 allowable transitional states per unit volume of k-space.

At T = 0, the number of electrons in this space can be described as

NI

(A.15)

N — volume of filled k-states

volume per k-state

4.3
371'7“

ki ks

the 2 takes into account the two

=2 X

possibilities for the electron spin

8. 1.3

2r 21 2w

Lo Ly L.

where we take the Fermi wavevector kg

as the radius of the gas of electrons at T'= 0

8wk,
T 3(2n)3
v

i
372

V2m%
T3 \w2) ¢

since the total number of occupied states, i.e. the total number of quantum
states inside the Fermi sphere, will be equivalent to the total number of
gas partciles. The density of states can be written as the derivative of the
particle number N with respect to the energy € as

3 3
AN d |V [2m)\? 3 Vo [/2m\? .
_ N Y (el [ N 2 Al
ple) de  de | 32 < h? ) ‘ 272 ( h? ) ‘ (A.17)
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A.1.3 Conduction Electrons in Metal

In a metal, conduction electrons are non-localized meaning not tied to
any particular atom, and in conventional metals, each of these atoms con-
tributes a certain fixed number of electrons. We could treat these electrons
as an ideal gas by neglecting the mutual interaction of the conduction
electrons due to the fact that this interaction is largely shielded by the
stationary ions. However, classical statistics normally cannot be used to
analyze conduction electrons as the concentration of electrons in a metal
is much greater than the concentration of particles in a gas. Electrons
are subject to Fermi-Dirac statistics and can be referred to as fermions.
According to the Fermi-Dirac distribution, the mean number of particles
occupying state x with energy ¢, is given by

11
eotBex +1 - eBlea—n) +1

Ny =

(A.18)

where u(T') = —% is the Fermi energy, also known as the chemical potential,
of the system and is determined by the condition on the total number of
particles N by

_ 1

i
contained in a volume V. Let us now explore the behavior of the Fermi
function

1

The energy ¢ is measured from € = 0, or its lowest possible value. Thus, if
the Fermi energy, p, is Su < —1, then (e — 1) > 1 and F reduces to the
Maxwell-Boltzmann distribution. In the case of the electrons, the opposite
limit is more interesting, where Su > 1. Here, if 0 < € < p then f(e—p <
—1, admitting F'(¢) = 1. We can also take the limit where € > p, then
B(e — p) > 1, implying that F(e) = e #(¢=#) decreases exponentially with
increasing energy €, just as a classical distribution would. The transition
region when F moves from a value near unity to a value of nearly zero
occurs at a value of F' = %, i.e. when € = p and corresponds to an energy
interval of order k7. The Fermi Function’s behavior is described in Figure
413

Clearly, it can be seen that in the limit as 7" — 0, the transition region
width, kT, becomes extremely small. For this case, F' = 1 when € < pu, and
F =0 for € > p. In other words, at 7' = 0,

1 e<ep
F(e) = A.21
(€ {0 o (A1)
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This makes sense because when T' = 0, the conduction electrons are at their
lowest energy level, or their ground-state. By the Pauli exclusion principle,
this lowest energy formation is obtained by placing electrons into the lowest
available unoccupied states until all electrons have been placed. As all lower
energy states are filled, the final electron placed in has a significant energy,
€ = u, which represents that a Fermi-Dirac gas always possesses a large
mean energy, even at absolute zero.

Figure A.1: Graph of the Fermi Function’s behavior. The solid blue line rep-
resents the gas of electrons at a general temperature 7' > 0. The dotted line
represents the gas at T' = 0, where the Fermi function takes the form of equation
Notice that F' =  at e = p, F = 3 at e = p — (In3)k7T, and F = § at
e=p+ (In3)kT.

Now, we can calculate the Fermi energy, i1 = pup = € of a Fermi-Dirac
gas at T' = 0. The energy of each electron can be written as
2 h? k’2
b _ (A.22)

- 2m 2m

where p = hk, k is the de Broglie wavevector, and m is the mass of an
electron. All quantum states with energy less than the Fermi energy, ep,
are filled at 7" = 0. From above, since the energy is a function of the
wavevector k of the electron, it is clear to see that the Fermi energy will be
a function of the Fermi wavevector, kg, or the Fermi momentum, pr = hkp,
such that

_ph WKR

GF_% 2m

(A.23)
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In particular, we can say that all quantum states with £ < kg are filled,
and those with k > kp are empty at 7' = 0. From equation [A.16] we have

Aok
_ 3"
N - g (Qﬂ-)S
14
V3
—— N: F
3m?

) 1
Whereg:2s+1:2f0rsp1ns:§

1
N\ 3
e kF: (37’(’27)

2T Vo\®

showing that at the Fermi energy, the de Broglie wavelength, g, is of order

1
the mean separation between particles in (%) 3. i.e. quantum states with

A > A\ are occupied, and those with A < Ap are empty at 7' = 0. Therefore,
from equations [A.23] and [A.24] the Fermi energy at T' = 0 becomes

K[ ,N\?
= — — A2
=5 (37r V) (A.25)

To put this in perspective, it can be shown that e > kT for typical metals
at room temperature.

A.1.4 Particle Number and Average Energy

The number of quantized states within a region of length dk in k-space can
be written as

N = / 7i(k)p(k)dk (A.26)

where 7 is the distribution function and p is the density of states. Thus,
the total number of particles is simply

N = /0 h (k) p(k)dk (A.27)
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where, for Fermi-Dirac statistics, the distribution 7 is m = F', the Fermi-

3 1
function, and p = % (2)3—73) 2 €2. Therefore,

—u €

kT
14V (2mksT\? .
— —yriars (ot ) ig(-enin
3
2 T 2 K
:—%( ”;’jﬁ ) Lis(—e®s) (A.28)

kup

Lig(—eriry = S ) g 2D ent (A.29)
ke k=1 k>
To first order, we have
3
2mkgT \ 2 _n_
N = % (";LT;) eF5T (A.30)

which is the total particle number in a gas of electrons under Fermi-Dirac
statistics. The average energy calculation is similar to the particle number
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calculation. The average energy of the gas of electrons is

V o /2m\2 [~ €
=55\ 32 ———de
2% \ h 0 eFsT 41
Vo (om\? [™ €3
=53\ 77 / —————de
2\ I 0 eFsTefnT 41
3 3
V /2m)\?2 5 [ x2
= — | — kT2 d
272 <h ) (kaT) /0 cer 1
where ¢ = e’“:TMT and z = ¢

212 \ K2 2
3
53V (2m) 2 s
= —(ksT)2 (h;?;) Lig(—e*sT) (A-31)

L)

u 1 (—eFBT)E N (—1)kersT
=1 k=1
To first order, we have
3V [ 2m)\?
— 5 m B
E= (kBT)Q? (%) eksT (A33)

which is the average energy of a gas of electrons under Fermi-Dirac statis-
tics. The potential 2 is the same as the expression for the total energy of
the gas with an additional factor of —%, ie. Q= —%E. One can find the
equation of state from Q@ = —PV — PV = 2FE.

A.1.5 Electron Gas at Zero-Temperature

We will now continue to discuss the electron gas, and its significance at
absolute zero, which can be classified as a completely degenerate Fermi
gas. Electrons at this temperature will distribute themselves throughout
the quantum states so as to obtain the lowest total energy of the gas. Thus,
depending on the number of electrons, electrons will first fill states with
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energies at zero, continue to fill the next lowest energy states, and so on,
until the number of electrons runs out.

With g = 2 spin-degeneracy of the levels, as before, we will now derive
the particle number and energy in momentum space. In a volume V', the
number of quantum states of an electron with magnitude of momentum
between p, p + dp becomes

Arp*Vdp  _ pdp

2. -
(27h)3 m2h?

(A.34)

In the case of T' = 0, electron states occupied have a limit, i.e. a momentum
limit ,p = pp, denoted as the radius of the Fermi sphere in momentum
space. The total number of electrons then becomes

VvV PF Vp3
N=—— 2dp = —F
n2h3 /0 pap 3m2h3
N\ 3
(7)

2 2 3
D 2 ([ h N3

where pr and ep are the Fermi momentum and energy, respectively. A
diagram of the behavior of the Fermi distribution was shown in Figure
[A1.3] Recall that in the limit as 7" — 0, the Fermi distribution 7, becomes
a step function, with a value of unity for € < p and zero for € > pu where
n = €f.

We can find the total energy simply by multiplying the number of states
from equation [A.34] by % and integrating over momentum space,

V PF V 5
/ p4 dp = Pr
0

T omnhe 10mn2h?

2)2 12 2
E:3(37T) h_(ﬁ) N

=

— Prp = h(371'2)

10 m\V

inserting the value of pg

_, po BN (ﬂ)g (A.36)

2B
using the equation of state P = 3V

we find the pressure of a Fermi gas at absolute zero is proportional to the its
density to the power of g For these equations to be valid representations
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of strongly degenerate electron gases, it is reasonable to assume that the

temperature 7' should be small in comparison to the limiting energy ep,
2

ie. T << (%) (%) 3 = ep. The temperature defined by Tr = € is called

the degeneracy temperature.

A property of the degenerate electron gas is that it approaches the ideal
gas state as its density increases. This can be easily understood from the
condition that in an ideal gas, the mean kinetic energy of electrons must
be large compared to the Coulomb interaction between the electrons and

. 2 . '
nuclei, = ZTe, where Ze is the nuclear charge and a ~ (%) % is the mean

distance between the electrons and the nuclei. As the mean kinetic energy
can be approximated as having the same order of magnitude as the Fermi

. 2 2
energy, €, and since €p = (h > (%)3, then

2m
Ze? 2me?\* N
— << ep = 77 << = A.37
a F ( h? ) V ( )
showing this condition is certainly met as the density of the gas, % in-

creases.

A.2 Bose-Einstein Statistics

In Bose-Einstein statistics, particles are considered to be indistinguishable
with no limitations on the number of particles within a state. Now, consider
a gas made up of two identical particles, denoted by A, where each particle
can be in one of three possible quantum states, x=1,2,3, as before. Using
Bose-FEinstein statistics, we can write the possible states of the entire gas as
Using the expression X; defined in the discussion on Fermi-Dirac statistics,

1 2 3
AA L.
AA ..
. .. AA
A A L
A A
A A

Table A.2: Bose-Einstein statistics applied to a system of two particles
with three possible states.

we have Xgr = 1 as opposed to Xpp = 0 and Xy = % for Fermi-
Dirac and Maxwell-Boltzmann statistics, respectively. This tells us that in
Bose-Einstein statistics, there is a greater relative tendency for particles to
cluster in the same state than in classical statistics.
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A.2.1 Bose-Einstein Distribution Function

The particles in this system are assumed to be massive, therefore, we take
the total number of particles, N, to be a fixed number. The average number
of particles in quantum state s can be written

—Bnzes B(nie1+ngea+--)
Ny = Z fat Z"I’"Q’ (A.38)
an e—Bnaes ngl)’m’ e—B(nie1t+nzea+-)
where n; are the number of particles in state ¢ with energy ¢; and g = %,
as seen before with Fermi-Dirac Statistics. For massive bosons, the particle
numbers ny,ns, ... in each state assume values of n;, = 0,1,2,... for each

i where > n; = N. Taking the sum over n,, the above expression becomes

_ O—i-e—ﬂexe(N—1)+26—266xZI(N_2)+... (A.39)
" Zo(N) + e P Zy(N — 1) + e 2 Z,(N — 2) + - -- :

where Z,(N) is the partition function for N particles distributed over all
states except state x in accordance with Bose-Einstein statistics. Utilizing
equation and taking a, ~ «, we can write

_ Zy(N)[0+ e~ lotFer) 4 ge2otbea) 4.
M = 7 (N)eo + e @the) o 2athe 4]
S ngenelatBen)
Z e—na(atfes)

- ]_ — 6_(Q+BEZ)

= (A.40)

which is known as the Bose-Einstein distribution. Here, it is important to
note that 7, can be large. The parameter « is determined by the expression
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for the total number of particles in

1
N=> (A.41)

As for the case of electrons in Fermi-Dirac statistics, we will take o = — 1
where p the chemical potential for the bosonic system.

A.2.2 Density of States

For bosons we have € > 1, where i can be found from the distribution when
the particle number N is known. Given e(k) = hvk for a d dimensional
system of bosons, we must change the integral gV [ (gikd to an integral over
€. The coupling constant g with the volume V' will be denoted as Q; = gVj.
Therefore, the density of states for bosons in d dimensions per unit volume

of k space is

ple) = / %5@ —e(k))

= / (;lﬂljdé(e—fwk)

Qd 6d—l

(A.42)

The density of states in three dimensions for a bosons obeying the disper-
sion €(k) = hvk becomes

Qg 62

) = G5 o (A43)

where (23 = gV5 where V3 is the volume is three dimensional space.

A.2.3 T, for Bose-Einstein Condensation

The number of quantized states within a region of length dk in k-space can
be written as

N = / 70k p(K) dk (A.44)

where 7 is the distribution function and p is the density of states. Thus,
the total number of particles is simply

N = /0 " ) p) dk (A.45)
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where, for Bose-Einstein statistics, the distribution 7 is the Bose-Einstein

distribution, and p = (29%)5% Therefore,

Q3 /oo 62
N = de
(2m)3(hv)® Jo kT 1

1 /oo 62
gy ;2
2m2(h)® Jo  eFs™ — 1

where we set (23 ~ 47 and =0

<3 (kBTc>3 (A.46)

2 ho

where the zeta function ((3) = 1+ 273 + +373473. The Bose-Einstein
condensation critical temperature in three dimensions for a system of non-
interacting bosons becomes

kT, = (é\gj ) hv (A.47)

A.2.4 The Bose Gas at Zero Temperature

A Bose gas obeys different properties than that of a Fermi gas at low
temperatures. One example of this can be seen from the lowest energy
state of the Bose gas, which is occupied at T = 0, where ' = 0, whereas
this energy is non-zero for the Fermi gas. If we maintain constant density
% while lowering the temperature of the gas, the chemical potential p will
increase (become less negative) and reach zero at a temperature determined
by

N  gTim: [ eid
v [ (A48)
Viooo2ap2pd Jy oer —1
N g(mT)2 /°° r3de
= = A .49
Vv 2%ﬂ2h3 0o €*¥— 1 ( )
where x = % and the integral can simply be expressed as a Riemann
zeta function, ((2) = Y07, & = 2.612 times a Gamma function I'($) =
(3 —1)!=0.886. Rearranging we find
3.31h% (N ?
7, = 3310 (—) (A.50)
mg§ \%

Here, we must consider the case where T' < T}, but not quite 7' = Ty in
order to maintain finite terms in the sum and obtain negative solutions
for the chemical potential p, which is required at all temperatures in Bose
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statistics. For particles with energy € > 0, we can write the distribution
with p =0 as,
B gm%V e2de
Coim2pdet —1
3
V(mT): [ x2d T2
- Ne>0:/dNe:g 1(m )2 / e :N —_— (A52)
2:m2h® Jo €*—1 Ty
total number of particles

dN, (A51)

with energies € > 0

T
= Neo=N|1—-| =
’ [ (To)

with the remaining particles at ¢ = 0 being in the lowest energy state. The
energy of the gas is only determined by the particles with ¢ > 0, and hence,
setting ;1 = 0, we obtain

N

(A.53)

3 3
V /2m\2 [ €2
E=9n (h_) / 1 (A.54)
TVT [ 25
VT e e
2272 0o e +1
gV(mT)3T 5
= WF<§)C(§) (A.56)
3
T 2
— 0.770NT (ﬁ) (A.57)
3,45
BN PRI (A.58)
h3

with ((2) = 1.341 and I'(2) = 1.329. The pressure becomes P = —g—‘le =

3 _ 5
0.0851%, and thus, for T' < Ty, the pressure is proportional to T3 and
exhibits no volume dependence. This is valid due to the fact that particles
in a state with € = 0 have no momentum, thereby, contributing nothing to
the pressure.

A.3 Non-equilibria Fermi and Bose Gases

The aim is to find the entropy for Fermi and Bose gases which are not
in equilibria, and then, rederive the Fermi and Bose distribution functions
with the condition of maximum entropy. We will consider N, identical
particles and G states. As discussed previously, states in a Fermi gas can
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only be occupied by at most one particle, and in fact, the numbers N; are
of the same order of magnitude as the Gj.

The number of ways to fill G; states with no more than one of each N;
identical particles is simply the number of possible ways to select N; of the
G states,

a,!
Al = N;H (G = N;)!

= S =log(Al}) =log(G;!) —log(N;!) —log[(G; — N;)!]  (A.59)
Since the N; are large, we can utilize the approximation log N!= N log(%).

S =) {G;logG; — Njlog N; — (G; — N;)log(G; — Nj)}  (A.60)
i

. . — N
Using the mean occupation numbers of the quantum states, n; = &, we
J

can write the entropy of a Fermi gas in a non-equilibrium state as

§ == 2 Gylnjlogm; + (1 —mj) log(1 = 75)] (A.61)

Using the method of Lagrange’s undetermined multipliers, we can find the
criteria for this function to be a maximum by setting the derivative to zero

(S + aN + BE)

= A-2
= 0 (4.62)

where «, § are constants. This admits

n;
1_]n_j—|—oz+ﬁej):()

l—nj

Gj(log

_ ea+,86j

which is the expected Fermi distribution with o = £, 8 = —%.

For Bose statistics, the analysis is similar. Each quantum state can
contain any number of particles, allowimng the statistical weight AIL'; to
simply be the total number of ways to distribute N; particles throughout
G; states, or

(Gj+ N; —1)!
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A.3. NON-EQUILIBRIA FERMI AND BOSE GASES

We can then take the logarithm of this expression and note that G +
N;,G; >> 1 to write,

S = Z {(Gj + N;)log(G; + N;) — Njlog N; — G, log G;}

J

- Z G,[(1 +75) log(1 + ;) — 7 log 5] (A.65)

J

Carrying out the same procedure as above for the maximum, we find that

J(S+ aN + BE) _0
on; B
n;
— G]»(log1 —|—jn_j +a+ B¢) =0
1 +n_] _ 6a+,36j
nj
1 +B¢;
= — =" —1
nj
n; = ! A.66
= W= (4.66)
which is the expected Bose distribution with a = £, 8 = —%. One can

show that in the limiting case N; << G, the Fermi and Bose formulas for
entropy tend to the Boltzmann formula for an ideal gas not in equilibrium,

S = Zj N;log (%), and each of the statistical weights in this limit tend
Ny
to the expression AI'; = /. In the case where, for a Bose gas, each
!
quantum state is occupied by a large number of particles, i.e. N; >>
G; = m; >> 1, this corresponds to the classical wave description of the
Gj_q

field. Here, the statistical weight becomes AI'; = %, and the entropy
can be written as S = ). G, log (%)
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Appendix B

Second Quantization

The notes on second quantization have been adapted from Giamarchi [8].
The notes on BCS theory have been adapted from Henley [9] and Bukov
[10].

B.1 Creation and destruction operators

Here, we will discuss operators that will allow us to form all the elements
of the basis mentioned above. A creation and destruction operator can be
defined that will increase or decrease, respectively, the number of particles
in a state a;. These operators can be used to alter n;, and will therefore
span the entire Fock space. The definitions of the operators is modified
based on the statistics of the particles.

B.1.1 Bosons

We can define the creation a} and destruction a; operators by what they
do to the states in a complete basis in the Fock space

aI]nl,...,ni,...,n@ =vn;+1ny,...,n;+1,...,ng)
a;|ny, ..oy Niy. oo ng) = /niny,...,n; — 1,00, ng) (B.1)

We must now verify that the operators a; and a; are indeed hermitian con-
jugate. The only nonzero matrix element for aI is (ny,...,n;+1,... ,nQ|aZ
N1, ..., n4, ..., nq) = v/n; + 1. Taking the complex conjugate of the above
admits (ny,...,ni, ... ,nglal|ng, ... ,ni+1,...,ng) = v/n; + 1, which is the
same as the definition of the operator a; in (9). These operators only span
the Fock space. Although it appears a; can operate on a state that has
n; = 0 particles in the state «;, the prefactor ensures the matrix element

will be zero a;|ny,...,n; = 0,...,nq) = 0, and therefore, applying the
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B.1. CREATION AND DESTRUCTION OPERATORS

destruction operator on a state with no particle in the quantum state can-
not admit unphysical states. We can define the vacuum as the state that
contains no particles in any of the quantum states, or

W)):]m:O,nQ:O,...,nQ:O} (BQ)

From this expression and the operators aj we can construct all the vectors

of the complete basis of the Fock space, sinc3

(aT)"l . (aT )nQ
N1, ..., ngy....ng) = \;n_l'\/z_g' |0)

From this, it is clear that one can completely describe the Fock space from
the single state |()) and the creation and destruction operators. The defini-
tions of a;r and a; imply they have commutation relations, and conversely, if
these commutation relations are obeyed, then the corresponding operators
and vacuum will define a Fock space from (11) in which they will contain
the matrix elements (9). We can see from (i # j)

aga;f»|n1,...,ni,...7n9> :aI\/nj+1\n1,...,ni,...,nj—i—l,...,nQ)
=Vn;+1y/n;+1ny,...,n;+1,...,n;+1,...,ng)

(B.3)

:a}aﬂnl,...,ni,...,ng) (B.4)
Thus,
o}, alllny, ... niy. o myg, ) = 0 (B.5)
which admits
a},af) =0 (B.6)

Because of commutation, this holds for ¢ = 5. The Hermitian conjugate of
(14) implies

[CLZ', aj] = O (B?)
.I.

For the case where we use a;a; as the operator, our result is the same so

that [aj,aj] = 0 when ¢ # j. For this operator, the i = j case is special
where

azai|n1,...,ni,...,ng> :az\/n_i|n1,...,ni,...,nj—1,...,nQ>
= (n; — 1)+ 1y/nina, ..., ng, ... ng)
= NNy Ny ey NGQ) (B.8)
and using the operator aia;r we obtain aiaﬂnl, ce Mgy ng) = (ng +
)|ni,...,ni,...,ng) which implies that
[ai,aj]]nl, My, NQ) = [N, Ny N Omega) (B.9)
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B.1. CREATION AND DESTRUCTION OPERATORS

Therefore,

[ai, a}] = 0y (B.10)
and the properties pf the creation and destruction operators can be ex-
plained by

[alv a;] = 51]
[aL CL;[] =0
[ai, (lj] =0 (Bll)

Thus, once we obtain a complete basis «; of the single particle states along
with the wave functions |o;), creation and destruction operators a; for each
state that obeys the canonical commutation relations, and a vacuum |())
destroyed by the destruction operators a;|)) = 0, we will be able to Fully
construct a Fock space for bosons. Using the above properties and canonical
commutation relations between the bosons to compute physical properties
rather than using the wavefunctions is the process of second quantization.

B.1.2 Fermions

We can similarly construct the operators for fermions, as we did for bosons,
in

cg\nl,...,ni,...,ng) =(1—=n)(=D)%nq,...,n; +1,...,ng

cilng, ..oy ngy oo ng) = ni(= D)% ng, ..o ng — 1,00 ng) (B.12)

where ¢; = Z;;ll n; and €, = 0. because the Pauli exclusion principle
applies to fermions, the n; are restricted top be either 0 or 1. From this,
we know the creation operator should not be able to generate two particles
in the same state, which is why the factor of 1 — n; is used. Also, the n;
factor ensures that the destruction operator cannot destroy a particle in
the n; = 0 state. The procedure here is the same of that with the bosons.
We first check that the operators czT and ¢; are hermitian conjugate. The
only nonzero matrix element for the operator ¢! is

(ny,....ni=1,... nglcng,...,ny=0,... ng) = (=1)% (B.13)
and for ¢; we have

(ny,....,n;=0,... . nglc|ng,...,ni=1,... ng) = (=1)% (B.14)

We can now examine the action of ¢;c!, and since this only affects the state
a;, we only need to consider the action on the two states n; = 0 and n; = 1

cicllng, ... ni =0,...,ng)
= (=1)%¢|ny,...,n;=1,...,nq)
= (=1)*ny,...,n; =0,...,nq
=|ny,...,n; =0,...,nq) (B.15)



B.2. ONE BODY OPERATORS

where, on the other hand, cjci|n1, ..,n; = 0,...,ng) = 0. Here, (—1)¢
terms do not play any role. We also have

cicﬂnl,...,ni:l,...,ng)) =0

cj-ci|n1,...,ni: L...,ng)=|n1,...,n; =1,....nq) (B.16)

Clearly, [c;, c;r] has no simple expression. However, for the anticommutator,

[ci, C’HJF = Cz‘CzT + CICz' (B.17)
admits
¢, c;r]+|n1, e Ny ) = |1, g, ng) (B.18)
and therefore,
i el =1 (B.19)

which shows that the anticommutator will play an important role. The
factor (—1)% ensures that the other combinations give simple results for
the anticommutator. This leads to the further result that

eyl =0 (B.20)
where ¢ # j and ¢ < j which is due to the phase factors ¢; admitting a

minus sign between terms. This will allow us to define ¢; operators only in
terms of the their anticommutators. Thus, we can write

[c;‘rv C;r']-f— =0
[ci, ]+ =0 (B.21)

where ¢; and ¢ can be used to construct all the states of the Fock space
from a vacuum |(}) which gets destroyed by all the destroyers ¢; using the
same relation (11) as before. The wavefunctions and averages can also be
computed using the same techniques as with the bosons. The antisym-
metric form of the wavefunction for Fermions can be seen directly through
the operators without even viewing the wavefunction. Using [cy, ¢a]4 = 0,
admits ¢l c}|0) = —clel|0), showing the wavefuention [¢)) is antisymmetric
by permutation of the particles.

B.2 One body operators

Now that we can construct a Fock space using operators, we want to use the
same operators to construct the physical observables. Due to the fact that
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B.2. ONE BODY OPERATORS

the physical observables have to act on indistinguishable particles, there are
constraints as to what they can be. For an expression of the observables
in second quantization, we must characterize observables in terms of how
many particles are involved. One body operators are those physical observ-
ables that measure only the quantum numbers of one particle at a time,
and two body operators are those observables that measure the quantum
numbers of two particles at a time to determine the matrix elements.

B.2.1 Definition

We can begin by letting O be an operator which involves only the measure-
ment of one particle. Let O be the operator acting in the Hilbert space
of a single particle, then O must be

0=0"01L,® Iy+1L, 00" - Qly+- 41,000V
(B.22)

where OZQ) is the operator acting on the i-th particle. This admits the
most general form of a one body operator for indistinguishable particles.
To express (30) in second quantization, we can look at a system with one
particle. In this case, O = OM and using the complete basis a admits

0= |a)(a|0V|B)(B] (B.23)
a,
and with |a) = ] |0), we have
0 = (al0W|B)cl,|0)(Bcs (B.24)
o,f

From this, we know that the destroyer operator cg destroys a particle in a
state 8. Going through the vacuum, the particle will change its quantum
state from the state (§ to the state . With an arbitrary number of particles,
we must do the same thing for each particle which requires an operator

0 => (a]OW|B)clcs (B.25)
a,B

which is identical to (32) except we do not have to go through the vac-
uum after destruction. With the operator c,cs, ¢g will act on all particles.
This expression (33) allows us to represent any single-body operator in
second quantization. When the matrix elements (a|OM|3) are computed,
the entire operator reduces to a linear combination of creation and destruc-
tion operators. Therefore, all physical averages can be computed by the
techniques described previously.
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B.2. ONE BODY OPERATORS

B.2.2 Examples

We can begin by writing the operator measuring the density of particles at
a point ry for one particle

pM (o) = |ro) (xo| (B.26)

For first quantization, we have (¢)|p™ (rq)|1) = |[¢(ro)[?. In second quanti-
zation, the form of the operator will depend on the choice of basis a. We
can start by taking the position basis |r), where ¢! is the operator creating
a particle at point r. With the basis and (33), we have

p(ro) =Y _(r|ro) {rolr)clew

= 6(r —19)d(rg — v')cler
= ¢l cx, (B.27)

where the operator cloc,FO destroys and recreates a particle in the same
quantum state. This operator will give zero if there is no particle in the
corresponding quantum state and one with one particle. This gives a num-
ber of particles at the point ry. In general, clc, counts the number of
particles in the state a. We can get the total number of particles by inte-
grating over position

N = /drclcr (B.28)

We can generalize this further to the case of particles with spins, where the
complete basis becomes a = (r,ce). Here, the density operator only acts
on the spatial part which admits

p(1)<r0) = |I‘0> <r0|®1spin (B29)
giving

plro) = Y (ralro) (ro|r'o’)cl, corer

ro,x’'o’

= Z §(r —10)0(rg — 1')0perCleps o

ro,r’o’

= CrgtCrot + CIO¢0T0¢ (B.30)

For particles with spin, we can compute the spin density along z at the
point ry. The operator in this case becomes

otV (rg) = [ro)(ro|®S. (B.31)
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B.2. ONE BODY OPERATORS

Thus, using (33) we come to

0.(r0) = Y (xofro) (0| @S- |r'o") el o

ro,r’'ce’
= {018:10")cL o Cror
Lo i
= L (et = chyyenn) (B.32)

in a similar way for the z-direction we have

0o(re) = Y (rolre) (ro|®S,|r'0") el crro

ro,x'o’
= Z<U’Sx‘al>cioacroa’
oo’
Los t
= §<Cr0TCrO~L - CroicrOT) (B33)

We could have used the basis of the eigenstates of the momentum |k) where
1 .
rlk) = ——e' B.34
k) = —= (B.34)

Due to the independence between the spin and orbital part, we will give
expressions for the spinless case. The operator ¢, now destroys a particle
with momentum k. Using (33) one obtains

p(ro) = > (Ki|ro) (ro[ka)ef, e,

kiko
1 —ikyro ikore
=9 Z e~ et ¢y, (B.35)
kiks

Here, as in contrast to (35), the density operator is not diagonal in the mo-
mentum basis. However, both (35) and (43) represent the same operator.
By comparing these expressions, we can obtain a connection between the
operators creating a particle at point r and one creating a particle with
momentum Kk,

Cr = — E e e B.36
VQ « (B.36)
Using (43) we find the total number of particles in the system,

1 . .
N = \/I,5 Z e_lkerZerCL16k2

kiko

_ E T
- 61(1 ko Ci Cko

kiko

=> dea (B.37)
k
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As chk counts the number of particles in the quantum state k, the total
number of particles is the sum of all numbers of particles in all possible
quantum states. We can attain the Fourier transform of the density using
(43) giving

pla) = / re” ¥ p(r)
/‘ —zqu Z —ikir zkngLlck

kiko

_ E T
- 6k2,k1 +qck1 Ck,

kiko
= i qtx (B.38)
k

Another operator we must consider id the kinetic energy of the particles.
For one particle, we have H(M) = %. In general, we can have any function
of the momentum HY = E(P), thus, it is best to use the momentum basis.
The kinetic energy can be written as

H= Z (ky|e(P)|ks) ck1 Cks

kiko

- Z 5k1k26(k2)CL Cko

kiko

= Z )efcre (B.39)
To generalize in the case of a system with spin, we have

H= c Cko B.40
ko

where we assumed the kinetic energy does not depend on spin. Since the
total number of particles N = )", chk adding a chemical potential —uN
does not change the form of the Hamiltonian

H = ZC Ckgcka (B.41)

where €(k) is replaced by ((k) = e(k) — u. At zero temperature the energy
((k) is zero at the Fermi level, negative below, and positive above.

B.3 Two body operators

We can now look at operators that involve two particles in order to define
their matrix elements. This is the case of the interaction between two
particles.
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B.3.1 Definition

We can denote O®) as the corresponding operator that operates in the
space of only two particles. The two body operator that will operate with
N particles must have the form

0=> 02 1

i<j k#i,j
1 )
=3 > 07 Q1 (B.42)
i#j ki j

where the O® operator can operate on each pairs of particles in the system.
For second quantization, we must look at the case with two particles. The
operator O must be defined by its matrix elements in the physical space
of the (anti)symmetrized functions |«, ). This corresponds to knowing all

the elements of
(@, BlOP]y, 6) (B.43)

We can express |a, 3) in terms of the ordered kets and use the fact that we
are dealing with indistinguishable particles to obtain

(@, B1OP)|,0) = (8,a|0P)],7) (B.44)
which is just the exchange of two particles, thus
(o, B0, 6) = (o, O], 6) % (o, B|O)]3,7) (B.45)

In second quantization, there should be an operator that reproduces these
elements and works for any number N of particles. We can verify that

1
0 =5 3 (@ Bl0P ], d)chchese, (B.46)
a,Bv,0

work for fermions and bosons. Here, we will check that it works for 2
particles. Using (54) the matrix elements become

1

(a0, BolOl0, 60) = ) Z (a>5|0(2)|%5)<040>50|CLCT50507|%750> (B.47)
a,B,7,0

and since |ayg, By) = CLO c/go, we must compute averages of the form

<@|c§06aoclc}§c§cﬂ,cfyoc§0 0) (B.48)

which can be computed using the technique where the destruction operators
act on the vacuum. This admits
<®‘C,BOCQOCLC;C5C’YCT}/OC§OW)> = [5040,046[30,!3 + 50&0,55,30,04][5’70,’7550,5 + 5’70,5550,7]
(B.49)
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where the + is for bosons and — for fermions. The physical meaning of
this is that when the destruction operators act

csC|70, 60) (B.50)

they must destroy the two particles in the two possible quantum states, o
and 7, with the correctly assigned sign depending on the (anti)symmetry
of the wavefunction.

B.4 Solving with second quantization

We will now examine how to solve a problem in second quantization when
we know the Hamiltonian. We will be solving for the eigenvalues and
eigenstates.

Let us begin by writing a general quadratic Hamiltonian

H = ZAQCLCQ (B.51)

where « is some complete basi, and all A, are arbitrary numbers. For
quadratic and diagonal Hamiltonians of this form, the problem is solved.
Each vector of the form

c ¢ e, 10) (B.52)

a1 “ag ag

is an eigen vector of H with an eigenvalue
p
E=>Y A (B.53)
i=1

We will illustrate this with two terms [¢) = ¢, cf_|0) for fermions, where
a similar calculation can be done for bosons.

cf el | (ZA c ca) el ch|0)
—ZA et (Oaan — Chyca)cl,|0)
A [9) ZA cheh, cacl, 10)
= Au, |t ZA chel (Baas — ch,ca)|0)

- Aa1|¢> - CY2 ag a1|®>
= Ao, [¥) + Aay |¥) (B.54)
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The operator c,c, counts the particles in the state . If there is a particle in
|1}, it will return 1, where the corresponding energy will be counted in H.
At zero temperature the ground state will simply consist (for fermions) in
occupying all the states with the minimum energy according to the number
of particles in the system.

|F) =TI, ¢, |0) (B.55)

if 7 < By < --- < FEq. At finite temperature we can also compute the
averages of many operators.

Trie PHcl cq,)
<Ca » Ca > = ;
p? 0P Tr(e=PH]
Do, (nl,...,nQ|e*5Hc£pca|n1,...,nQ>

= S s (B.56)

an,...,ng <n17 s 7nQ|eﬂH|n1, ce ,TLQ>

Since [cf,, ca,cy] = 0 if @ =# v and a similar relation for ¢l, we see that
the term e’ factorizes

_ T
e | PO (B.57)

Since in the trace each term n; is independent, the average factorizes. The
numerator becomes

;
Z<nap|e—ﬁAachpcachpC%|nap> M, Z<naj|e—6ajcajcaj|naj>

Nay, N

(B.58)

All the terms for 7 # p are identical in the numerator and denominator
and cancel each other. The trace thus reduces to

_ T
Znap <?7,ap |€ BAapCap Cap CLP Cap ’nap>

S (g, 6P eintan |,
4

(B.59)

<CLT_, cD‘p) =

Since the Hamiltonian being diagonal in a only the state a,, can contribute
to the average of an operator only involving the state a;,. Since CLP Cay|p) =
np|n,) one obtains

_51404 Np
Znape PP,

t =
<Cap7 Cap> Znap 6_6‘40‘?””

(B.60)

Now, for Fermions, only n, = 0 and n, = 1 are in the sum. Therefore,

e_ﬁAap 1

T = =
<Cap7 COlp> 1 + eiﬁAf"p 1 + eBA&p (B61)
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which gives the Fermi factor. This is a totally general result ( not limited
to eigenstates of momentum) as soon as one has a quadratic Hamiltonian
and one is in thermal equilibrium. For bosons, n, = 0,..., 400, and thus
the sum becomes

(e, Cap) = _%log Z e Prpdap

np=0

0 ; 1
e
P Aap
o
= ! B.62
= i, 1 (B.62)
which is precisely the Bose factor. However, although a quadratic diagonal
Hamiltonian gives all the physical quantities we need, this is usually not
the case. Thus, solving in second quantization means that we have to
find a transformation of the operators ¢ and ¢! that put the Hamiltonian
in a quadratic diagonal form. We want the new operators d and d' that
are the results of the transformation to still spawn the Fock space. It
means that We must use a transformation that preserves the canonical
commutation relations. Even without solving the Hamiltonian one can
exploit the freedom of choosing different creation and destruction operators
to use a more convenient representation. We can begin with a simple
example in the particle-hole transformation

c =d,
Co = d, (B.63)

For fermions it is easy to check, by substitution of the d operators that
they verify the canonical anticommutation relations. For example,

(o db]s = [cl, cs]y = da, 8 (B.64)

Here, d, destroys a hole with state a (which is identical to creating an
electron) and the operator dJ, creates a hole ( which is the same thing as
destroying an electron). Remember also that when making the transfor-
mation one must modify the vacuum as well. Indeed the vacuum for the
particles d is not the same as for the vacuum for particles c. We define |().)
and |(}4). The vacuum of d particles is defined as usual by

dal0s) =0 (B.65)
for all states a. It is easy to check using the relation that

0g) = Tcl |0, (B.66)
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B.5 Bogoliubov Transformation

This is a problem of the tight binding Hamiltonian to which we have added
a periodic potential. The potential is in first qunatization

Hyl =V (=1)i) (| (B.67)
which in second quantization gives

Hyp =V Y (—1)'cle; (B.68)

Since we know how to diagonalize (78) using the operators dg, it is natural
to express H,, in this basis. One has, using that (—1)7 = etari

a1 . .
Hypy =V ) :elzrjﬁ > emthmiemthrdl dy, (B.69)
j % kko

where the two vectors k; and ks belong to the first Brillouin zone k£ €
[—7/a,7/a]. The sum over j can be easily performed and gives the con-
straint that k; = ks + 7m/a modulo 27/a. the potential becomes

Hpt =V Z C;rc—i-w( mod 27r)/ack (B70)
k

the momentum k+7/a has to be brought back in the first Brillouin zone by
the proper translation in £27/a. the potential thus couples two different k
values. The tight binding Hamiltonian is diagonal in neither basis. In the
real space basis the tight binding Hamiltonian is non diagonal while the
potential is, while in the k£ basis the tight binding Hamiltonian is diagonal
but the potential is not. To diagonalize the total Hamiltonian we can
notice that although a state k is coupled to a state k + 7/a the coupling
stops there since the state k + m/a is coupled to k + 27/a = k and thus
linear combinations of d; and di, . should be able to diagonalize the full
Hamiltonian. We can also use the more physical approach in using the
symmetries of the problem. Even in the presence of the potential, the
system is still invariant by translation provided that one considers a unit
cell with two atoms per unit cell. For such a lattice system where the lattice
spacing is 2a the Brillouin zone Z = [-7/(2a), 7/(2a)]. One thus has two
equivalent ways of viewing this problem

(a) The original lattice spacing.

(b) The reduced zone scheme.
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B.5. BOGOLIUBOV TRANSFORMATION

Let us continue with the reduced zone scheme. We need to express the
operators dj, with k € Zp in terms of new operators expressing the degrees
of freedom in the reduced zone. We can consider the mapping

dp = ap k€ [—7/(2a),7/(2a)]

dk = kaﬂ'/a ke [71'/(2@), 7T/CL]

dp = 5k+7r/a k€ [—7'('/0,, _7T/<20’>] (B71)
It is easy to check that the operators oy and [y are defined for k € Zj;. they
also obey the canonicaql commutation rules, and are thus faithful represen-

tations of fermions. In terms of this operator one can rewrite the Hamilto-
nian. Let us begin with the tight binding part where {(k) = —2t cos(ka)

Z E(k)zler = Z E(k)el e + Z E(k)el e + Z (ke e

keZp keZ, ker/(2a),m/al k€|—7/a,—7/(2a)]
=Y &Rafar+ > Ek+m/a)BB+ > Ek—n/a)BlB
kez', ke[—m/(2a),0] kel0,m/(2a)]
= > &) (adar — BiBy) (B.72)
keZy

having used &(k £ 7/a) = —&(k). In the above formula, the two bands
are clearly visible. Since the tight binding Hamiltonian is also invariant
by a one unit cell translation the energy dispersion has no gap as the zone
boundary, since the folding zone is merely an arbitrary choice here.

Z C]TC-HT/CL( mod 27r/a)ck = Z (a;;ﬂk + Blia/k) (B73)

k€Zp keZy

The final result becomes

H =Y [Ak)(BLA — afor) + V(alBi + Blaw)] (B.74)

keZy

where we have introduced A(k) = —&(k) which is a positive quantity for
k € Z;. We see that the Hamiltonian is diagonal in % in the reduced zone,
as it should since the system is invariant by translation. However, it is not
fully diagonal since the lower band « is coupled to the upper band S by
the potential V. We can rewrite the Hamiltonian in a matrix form

7= 3l ol (2 ) () e

This structure makes it clear that the Hamiltonian is diagonal in &, but that
there are two residual degrees of freedom that a coupled by the potential
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B.5. BOGOLIUBOV TRANSFORMATION

making the matrix of the quadratic form non-diagonal. It also makes it ob-
vious that all we have to do is to diagonalize the matrix by the appropriate
linear combination of the operators o and beta. This type of Hamiltonian
where 2 degrees of freedom are coupled is specially important and arises in
several occasions, for example as a result of a mean field approximation of
the real hamiltonian as we will see. It is thus important to see the general
procedure to solve it. Is known as the Bogoliubov transformation and is
nothing but the above mentioned diagonalization of the matrix. On the
form of the above expression, we can directly read the eigenvalues. They
are given by the equation

(A(k) — E)(=A(k) — E)—=V*=0 (B.76)
and thus
E(k) = £/ A(k)? +V? (B.77)

There is now a gap 2V that opens at the reduced zone boundary. To
determine the eigenvectors we must make combinations of the operators «

and 5.
=) -

which defines new operators 7., and 7,_. These operators result from
the combination of the top and bottom band or in the original language of
states with momentum & and momentum £+ /a and describe the interfer-
ence effect between these two states due to the scattering potential. Since
the new operators v must verify the canonical commutation relations, the
coefficients a, b, ¢, d cannot be arbitrary. In order to ensure [y4, 7,1_]+ =0
and the other commutators, one can check that it is necessary to take the

coeflicients as
Vk— U —Uk Qg
— B.79
<’Yk+) <Uk Uf, ) (@c) ( )

moreover one must have u? + v = 1. Note that here we have chosen real
coefficients but one can generalize the transformation to complex ones. The
last condition comes for example from

ks Y+ = [uslalphar — vk, ural — vpBl]+
= uifou, OC;UJr + Ui Br 5;1]+ + urvr([Br, OC;JL]JF + [on, BL)+)
= uj + v} (B.80)
This is quite natural since the transformation (the Bogoliubov transforma-

tion) is an orthogonal transformation with two vectors that are orthogonal
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B.5. BOGOLIUBOV TRANSFORMATION

and normed. It is thus a "rotation" in the space spawned by the vectors ay,
and f;. Note that in general the coefficients of the transformation depend
on k. Given the constraint one often uses the parametrization

up =cosb, , v, =sinby (B.81)
The transformation is easily inverted
ap U Vg Vk—
= B.82
(ﬂk) (—Uk Uk) (’Yk+> ( )
Inserting (98) into (91) one obtains

I_ Z (i 711+) (—[A(k)(u,% —v3) + 2Vur]  V(ui —v?) — 2A(k)ugoy ) (%)

Ve ) —2A(Ruwve HAR) @ — ) + 2] (e
(B.83)
which leads to
V(ui —v}) — 2A(k)ugvr = 0 (B.84)
to diagonalize the matrix, while
Ei(k) = £[A(k)(u; — v}) + 2V upvy] (B.85)

are the two eigenvalues. To solve (100), one can use the parametrization

(97), which admits

- 4 1/2
[ A
" 2(” A<k>2+v2>>_

r 71/2
(il aw

Bo(k) = £]AK) (1 — 02) + 2Vupwy] = £[A(K)2 + VY2 (B.8T)

which also gives

which are of course the same values than the one we obtained by com-
puting directly eigenvalues. The expressions (102) and the energies (103)
are shown in Fig. 3.7. One sees that far from the zone boundary where
A(k) = 0 one has uy ~ 1 and v ~ 0. The new operators are basically
the old ones v, ~ oy and 7, ~ Bx. For these wavevectors the potential
is not able to act efficiently and produce interferences. The wavefunctions
of the eigenstates are essentially the old plane waves. On the other hand,
close to the zone boundary the interferences produced by the potential will
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B.5. BOGOLIUBOV TRANSFORMATION

be maximal. One can look at the wavefunctions corresponding to the new
operators

(rilvi_10) = {ril (uncd, — vu8})10)

= (il usc], — vrel, ) 10)

1 ikr; 1 i(k+m/a)r;
= Ur——¢€ L — V. ——€ 7
. Z.
= —e™i(uy, — (—1)y) (B.88)

Q

and

(rilfs|0) = (ril (vra + wB])10)

_ %e’k”(vk (= 1))

_ %eﬂkwam(uk +(=1) ) (B.89)
we therefore see that when u; ~ 1 and vy ~ 0 the two operators v, and
e+ are essentially creating a plane wave with momentum & and k + 7/a,
and the potential has little action. However, when the wavevector of these
plane waves approaches +7/(2a), i.e. the zone boundary in the reduced
scheme zone for which A(k) = 0, the potential that has a wavevector
() = m/a can induce strong interferences between the two states +7/(2a).
The eigenstates are thus transformed because of these interferences into
stationary waves. The amplitude of the wave caused by ~v;_ is essentially
zero on the even sites and maximal on the odd sites. Since the potential
is V(r;) = V(—1)" we see that such a wave gains an energy of order —V/,
which is indeed what its eigenvalue is. On the contrary, the stationary wave
created by 744 is maximal on the even sites and thus loses the energy +V'.
The Bogoliubov transformation allows us to go beyond this cartoon and
gives the full eigenstates for all values of k. To complete this, let us illus-
trate how we can use the transformation to compute any observable. The
observables are easily expressed in terms of the original operators ¢, while
we know the ground state or other thermodynamic averages in terms of the
operators . The strategy can work two ways: either we express the ground
state back in terms of the operators ¢, and then compute the observables
by the usual way, or we do the opposite an reexpress the observables in
terms of the operators . The second method is usually simpler, but both
give of course equivalent results. Let us illustrate it with the calculation of
the average, at finite temperature, of the density of particles at the point
r; = 0. The corresponding operator is

1
p(r=0)= a Z czlc;62 (B.90)

k1,k2
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B.5. BOGOLIUBOV TRANSFORMATION

the sum over momentum runs in Zz. We now restrict the momenta to Z7
and express the operators ¢ in terms of the operators a and 3. One has

1

p(’f’ = 0) = 6 Z (OZLCV]Q + leﬁl‘? + Oﬂl;lﬁl62 + 5;210%2)
(kl,kz)ezg
1 1 1)\ [«
_ toat k
=5 Z (s, BL) (1 1) (5:)
(kl,kz)GZ/B ’

(kth)GZ/B
(B.91)

Computing the average of the operator is now reduced to computing av-
erages of the form 'y,il 4 Vke+ Which we know well since the Hamiltonian is
diagonal in terms of the operators . Let us begin with the case of T' = 0.
Given the eigenvalues (103) the ground state of the system consists in fill-
ing first the states v,_ and then the states y;,. The filling depends on the
total number of particles. For example, for a case when one has one particle
every two sites (i.e. and half filled band since we did not put spin for the
particles) all states y,_ will be filled and all states v, will be empty. The
ground state becomes

|G) = ez, |0) (B.92)
In that case the only nonzero average for the operators ’y,il L Vhot 1S

<G|fy]11j:7k2:t‘G> = 6k1,k2 (B93)

and the average of the operator

(Glolr =0)G) = & 3 (e — i)

ket
1 v
== [ (B.94)
Q REZZB A(k)2 + V2

which we can compute explicitly. For V' = 0, we get back that p(r = 0) =
1/2 as it should since the number of k values in ZJ is half of the ones in
the total zone. We also see that when V' — oo, p(r = 0) — 0 since the
particles tend to avoid the site where there is the gigantic potential +V .
Since 7 are eigenstates of the Hamiltonian, we can even compute easily the
averages at finite temperature. In that case, we see that the only non zero
averages are

(W _Vkam) = Oy o fro(— E(K))
<’7]];1+’7k2+> - 5k1,k2 fF(+E(k)) (B95)

5

1 Z (i ) (Upy, — Vg ) (Uky — Vky)  (Upy — Vpy ) (Uky + Vi)
fim Tt (ugy A Ok ) (Uky — Vky) (kg + Uk ) (U, + Vy)

)(

Vio—
Vkat
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The average of the density at » = 0 becomes

(p(r=0)) == > (ur — ve)*fr(—E(k)) + (ur + v0)*fr(+E(k))

klinZ
_ 1 YV am(BER
=5 k]zn;B (1 OEAE tanh ( 5 )) (B.96)

When 8 — oo we obviously recover the previous result, while when 5 — 0
we see that (p(r = 0)) = 1/2 since the potential or kinetic energy do not
matter any more when compared to the thermal energies.

B.6 Derivation of Ty

This is a more descriptive analysis of the derivation carried out when solving
for T from the gap function. Due to the tight-binding dispersion, we have
Y repz €k = 0, and thus, we introduce the Bogoliubov transformation

M= (“ _“)
voou
14+ —% ) — i1 - &%
Vet Bol? 2 Vet Bol?

L1 N i [ S

and define operators d;, = M¢, and ¢, = (CkTCT—m)t to obtain

N A
H~ _U_;|A0’2+ Yoy (CLT C*k¢> <Xo —Gok) (CM)

Cc_
keBZ keBZ ki

N
NS

N =

(B.97)

[\

keBZ kEBZ,0
= Egs + Skenz.0Era} 0k, (B.98)
Here, E,; is the ground state energy, and Ey = \/ei + |Ag]? . Now that

this is derived, we procede to the gap function. This is a very important
equation, so let’s start from the top. We know that we have

U
Ay = I Z <CIT~c+qTCT—k¢> (B.99)

5 keBZ
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Therefore,
U
Ao = % > (efsel i) (B.100)
% keBZ
We may rewrite this as

Ay = UVf: Z <(CkT CT—ki) (8 (1)) (CC{L)

keBZ

VYo )@ (B.101)

5 keBZ

Implementing the Bogoliubov transformation, we obtain

U o 01 "
Ay = % Z (@ Mt (0 0) May,)
5 keBzZ
u v 0 1 U —v gt >
—v u)\0O 0/ \v wu aT_ki
+ u v\ (v u At
At a‘“) (—v u) (0 0) (aT_ki)>
w  u? et >
—v? —uw aT_ki

Uff t ) AUV + a,t u2
= 1

= g ay. a-

Ny - —al, v? —al w )

U
— % Z (aLT(akTuv + a,tiuz) + a,m(—aT_ka —a_py))
® keBZ

U
= Z (uv(aZT(zkH + u2<aLTa,T€¢> — vz<a,k¢aik¢> — uv(a,maiki))
% keBzZ

(B.102)

The averages above were calculated in the notes by Giamarchi ( except
there, we used ~ instead of a), and thus we obtain

Bo = 2L 57 (ol Fe(BR)) + u2(0) = v3(0) — uo(l — fi(EL)

5 keBZ

_ % 3" (wo(fe(Br) — wo(l — fr(Er)))

5 keBZ

U
= % Z (wv(2fr(Er) — 1))

5 keBZ

U
- — ]\J;f Z (uwo(l = 2fr(FEk))) (B.103)

S keBZ
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Calculating uv, we obtain

N | —

1 €L €k
w=,|=|1+ ——— l— ——
2 < v€i+|Ao|2> ( v€%+|Ao|2>

L S [
2 e + Ao NGEIINE

2
1 1— €k 4 €L €L
2 Ve T 1A2 e+ A Ve + A0
_L o a
2 Ei—i— ‘A()P
_ 1 g+ AoP—e;
2 E%—i— ’A0|2

|Ao|?
R NIAYIE

| Aol

NGEIINE

N = N

(B.104)

78



Appendix C

Fermi Liquid Theory

C.1 Pomeranchuck Instability Condition

Here is the in-depth derivation the Pomeranchuk instability condition to
third order.

OMpe = Npo — Ny = O(pr (0, ¢) — p) — O(p: — p)
0
= O(pr(0,¢) —p) !p=p%+a—p@(pp(9, ¢) = P)lp=ps.(p — PF)

1 &P .
+ 56—]929(]%’(97 ¢) = P)|p=ps. (0 — P%)?
16 Ly 1
+ éa_pg@(pF(ea ) _p)‘pzp%. (p — pF)3 )
= —0(pf — p)opr — 53—5( —P)opE — gpfﬂ p)opr  (C.1)

where n,,, is the distribution function, p is the momenta, pr = kph is the
Fermi momentum, F'stands for Fermi, and © is the Heaviside step function.

dpr = pr(0,¢) — p%. Then,

Z(ep — )0, = Vi Z(p — PF)0Np,

po
-y | )7
27rh p pF

1 02
(—5(p p)opr — 58—5( p)dpy — 68—p25(p% —p)5p%>
_ VFpF Z| 2 8Vrpr \/(2l1 +1)(2l + 1)(205 + 1)
Him 271'71) 41
L l2 l5 I Iy I3
<m1 Mo mg) <0 0 O) Hivm iz ma Hsms (C.2)
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C.1. POMERANCHUCK INSTABILITY CONDITION

where here, dpp is expanded via spherical harmonics, and we have done inte-
gration by parts for the quadratic and cubic terms by — [ p*(p—p f)a%é (p—

pr) = [(3p* = 2ppr)S(pr — p)dp = p} and — [ p*(p — ps) 26 (py — p)dp =
[ 6(p—pr)(6p—2pr)dp = 4pr. We also have the relations 6pp = > Vi (6, @) ttim,
op% =1 Yiums (0, 0)Yiy s (0, &)ttty p1y my and applying [ d2 we obtain

St 10mrms (—1)™2 3 i Hisms = Doy |tum|?. For the cubic term, it is
the same with the addition of I3, m3 terms and the result is shown above.

Then, we can write

47T * / /
23 fiP(cosOpimdny =3 Z figie 1Ylm<0, O)Yiun (8, &) om0y

_ 2
2777’1 3 Z 2+ 1"“’”’

1
— 0 dQ | d&Y
* 2(%)66@:/ dp/ vl / /

Dty fzms Yism, (9' VYiama (6, ¢)

%:fz <2l — 1) Yiru(0,0)Yim (¢, &)

+ mép} / p’Qa%Mp% —p)dy’ / p*3(pf — p)dp
>ttty s Yims (65 0) Yigms (6, 0)

Zfz (QZ - 1) Yy (0, 0)Yin (6, ¢)

2
27rh3ZQZ+1|Mm’

N \/(2zl+ DERL+D)Q+1) (1 b 13\ [k
47‘(’ my Mo Mg 0 0 0

2p} 5
(27h)3 2l+ 7 001420y ma ity o i

(C.3)
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C.1. POMERANCHUCK INSTABILITY CONDITION

*

where F} = fiN(0) and N(0) = “3P&. Now, assuming l; =l = [3 = 0, we
have

Vip?
OF = Z<€ — p)omn, + Z Jopr 00Ny = (271:_—753 Z|Nlm|2
Im

8Vepr 1 p}l«“ 2
—— iy mq Mames Misms + = E 47| g,
(27Th)3 \/Elul i Hizms (27Th)6 l fl |le ‘

(=)

2p% 1
— AT001, 1, Ommammi Lt 1ras Mloyrmaes Il
(QWh)ﬁm;fl U112 Omyma Hlymq Plama Hlzms

_ Vipy AVepr 1 4 4Tph 8rpd 1,
B (27771)3“00 3(27h)3 el + (277h)6u00f0 (27h)S \/Eﬂoofo
VFP% { 2

2 1
= @y Hoo — Wﬂgo + Fopgo — FopF—ﬁNgo} (C4)

We want this expression to be greater than or equal to 0. Therefore, we
can solve for pyg,

2 1
v (5en) (o e
F

1+ Fo too [ 2
— 1t R> N (2R
g_I_FOpF\/E +0_ppﬁ(3+ 0)
(C.5)

= Moo =

In these expressions, Fy is the Landau parameter, € is the energy, pg is
the distortion of the Fermi surface, n is the distribution function, df2 is the
solid angle, and [ and m are quantum numbers.

81



Appendix D

FFL Modes’ Effects on the
Cooper Instability

D.1 The Green’s Function

The methods developed here have been guided by [16-21].

D.1.1 The Fermionic Green’s Function

The one particle Green’s function in the free field Heisenberg operator
representation can be written as

Gop = —UT(Ya(2)hp(2"))) (D.1)
where
7= 1 i[pr—eo (P)t
U(rt) = NG ;ape [pr—eo(0)1] (D.2)

Thus, we can rewrite 138 in term of the fermionic operators c, cf
G = —i{T(c(x, t)c' (2", 1)) (D.3)
Taking the forward and backward in time components
G = —i{c(z, t)c' (2, t)O(t —t') — I (z,t)c(z’, )OO — 1))
= / oz, t)ch (2, V) o ()l (t)e ™ dr (D.4)
(D.5)

Taking the Fourier transform to momentum space and setting ¢ = 0, we
obtain

G(k) = / G () e'E g

.|. —iegpt

= —i{cro (1), ()O(t) = cfy (ko (H)O(—t))e (D.6)
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Now, before we proceed we want a form ci(t) = f(t)cg. Recall H =
S €kChcre and the fermionic anticommutation relation {c,cf} = ecf +
cfe = 0;; where for 1 state we have 1 — cte = ecf. We want

d i
i H L N |
= ie(cT {c,c} —{c', c} ¢) where we have used [AB,C] = A{B,C} — {A,C}B
= 5e(—0)
— ¢(t) = e (D.7)
Plug this expression back into 143 to obtain
G(/Z) = —2(06}“0 er L O(t) — cTe%ce%@(—t >e$
= —i{(1 = 140)O(t) — Ny O(—1t))e 7 (D.8)

To remove the explicit time components, we will perform a temporal Fourier
transform with an additional e°*l term added to describe behavior at
infinite (0co0) time.
Go(k,w) = / G (K, t)dt

= [t {ien - mo) - O(-tne}e i }

_ / 1A L 1O(1)(1 = nuy) — O(—t)nes )} dt

= —i / e TEHNQ (1) (1 — nyy)dt — i/e”(w_effﬂd)@(—t)nkadt

[e%S) 0
= —i/ TR (1 oy )dt — Z/ M H O L dt
0

—00

= —i(1 — nky) / RO gt 4 iy, / G
0 0

1 el (w——+z§) 1 eit(w—%’“—i—ﬁ
=il =npo)= | ——= ’ Nk~ | ———=
i nk)z w— %E +16) oo+mkz w—F+14 ) lo

pit(w—"E+id) 0 it(w—F+id —o
=(1- o T en . o oN ’ o\ = & <
(1= o) w— E +16) o T w—F—id
1- Nko Nko
_ D.9
w—%+i(5+w———25 (D-9)

The first term becomes zero for ¢, < u = er and nonzero for ¢, > u =
er. This term describes the propagation of the electron (positive time
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D.1. THE GREEN’S FUNCTION

representation). The second term becomes zero for ¢, > p = €ep and
nonzero for €, < u = ep. This term describes the propagation of the hole
(negative time representation). Now, choose 0, = sgn(e, — €r)d) and take
h = 1, measure energy relative to Fermi level p.

1

Go(k,w) = o — & 1o,

(D.10)
where &, = €, — p.

D.1.2 The Bosonic Green’s Function

We can begin with the same formalism as we used in the derivation for
the one particle fermionic Green’s function by writing the phonon Green’s
function as

D= —i(T(@Z)(ZL’,t)Iﬁ(ZL‘/,t,» (D.11)

where we define

i W (k) ilk-r—w —ilk-r—w
W(r,t) = - 3y /0T {bke [her—wn()] _ i o=ilk o<k>t1} (D.12)
k

as we need more than the displacement operator € if we eventually want
to include the interaction between phonons and electrons in a metal. Here,
we take |k|< ko, and as there are no phonons in the ground state, this
implies 2/, ¢ — 0. In this step, we have also expanded the normal position
q in plane waves to obtain qix and translated these into new operators

br = qry/2pwo(k) which obey the usual bosonic commutation relations.
Substituting this expression (D.12)) into expression (D.11)) to obtain

. B . ~ B i Wo(lf) ei[k-r—wo(kz)t] t>0
D )(7’, t) = —Z<T(1/J(£C,t)¢(l‘l,tl)> - V Zk: 2 {e—i[k~r—wo(l€)t] t<0

(D.13)
as because we are in the ground state bLbk =n =0 and bkbz =1—-n=1.

Further, we have that bk/bk,bz,bk,bkbi,,bz,bk,bk/bz — 0. The remaining
terms bL,b,Tc also go to 0. Taking the limit as & — oo and performing a
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D.2. THE GOLDSTONE MODE’S EFFECT ON AN S-WAVE
PAIRING INSTABILITY

temporal transform where the sum becomes an integral we obtain
DO (k, w) = /e_&D(O) (r,t)dt

'("JO(k) itfw—w 5 —it[w+w —id
:/ZW{@@)M B8] _ @)ool gy

00 0
_ Zwo(k‘) / eit[w—wo(k)—f—i(S] dt — / e—it[w-‘rwo(k)—icﬂ dt
2V 0 .
wo(k) (1 [ etlomwolk)Fid] o 1 [ eltlw—wo(k)—id] 0
~ 'y {; <w—wo(/€)+i5) ‘0 _g(w—wo(lg)_@'(;) ‘OO}

WO(]C) 6it[w—wo(k)+i5] 00 eit[w—wo(k)—icﬂ 0
v { (w — wo(k) + z’é) ‘o N (w — wo(k) — m) ‘_m}

— wo(k) 1_, — 1_, set V=1
2 |w—w(k)+i6 w+wy(k)—id
wolR) [w+ wo(R) —i6 — (w — wo(F) + i6)
2 | w? — wi(k) 4 i6
_ WO(E) 2(,4)0(]%’)
2 |w?—wi(k) +1d
w3 ()

- | (D.14)

D.2 The Goldstone Mode’s Effect on an s-
Wayve Pairing Instability

D.2.1 Singularities of the Vertex Part When the Total
Momentum of the Colliding Particles is Small;
The Zero temperature Vertex Function

It is important to note that here, p is the quasiparticle momentum, py is

the bare particle momentum, and pr is the Fermi momentum. The integral
equation is

1
I'(1,2;3,4) = ®(1,2;3,4) + 3 > TO(1,2;5,6)G(5,5)G(6,6)I(5,6,3,4)
5,57:6,6/

(D.15)

where I'® is the two-particle irreducible vertex which describes the non-

interacting contribution and I' describes the interacting vertex. Here the
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PAIRING INSTABILITY

labels 1,2 etc. are defined by 1 = (py,€1,0), etc. Now, let us introduce
new variables p, p 4+ k where,

PL+p2=p3+pi=k

1

P = §k—l—p
1

b2 = §l€—P
1

p3 = §k—|—p’
1

pa=gk—p
1 )

ps=5k+p
1

D6 = §k—p” (D.16)

with p = (p,€) and k = (k,I"). Here, p is the quasiparticle momentum, py
is the bare particle momentum, and pg is the Fermi momentum. We also
have that

G(5,5") = G(5)055 = G(5)61s 1165 1 (D.17)

for paramagnetic systems. Now, making use of the transformations the
integral equation becomes

Tiosa(p,p'ik) = F%;gA(p.p'; k)
1 ) k i
— 1“ ) ”__.ka_”(; /G 775 /P//. »n v /‘k
+5 pg’ 5655’ ) 125605 D 5 )G(k —p")55G (0" )06.6 5 6:3.4(P 5P )

(D.18)

We now use the labels 1,2, etc. for spin labels. For convenience under
the integrals we have made a change of variables, p” — p” — g We will
show that the integral equation decomposes into two separate integral
equations; one for spin singlet and one for triplet spins. This admits

1
T1o84 = iaga + 5 > GGk —p")> T 6Tse4 (D.19)
p” 5,6
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PAIRING INSTABILITY

For paramagnetic systems both I' and I'® have the same spin structure,
thus,

[y 934 = I%013024 + 004013
1 1
= (FS — Fa)513(524 + 2Fa(514523 using the ldentlty 50’24(713 = 541523 — 5524513
= Fd613524 -r 514523

F§2%34 =T 515524 + r@e 094013

= (P®® — TP 51355, + 216,455
= F22)513524 - F£2)514523 (D-20)

where I, = —1I', is standard notation. The triplet amplitude I'; is defined
by

[y = Dyppp = Ty = I° -1 (D.21)
For the singlet amplitude I';, we need I'y | where
R e (D.22)

We also have that I'yy =I'q —I'c = I'y and I'y| = I'y. The singlet amplitude
I, is

[, =I°—30*=2Ty — Ty =g+, (D.23)

Identical expressions can be written for I'®. Consider first the equation
for FTT’

FTT = P(Q) + = Z G ” k? - p”) Z F%?F);56F576§TT
5,6
=T +5 Z G(") ) {Z <F§2)5T55T6 - F§2)5¢65¢5> (Tads106r — Fe55¢56¢)}
5,6

(D.24)

Summing on 5 and 6 we have, I';y = F )1 Z G(p")G(k — p”)(I‘?) -
)Ty =Te),

r,=T? 4= ZF — )Ty (D.25)

(D.26)
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For I'y we need first construct the integral equation for I'y,

2 1 ) ” 2 2 2
Ty =Ty = Dy + 52 GWGHh=p") ) T0s 6056 s + Trasty + Tiigs + Tins
p” 5,6
(D.27)

Then,

1
Dy =T+ 5 3 GGk —p) [rg”rd + Fg2>re] (D.28)

Using the definition of I'y = 2I'y; — '+ we have that,

2 2 1 5 59 2 1 ) 9 2
P, =2 T +2(3) ZG@ )Gk —p") (T Ta +TET. — o ZG@ )Gk — p")IPT,
P
1
=+ 5 360G = AT+ T = ()~ T
=T 4= Zr Gk — p")T, (D.29)

Following this, we can study the singularities of I as & — 0. The analysis
is identical for spin singlet and triplet, thus, we can drop the subscripts
s, t:

1 k k
Pp.psk) =T (p.p's k) + 5 Y TO(p.p” = kGG (k —p" )L — 53 k)
—
(D.30)

Before we analyze the singularities of this function and compute the integral
equations for the vertex, let us expand I'®(p, p’) and I'(p,p'; k) in partial
waves,

(2) ZF P(p

C(p,p'; k) ZF; D (D.31)

It is important to remember that p” — p” —g so that when expanding under
the integral we expand in the angles between p + p” — g and p' 4+ p” — g

For small k we have that p-p” = p-p” — & and &* = 0 for |p,|= kp.
Finally in the limit £ — 0 we have,

sy’ (2) EEES) LY (2) B(ﬁﬁ/>
3 BN SL IR DUshE s SRS
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Note here that

Rp-p") =

Y07, ¢7) (D.33)

2l+1

where Y,(0, ¢) = ,/%Pm(cos 0)e™? and [ dQY™(0, )Y (0, ¢) =

01,00 m- This equation decouples into partial waves,

Z/iL% <ﬁﬁ>ZLﬂQHmm
47
- (2l+1) (zl'+1> Z Z

dq)” *m *M (Y L9 sm/ [0y m’ (1 nl
{/_4 y<9¢m<mwnw¢ﬁ

47 o
2l+1 200+1

l U 1 /
Z Z <47T) Y*m<97 (b) l/m (9/7 (b/)(sl,l’ém,m’

m=—lm/=-
1 : m /
B (21+1) (25/ > Z OV, )
_ Go AT ¢ .
_;2”12[ Z:: O ¢)
-~ i Y0, 4)
20 +1 Pt
1
= 2z+1P’@'m (D.34)

Note that we carried this step out first as it is more convenient. We can now
look at the second term of our vertex. Now that we have established the
proper form of our function, let us go back to focusing on the singularities
of the vertex function. Let me bring you back to the form of the vertex
function where we have dropped the singlet and triplet subscripts,

, 1 , k ; yp(e _ E
=TO0.p k) + 5 ) Ty = SRGE )Gk = p")P (" — 5ik) (D.35)

pﬂ
Noting again that we are working in the limit of small k, note that,
(a) T is slowly varying function of k on the scale set by kz. Therefore,

we can set k= 0 in ['®,
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(b) The most important contribution comes out of G(p”)G(k — p”) as
k—0.

(c) The most significant of this being the vicinity of [p” |~ kr and €” = 0.
In this region, G(p”)G(k — p”) can be written.
Continuing, we can see that
G(p")G(k —p”) (D.36)
Z 2l Z 9
_> ¢(p”) { 2 N £ 9 7 : - 79 }
€ — &y +1idsgn(p” —kp) A — € — &y + vy - k+idsgn(|p” — k|—kr)

where &> = v,(p” — kp) for p” = kp. Now, fully expanding the summation

in and using the above, we can write the integral equations for the
vertex as

Do rfsk) = T0.p) + 5 [ 5F

Zp” Z t

” + : ’ : p - r 77’ /;]{?
{¢(p ) AN—€ =&y +idsgn(|p” — k|—kp) € — &y + idsgn(p” — kzp)} ", p'3k)

d4 9
(2m)*

r@ (p, ") x (D.37)

with §,_r = €)-r—€p = —v,-k. At small k, v, = aa—e]f. We can now linearize
the expression where for p ~ kp, v, = = vp(p—pr). The largest
contribution to the integral will come from the neighborhood of €’ = 0 and
& = 0. If we assume I'+I'® vary slowly in this region we can perform the
frequency and momentum integrals where we know that p” remains finite.

Moreover, on the Fermi surface p” ~ kr with ¢’ = 0 the excitations
become pure quasiparticle excitations, which implies that ¢(p” = kg, €’ =
0) = 0. Thus, the integral equation reduces to

4,9

z p .
Mo/ k) = T ) + 5 [ I 007) (D.39)

Zy Ly } ,
- 99 9 - 97 F ”7 ) k
{)\ — € — &y +i0sgn(|p” — k|—kp) € — &y +1dsgn(p” — k) " p'5 k)

Let us now study the integral. Here, we can expand the integral into the
following integral terms

[ = [ [ 5 0

which is valid as the integral is concentrated around kp. Thus, we can pull
Zy = Z out,

7212, / ” / e de (D.40)

1
<e — &y + zésgn(p — kF)> <)\ — € — &y +idsgn(|p” — k:|—kp))
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We can rewrite this as

dQ77 d?’ d’?
—z’Z%%/ / p/ ¢ (D.41)

-1
€ =&y + zésgn(p —kp) A — € + &y —idsgn(|k — p”|—kp)]

Only those terms will survive in which,
(a) p” > kr and [p” — k|> kp, (1 —np ) (1 — ng—yp)

(b) p” <kpand [p” — k< kp, npng_p

or
1 9 < k:
np=14_ L = (D.42)
0 P’ > kp
S R e (D.43)
-’ 0 |p’ —k|>kp

where for (a) we have a closed contour in the lower half plane and for (b)

in the upper half plane. Therefore, the above expression reduces to the
following;:

:—z‘ZQk%/ d / dp/ de” (D.44)

( T —p” (1 —mnp) (1 —ng_p) 1 )
€ —&p —i0AN—€ + {k_pn + 0] € =&y 10 A —€ + &y — 1]

We will now proceed by first calculating the € integral, then the k integral,
and then the €) integral over the function. First, let us simplify the €

integral. Using the Sokhotski-Plemelj formula, lims_.q xfxt - = I xfxo F
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imd(x — o), the above € integral reduces to

im im Ny Nfp—p
dsgn(p” —kr)—0 dsgn(|p’ —k|—kp)—0

de” 1 1
/ 2 (6” — &y —i1dsgn(p” — kp)) ()\ — € — &y +idsgn(|p” — k|—kp)>

+ lim lim 1 — ) (1 — np oo
539"(]?”—/617)—)06sgn(|p”—k|_kF)_>0( p )( k—p )

de’ 1 1
/5;(3—§w+MwMﬂ—%ﬂ)(A—@—Quw%%mﬂﬂ—thﬂ>

de” 1 o 1 o
= | 5wy {(Pe” & +imé (€’ — fpw)) <P)\ ey imo(—€” + A — fpk))]

P

de” 1 1
- 1 - ) 1 - Y P —1 [L— e P ) 7 P »_
+/ 27T ( np )( K P ) |i( 6” _ gp” 271-5(6 fp )) ( /\ _ 677 _ gp”fk: + 7’71-6( € + )\ gp k>>:|

) de” 1 . 1 .
=T %np”nk‘—p” {(P)\ _ o _ £p777k5(6 - fp”)) — (Pe” y: S(—€" + A gp,,_k))}

p77

+ %(1 — np”)(]. — nk_p») |:<P€” _1§p” 5(—6” + = gp”—k)) . (P}\ 1 (S(E” . gp”)>:|

— 6’7 — €p77_k

A =& = Sy A—=&p — &y

_ @ [ Tp» M—p” 4 Np» N—p» ] 1 i [_(1 —np)d —ng—p)  (1—mnp)(1— nkp”)}
236 Gy A& Gy 2

M o —p? (1 =y ) (1 — nk—yp)

=1 — — 1 — where we tack on 70 for analyticity
P A D T A

— < My Mke—p” 4 (1 —mnp)(d - nk—p”))
A& =& —10 AN—=E&p — & + 10

— ((1 — 1y ) (1 = ng_p) _ N Ng—p” )
Gty —A— 10 &yt Gy — AT D

We just solved a closed contour in the first integral in the upper half plane

and a closed contour in the second integral in the lower half plane. Plugging

equation ((D.44]) above back into equation ((D.45]), we obtain the simplified

integral term of

722 / dsy” /Oo dp” ((1 —np )(1 = ny—y) _ Np Ng—p )
[ 75l T U e R -

(D.46)

(D.45)
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We will now compute the momentum integral, followed by the x component
of the 2 integral, and lastly the ¢ component of the €2 integral. In order
to compute the momentum integrals we must consider the phase space
restrictions imposed by the Fermi factors: For n,n, _; we have p” < kp
and |p” — E|§ kp or p’? — 2kxp” + k? < k%. Now, if we integrate freely
over x we must restrict p”,

p772 o Qk‘xp” - (k,% - ]{'2) <0
 2kx £ \/4k2a? + A(k} — k?)

— 5 = ke £ /K2 — k2(1 — 22)
1 k?
—= prkr+kp|1--—(1—-27
2 k2
R
k<<kp
= p." ~kp+kx (D.47)

to order % where we can see p,”? —2kxp,” — (k% —k?) = 0, and therefore,
p” < py”. We can use the equality &, + & = 26 — vy - k = 20p(p” —
kp)—vpkxz” and employ a change of variables by setting £ = &,» = vp(p” —
kp) and d§ = vpdp” so that &y + & = 26, — vpkx”. We also intend
to reduce the first integral by introducing a cutoff, U, in the ¢ integrand
where kT, << U << e€p = kgTr. Therefore, using these substitutions
and adjusting the limits of each integral, we can write the integral over x
and p as

-1 0 Ep + &y —A—10  Ep + &y — A+ 0

_ /1 dr” /’OO dpn (1 - np”)(l — nk—p”) . Tp» M—p”
1 0 26 —vpkx” — X —1i6 2§y —vpkx” — X+

_ /1 dl‘” /OO dp)) (1 — np”)(l - nk*p”) _ np”nk—p”
-1 0 QS—UF]{?[E” —A—10 25_1)ij1.77 “A+1id
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— |:/ dl,”\/ 77 /
kp+kx”
_ |:/ dlL‘”/ dp”—}-/
-1 0

B Ul a /FUk §+/i dx” /U ﬁ} {254—;1{;9;” _ifs}
vpkx”
- [/ / d& / ”/va] [25—)\—iper”+z'5]

1 U 1 0 U 1
= dx” d dr” d
\/0 ! /Fk §25—A—0ka”—i(§+/l ! /0 fzg—A—kax”—iq

(2)

0 vpkz” 1 1 0 1
_ dx” d o dz”’ d
/—1 v /_U 525—A—kax”+z'c§ A * /_U gzg—A—UFkx”ﬂ'q

-~

3) (1)

/ }25—UF1€;E1”—A—¢5
)

1
] 26 —vpkx” — A+ 10

1 1
= [ do d
/0 ! /Fk N\ %Ak i Aok —@d

TV
sign change at £ = %()\ +vpkz”) No sign change, remains positive

N

()1(3)

1
dz” d
/ x/ ¢ 26 — )\—Upk’f”—Z(S + 28+ A\ —ovpka” —i0

~-
sign change at 5 = % A+ vpka”) No sign change, remains positive

/

g

(2)+(4)
(D.48)

where in integral (3) and (4) we let 2”7 — —z” and £ — —¢ so term (1)
and (3) have the same integral, as do (2) and (4). Note that we have
also pulled out a v;' which we will reintroduce later. Since there is a sign
change at £ = %()\ + vpkz”), we can introduce a small parameter e and
form & = 3(A+ vpka” £ ¢), which allows us to expand the integral into a
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distinct form with no sign changes within any integral,

1 e 1 .
= dx” d
/0 ’ (/kaa: §+/ f) {25 A — vpka:” — z5 26 + N —vpka” — ié}
0 6 ]
+/_1dx /0 df+/g+ df) 25 )\—UFkiC”—Zd 2§+)\—UFkx”—Z(5}
1

<
[
<

E- U 1
ok de+ /+ dﬁ) {25 A —vpkz” 25 + A —vpka” }

1
26 — )\ —vpka” 2§ + A —ovpka” }

—

—

=
—

[\
Iy

|

[\
A
~

_ &
In(2¢ + 26 — 2vpka”)

vpkx”

+ In(2€ 4 26 — 2upka™)
{
&+

+ In(2€ 4 26 — 2upka”)

| ———

U:|
&+
U:|
£t

In(2¢ — 28)‘2_ + In(2¢ — 2€)

+
—
o S
QL
&\.
N~ N~ NI~ o) -
| — Y —

_ &
In(2€ + 2 — 2upkx”)
0

/ 1 da [1n(25 —28) — In(2upka” — 28) + In(2U — 2§) — In(2&, — 2¢)]

0

+ /1 dx”% [In(26_ + 2 — 2vpka”) — In(28) 4+ In(2U + 2§ — 2vpkz”) — In(2&, + 26 — 2upka”)]
0

0
+ / dx”% [In(26- — 2) — In(—2¢) + In(2U — 2€) — In(2&4 — 2€)]
-1

0
1 _ _ _ _
+ / dx”§ [In(26- 4 2€ — 2vpka”) — In(2€ — 2vpka”) + In(2U + 26 — 2vpka”) — In(2&, + 2§ — 2vpka”)]
-1

as In(26_ — 26) — In(2¢, — 2€) = 47 because
26, — 2 = 4¢ and In(—¢) = In(e) + in
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! 1 2U — \ —vpkx” a1 2U + A — vpkx”
= dz” —ln‘ ‘ 1— —ln‘
0 2 vpkx” — A 2 2 vpkx” + A\
0 1 2U — \ — vpka” T 1 2U + \ — vpkx”
o {3 R 1
+/1 v {2 t vpkx” + A\ +22+2 t vpkxr” — A

(D.49)

where we have sent € to 0 in the terms In(26_ + 2€) and — In(2¢, + 2€) so
that when combined using logarithmic identities, they term simply goes to
zero which is valid since they are additive, thus positive, within the log.
Using logarithmic identities, we can rearrange the denominators vpkx” + A
and vpkx” — X so that the integrand of the integral from 0 to 1 equals that
of the integral from —1 to 0. We can now combine the integrals as they
have the same integrands

/1 da” hl’?U—)\—vpk‘x”
1 2 vpkx” — A

If we put this back together in Equation (166), we obtain

i (—ik2\ [ 22
C(p.p'sk) =T (p.p) + 5 ( 27;) (@)

2U + X\ — vpka”
vpkx” + A\

|+ m} (D.50)

+1n‘

J/

)’ 2U — \ —vpkx” 2U + A\ — vpkx” .
_F(Z) N (p” /'k 1 ‘ ‘ 1 )
T LS Gl B ] B v S W R
R(ka”)
(D.51)

We can look back at our expansion of the vertex function in partial waves,
equation and see that the vertex function is now complete with the
addition of one more step. We must compute the integral over €2, which
decomposes into an integral over x and ¢. With p - p’ = cos ¢,

/) _ Z Fg)eimqﬁ

m(p 0’5 k) ZF )el™me (D.52)
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where now we can compute the ¢ integral.

e D ) (E) 5

Z Z ezm ! bppr ezm " bt Q)R(k

-z (35) (zw)/ /¢

Zzelm%p 00 ) DA R(k, 27 )Ty,

-z (6) (@) L5 %

ZZ i(m/¢p—m” ) —zd)p (m'—m” F(Q)R(k? ZL‘”)F (k‘)
as Qppr = ¢Op — Qpr and Qprpy = Gy — Op

STy (5) (ZUF)/ /2" e

ZZ@ M e )5 o TP R (e, 27T

¢77

. - /_ ”

as —€ Zd)p (m m ) == (5771/,77’1,”
0 2m

im 1 mm dlE”
_Zp@) ¢ -5 (ﬁ) <2UF) Ze O | TRk, 27T (k)

1 k2 ZQ 1 dx”
Lo(k)=T® 4 = [ ZE —F(Q)/—k”F/k
— m() m+2<2ﬂ_2 W m . QR(ax)m()
(D.53)

Here, we set k = 0 in R(k,z”), which leaves no = dependence. Therefore,
the integral over x” equals 2 and the % embedded in the integral dissolves.
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This leaves the vertex as

@)
=T
A R TR ) by

~In (2U)2 A2

J/

-~

+imx2In == 2U +im

F(Q)

Z2N(0) n(2) 2U
L+ (21+1)F {1n— +12}

(D.54)

We can now make some useful observations. For Fl@) > 0, I'; has no poles.

For " 1(2) < 0, I'; has a pole on the positive imaginary axis. Further, we can
analytically continue to A — ¢)., which admits

U | —i2U 22U .7

Y In . In N iy (D.55)

In

Thus, we have a pole when

Z°N(0) (@), 2U

1 [ S
TS Ry

=0 (D.56)

(2)

which will only happen for the case when I';™ is attractive since 2U >> A,

2U —1
4(21+1)

Therefore, we obtain a pole when

Ae = 2Uexp (D.58)

N(0)z2r?
4(21+1)

D.2.2 The Finite Temperature Vertex Function and
Calculation of T,

We have just derived the zero temperature vertex function and found that is
was singular for £ = 0 and ¢\ — \.. To determine the critical temperature
of the vertex we must find the finite temperature vertex function 7. The
spin structure is identical to the zero temperature case so we have singlet
and triplet terms.

T
T(pr.p2ips.0a) = T (01 p2ips, pa) = 5 D, T (01, 92395, 96)G(05)G (16) T (P, P s pa)
P5,P6

(D.59)
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We can set kg = 1,p; = (piywn,);wn, = (2n; + 1)7T. The sum we must

solve becomes
S=y 5k
3
£~ (2m)

W,

(D.60)

We will now introduce new variables as we did for the zero temperature
Green’s function

:Pl—P2
2
p/:PS—P4
2
» :p5—p6
2
99 1
Ds =D +§k’
1
pe =5k —p

k = p1 4+ p2 = p3 + ps = ps + pe momentum conservation
k= (k, )\n) (D.61)

Setting p” — p” — § and taking into account the terms defined above, the
integral equation becomes

T(p7wn7p/7wn’; k7 )\n) = T(2)(p7wn7p/7wn’; ka )\n)
SIS [T etk MG )
9 - (27T)3 s Wy y Wn?y vy An y Wn

g(k - p”a >\n - wn”)T(k - p,’a )\n - wn”apla Wnt; ka /\n)
(D.62)

Since we want to study this function in the limit A — 0 and k£ — 0, it
is necessary to construct an analytic continuation of this function. The
spectral representation for the G’s is,

[ de p(p,e)
G(p, wn) /_oo 2T i, — €
7

Gap(p,wn) = ﬁ
n D

where |p|~ kr and T << Tg

& = vr(p — kr) (D.63)

Moreover, in the limit & — 0, |p|= |p'|= kr the function 7 will depend
only on k£ and \,. We can write the spectral representation as

Tk, An) = /OO de olk ) (D.64)

oo 2T AN, — €
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Note T will actually depend on the angle between p and p’ but not on their
magnitudes. As the interest is in the limit 7 << T amd k — 0, T®? can
be replaced by I'® at k = 0, which is the zero temperature value of 73,
7 is not anomalous as k — 0 and is slowly varying as a function of 7.
Furthermore, most of the weight in the integrand of equation comes
from |p;|~ kp since, in this region, the G’s~ ﬁ, T << Tr. Assuming that
7@ and T are slowly varying functions in this region, we can bring them
out of the frequency sum. Now, this means we need to solve

Z QQP(k - p” ’ )\n — Wp» )gqp(p” ) Wn”)

) 1 1
-7 Zi(

o An — wn”) —_ gk—p” /[;wnn —_ gp”
n

1 1
= 7* wz: { |:an T — vk Mn)] Lwn - 5;;77”

n?

where for small k, §¢_pp = & — vy - k, & = vp(p” — k)

1 1 1
Y4 —
Z {%pw — vy -k — i/\n] [zwn + (& —vp -k —iA,) W — gp”}

Wy

_ Al 1 1
N 2§p” - Up” . k — /l)\n 675(617” 7UP”'k7i)‘n) —|— 1 6/8517” + ]_
1 15} 1
= ithB=—=.kn=0
as Z twy £ eFhr 41 with § T "B

Wy

723 1 1
2 —vp -k —i\, e P& vk 11 fhr 1
where \, = 2mnT — M =1
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7225 e 6—5( k)
2517” — Uy k — Z/\TL |:€B(Up”'k) + eﬁgp” N e B(vp> k) + e —B(&p> —vp> ):|

ZZ/B efﬁép” /2 eﬁgp” efﬁgp” eﬁ&p” /2
25}3” — ZA’rL e_ﬂgp”/Q 1 + eﬁgp” o ]_ —|— @*B&p” eﬁgp” /2
where £ — 0

ZZ/B _6651)”/2 J— efﬁép”/Q
2£p77 — ZATL _6186;0”/2 + 6,55}),,/2

o zg BEy
=% _tanh T] (D.65)

Plugging the above expression back into equation ((D.62)), we find that the
equation reduces to

3,7 2 »
T—-T7® _ Z/d_ppﬂ)fr Z 6, tanh ﬂgp

2 ) (2n)3 28, — i,
a2k} U tanh 5
7@ _ - r® / dé———2- D.
2] Ar 27T2UF T 0 52{—2'/\” (D-66)

where we restrict ourselves to the region near kr so that d®p” = dQ"kidp” =
Ay Fdfp
half plane, where i\, — X + 0, we can write

r _pe L[4 ZkE oy )/U dfﬂ
2 A 27%up 0 £ — (A+19)
F(a)
— T T) = (D.67)
Z2N(0 tanh BE
1+ 2l+1 fo 26— (A+u5

which is found from the same decomposition as in the 7' = 0 case. For

A — 0 we can determine the temperature 7, at which Fl(+) is singular.

First, we must reduce the ¢ integral in order to analyze the poles of this
2z

function. Employ a change of variables where x = % = (= ¥ and
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dr = 5d§ = Zdz = d¢. We also define zo = 5.

26 Jo B 2%

/U dgtanh % *0 2dx tanh x
0

:/detanhx

0 2x

T o 1

g / dp 2

0 0 cosh” x
) 1

=Inxzg —/ dx ngg
0 cosh”

=Inxg —lnl

= Inztanhz

~
2vBU
_ 2P (D.68)
s
The final form of the vertex for finite temperature becomes
r®

rOT) = e (D.69)

|+ Z2NOr®y 9u

et T

where we get a pole as T' — T, for Fl(2) <0and U >>T,, ie.

2N 29U

0
120+ 1) Tn

-1
Z2N(O)I‘;2) ]

— U _ oL —aEET—
™ L¢
» ( )]
z2N(0)r(?
= Tcl = @6 4(2l+1)l
T

— T! = 1.13Ue™ where r = ¢¢ and ¢ = 0.577215 (Euler’s constant)

Z*N(0)r? K2 kem?
O i (o) = 2 = K

> = — =
a 420+ 1) m2up 2

(D.70)

102



D.2. THE GOLDSTONE MODE’S EFFECT ON AN S-WAVE
PAIRING INSTABILITY

We only have T as our scale of energies in > He, therefore, we set U = a1
to obtain

T! = 1.13aTren (D.71)

D.2.3 Corrections to the Description of s-Wave Super-
conductivity Induced by Weak Ferromagnetism

We will now solve for the finite temperature vertex corrections to the three-
point vertex in the weak ferromagnetic metal. These can be written as

00, bt ) = T3+ T
1 1 1
T4 (k k+q) = T4 + T (D.72)

In the above expression, the terms can be defined as
) = igh [ dpGi(»)Dip - Kk +a)
I = igs / dpG4(p)Da(p — )G (k +q)
) = igs / dpG (p)Di(p — q)G+(k + q)
M = gt [ dbGu(e) Doty — )Guk +a)

d*p d3p de ds? de
dp = = — =K% | d — D.
P (2m)4 / (2m)3 ) 2m F/ p/ (2m)3 ) 2w (D.73)

We can generalize these down to two expression

), = ig? / dpGo (0) Dilp — k)G (p + Q)

Lo = igy / dpG+(p)Da(p — k)Gor(p + q) (D.74)
We also know that
Z
Calkyw) = w — vp(|k|—ky) + 6, (k)
D p7w - - -
o) = = e - )
N(0)p? 1
Di(p,w) = — (2) L (D.75)
§2+ plP=5, 5

2vp|p

where k is the three dimensional momentum of the particle, k, is the Fermi
momentum of the spin-o electrons, vy is the Fermi velocity, and 9, =
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dx sign(|k|—k,), with ¢ an infinitesimal real number. The term A =
ky — k; and Qo(p) = D|p|* where D = ”ISQFA is the spin stiffness. When
calculating the vertex corrections, we first set the frequency w to zero and
then proceed to take the limit for the momentum. As we are working in the
broken symmetry phase, we must make a distinction between corrections
involving particles on one of two Fermi surfaces and corrections involved
with particles on different Fermi surfaces. In the former and latter case we

have the limits,

Coo(|k|— ko, |K|— ko)
Loor (k= ko, [k|= kor + A) (D.76)

respectively. For these cases, we use the spectral representation for the
propagators Dy/q,

2 (% zImDyq(p, 2)
D = — [ p— =l A D.77
Z/G(p7w> ﬂ_/ov < 22 248 ( )
Writing G, (k + p, e + w) as,
Z fi
GO’ k"‘ 5 + - A
(k+petw) e +w—vp(k + p|—ky) + i0,(k + p)
Z(1 — fu

+ -
€+ w —vp(lk + p|—ks) — ids(k + p)

where fir = 0(|k+p|—kr), which allows us to expand G, (k+p, e+w)Gy (k+
p+q, e+ w) and set ¢ =0 as,

Golk+p,e+w)Go(k+p,et+w)=

_ [ Z fw n Z(1 = fw) ]
e+w—vpr(|k+pl—ko) +i0,(k+p) €+w—vr(|k+p|—k,) —ids(k + D)

. Zfi N 201~ f) |
e+w—vp(lk+p|l—Fks) +i0,(k +p) e+w—vpr(|k+p|—ks) —i6s(k + p)
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— Z[ fk/
€+ w—vp(lk+ pl—ks) +id,(k + p)
(1 fw) .
+ (e—I—w = or (k) — i,k £ p) +imd(e +w —vp(|k +p|—kg)))]
8 Z[(e—i—w —UF(|k+£7]c|k,—k STy et _“F““p'_k")))
(1— fw) |
etw— UF(|k +p|_ka) - 250(1{: +p)
— Z2[ fk’
e + w — vp(|k + p|—ky) + i, (k + p)]?
(1— fw)
et w—or(lE £ pl—ko) — 0,k £ D) + 720(e + w — vp(|k + p|—ks)]
— 72 f + 0= fv) + 725 (e — &, + w)

e — &, +w+i0,(k+ D)2 [e— &, +w —id,(k +p)?
(D.79)

where all ﬁé — 0 as these are far from the Fermi surface and we set
&k, = vr(|k + p|—k,). We have also expanded the second and third terms
using the Sokhotski-Plemelj formula while keeping the id for now as this
will be a key term when multiplying this term by the expanded imaginary
bosonic propagator. Spins were also insignificant here, which is why we can
combine terms. Therefore, the two integrals we must solve for the vertex
corrections at zero temperature are

F(l) o ZQZgS / ds? /oo @/Oo de
oo'l/G — 2
VE (2m)? Jo 27 J_o 2w
/OO dz z2ImDyc(p, 2)
0

T 22 —w?2—140

222290 q 1
= & mD —_—
[l w5 ] Fmmetr o

[ (1—fw)
€ — &, +w + zdg(k +p)?  [e—er, +w—ids(k+p)]?

12Z2gO 1 1
- b -
/ / /_ / mDya(p, 2 )(z—w—irz’é z—l—w—i5>

" { (1— fw)
€ — &, +w + zég(k +p))?  [e—&, +w—id,(k+p))?

Gk +p, e+ w)Go(k+ p, e+ w)]

+ 7T25(e — &, + w)}

+ 720 (e — &, + w)]

(D.80)

As before, we will first solve the € integral. Recalling the Sokhotski-Plemelj
formula, lims_,o l_xt o =P mfxo Fimd(z —x0). We will set e — 0, consider
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z small, and take the integral over dw. This integral then reduces to

Iim d_w[ fr < 1 )_ (1 —fw) ( 1 >
-0 ) 21 &, +w i, (k+p)2 \2z—w+id) [ +w—ids(k+Dp)2 \z+w—id

, 1
5(§k"+w)<z—w—|—i5 24w —1 ]

P N N R YR S /) PR s
=i [ G [t~ + g A ) + 76 ) 00 +) 0 )

e

o — 22 (&, + 2)? 9 (0(z —er,) —0(2 + ex,)) (D.81)

It is important to note here that the principal value terms become negligible
in the bosonic expansion because we are considering z small. Therefore,
we can set w = 0, |k,|= kp, which allows the integral to become

Z%g
FS},G: 0/ / / _Ile/G P, z)%
Jw

—Jw) | (0(z — ex,.) — 0(z + ekF))} (D.82)

{@m—w>+K&F+a

I will now proceed by first computing the imaginary bosonic term for the

Goldstone mode. Setting C' = %, we have

I CQy — Im CQp
(w+1i0)2 — Q%] w? + 2idw — §% — Q2

— limIm CQo(w? — Q2 — 62 — 2idw)
550 (w? — Q3 — 62)2 + (20w)?

— lim —209050.}

5-0 (w? — Q3 — §2)% + (20w)?
_0c 0 w#£02

o wr=02

= C§(w? — Q)
= Co(Jw|—) (D.83)
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Plugging this expression back into the above integral, setting Qg = Dp®+g¢,
and taking ¢ — 0 we come to the expression

IO = Z2@AN(0 / /%5(|z|—§20)x
0

Jw ( fk')
[@W—z 2 (e, +>

AN
1
(= 2RO [ Ao [T

[ fk’ n (1— fiw)
(e — (DP? +9))?  (§kp + (Dp* +9))?

+ 7T2 (5(2’ — GkF) — (S(Z + EkF))

+ 72 [5(D]o2 +9—€rp) — <5(Dp2 +9+ ekF)}

(D.84)

I will now proceed to compute the momentum and space integrals over
2.2

the respective heaviside step functions while setting R = %f!@). recall

that &, = vp(|k + p|—kr). As before we will consider p ~ kp + pz.
Setting the gapped term to ¢ = 0 and reimplementing the cutoff po where
kgT,. << p. << ep = kgTF the vertex becomes

S (1— fw)
M,G = R/ da:/ dp [ 6 — Dy (ng D) (D.85)

We will reintroduce the constant R later, but for now, setting €y = Dp?,
we have,

L[ P fio ¥ (e = Ko = 20)0(8kr)
' g/( )[(ko—ko—Qo)(ﬁkF—k’o—QoJrq-karq-vp)

(1 — for) = (Erp — ko — 0)0(Ery)
(Ekr — Ko+ Q0)(Ekp — ko + Qo +q-vr +q-vp)

+

]

(D.86)

_ 3/ d’ Jw
~ ) @R ko 0) (e ko~ Qo u 4 u)
_ 93/ d’p (ke — ko — Q0)6(&yp)

(2m)% (Ekp — ko — Q0) (§kp — ko — Qo+ q - vk +q - vp)
_ 3/ d’ (1—fw)

T @r) € — ko + Q0) (&, — kot Qo+ q-ve 4 0y)

n 93/ d*p (Ekp — Ko — Q0)0 (&)

(2m)2 vp(&p — Ko + Q0) (§kr — ko + Qo+ q - vk +q - vp)

take ¢ — 0, kg — 0
=170 4+ 1@ (D.87)
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where in those limits the § terms become 0. We will now only consider the
first term of this sequence.

d*p T
W _
= 93/ 27 (€ — )2
B d*p Jr
B _g3/ (2m)2 (€ — 1t — S2)?

— _93/ d’p Jw
(27)2 (\k;rnzzIQ _ % — Q)2

[ fe
(QW)Q(%+%+%_ﬁ_QO)2

2m

/pc p*dp fw
27r<k2 4 p +kpr_§_%_90)2

1 f’
pdp dx . . kk 5
U (=9 = 3w — o T 35k + )
g*m re fk’ Jw
(27)2kp /0 pdp [@ _ + 0 K2 p? kp F
m O “om " 2m om T am T

(D.88)

where we take k =~ kp in the first term and pull a —1 out
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__g'm /pcpdp S B fw
(2m)kr Jo B — 24 Q5 (ke — (kD) + Qo

g3m /pc p 1 g3m /pc p 1
= pap - pap=-
(271')2]{}7’ 0 krp _ % + QO (27’(’)2]{7F 0 QO
where the (kr — (k + p))? vanishes as we are considering
k

the total momentum k& + p ~ kr for the second term containing f

g*m /pc p 1 IACIOLT
@nhr Jo PVER TG, 20
SN(E 3 pe 1
__gN(E) g m / pdp- 2
£ (2m)*kr Jo ke 24

(D.89)

Now, we can calculate the other integral term in a similar way. The second
term in the expression becomes

?p (11— fw)
2 - _,.3
=g / 27)? (enp + Q02

_ _gg/ (d2p (1— fr)

2m)% (€xp — 1+ (20)?

_93/ (d2p (1= fiw)

27)2 (|k;—£|2 _ % + Q)2

__ 3 d*p (1—fw)
B 9/(

2#)2(%4_&_’_@3:_%_,_@0)2
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3/7’0 de/ (1—fw)
—9g 2 5 12
7T k + p + kpx F +QO>2
1= fw
/ de/ d k2 ( kpx >l~c2
2 B ke BR ()2
o 93 be 2d ! d (1 - fk’)
(2m)? pap 1 Ve e B 0)2
0 1 (=g~ 3m —  t3m — o)
__g'm /pcp dp[ (L fw) B (1 fw)

2 2
¢'m be d (1— fw) _ (1— fw)
C(27m)2kE PPN " 2w, & 0 B pr ke ke

L"2m " 2m T m T om0 Tom T am T m T am S0
R TRy (1 i) (1 i)
(2m)%ke Jo [ R S N R
where we take k =~ kpr in the second term
Iy N L (1 i)
(27)%kr Jo e (k—p) —kp)*+ Qo 224 2 4 Q
3 pC 3 pC
gm / 1 g'm / 1
pdp— + pdp
0 Qo (27m)%kr Jo ka + p — 4+

- (271')2/{}?

kr)? vanishes as we are Con81der1ng

where the ((k —p) —
the the momentum k£ — p = kg for the first term containing 1 — f/
_ g3(2m)kp / 1
SR QkF 7” 210
_¢N(E)) | / 1
% 2k’F P g,
(D.90)
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Therefore, the vertex becomes

| 4@

g*m /pc p [ 1 1
= o5 | pdp +
(2m)%kr Jo vrp+ Qo — L vpp+ Qo+ L
3 pC [
g'm / 1 1
= pdp +
(2m)kr Jo Lvrp + Dp? — - upp+ Dp? + £

g*m {2771 log[2kr — p + 2Dmp) N 2mlog[2kr + p + 2Dmp]} o
0

T (2m)2kp —1+2Dm 1+ 2Dm
g3m(2m) pC

in the small mass limit

B o [ (2kr — pc + 2Dmp)(2kr + pc + 2Dmp)
2m)2ke 8 4k2
_ g'm(2m) . [ 2Dmpc _ pe  DmPp
(27T)2k3F L k’p 4]{7% k?%
5 i
g°m(2m) 2Dmpc
— I 00 1
(27’(’)2]{3}7 8 L + k’F
2N2%(0)2? 2D
= %log {1 + l:;pc} (D.91)

v A

with m — 0, pc << kp, and D =

D.3 The Higgs Mode’s Effect on a p-Wave
Pairing Instability
A similar procedure as in the Goldstone case can be carried out while in-

cluding the Higgs modes’s dispersion in the zero-temperature vertex func-
tion.
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D.3.1 Zero-Temperature Vertex Calculation for the Higgs
Mode

I will now proceed by first computing the imaginary bosonic term for the

Gapped, or Higgs, mode. Setting C' = % and g as the gap, we have

S RS M Y S £ M
(w+1i6)2 — (Q + g)? w2 + 2i0w — 62 — (Qo + g)?2
— limIm [ C(w? — (Q+ g9)* — 0% — 2idw) ]
50 (w2 = (Qo + 9)? — 02)? + (20w)?
. —2C(Q + g)ow
= lim

50 (w2 — (o + ¢)% — §2)2 + (20w)?

_ 0 w#(Q+g)?
o W= (0 +9)?

= Co(Jw|=(20 + 9)) (D.92)

Thus for the Higgs we obtain,

3 pC 1 1
r, = %% / pdp +
7t 2m)2kr o | vpp + $20 — % vEp + Qo + %

gm [P I 1 1
~ (2m)% pdp 2 a 2 p?
T)RE Jo \vrp+ Dp* +9— 5 vep+ Dp*+ g+ 55
[ 2k arctan {\/ kl‘;+(71+(2Dm>p : ]
—kF+2g'm —142Dm _
o @m? | \/—k%+2gm(—1+2Dm) +log[2gm + p(2kp = p + 2Dmp) pe
(2m)2kp —1+2Dm 0
) (D.93) ]
[ 2k arctan \/ k§+p+2(DmP : |
7kF+29m 1+2Dm
N gom® | \/—k2+2gm(1+2Dm) + log[2gm + p(2kp + p + 2Dmp) -
(27)2kp 1+2Dm 0

(D.94)
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Ok arctan | et (ELE2Dm)p
gom? F { V/—k2—2gm

_ _ + log[2gm + p(2kr — p + 2Dmp)] | |5

(2m)2kp /=K% —2gm

(D.95)
2k arctan {M}
30,2 /12
gom —k%+2gm Pe
— log|2 2k 2D
+ (27)2kp =2+ 2gm + log[2gm + p(2kr + p + 2Dmp)] | [g
(D.96)

small mass m limit

9 QZkF |:10g |:]_ _ M} _ log |:1 + kF+(—1+2Dm)p:|:|

_ ggm \/k%-i—ng %%—i—?gm N
F
(D.97)
' _ kptpt2Dmp | _ kp+p+2Dmp
o [ ] ] ,%
i (2m)%kp B Qi\/m + log[2gm + p(2kp + p + 2Dmp)] | |o
2 _
(D.98)

using arctan(z) = %[log(l —iz) —log(1 +iz)]

. IOg |:1 . kF—p+2Dmp:| . IOg |:1 + IcF—p+2Dmp:|

am VK2 +2gm Vkp+2gm e
— (272)% — ul — r +log[2gm + p(2kp — p + 2Dmp)]| |§
F 1+ a
(D.99)
log |1 — kp+p+2Dmp | log |1+ kp+p+2Dmp
3m2 |: k:2 —2am k2 —29m
n 290 |- V9 . VF +log[2gm + p(2kp + p + 2Dmp)] | [
(27)2kp 1— 2
(D.100)
(D.101)
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—kr+p— 2Dmp

kr —p+2Dmp

—kp—p— 2Dmp

INSTABILITY
[ kp /1+2gm —kp+p—2Dmp
3. 9 log ki \/1+29’"+kF —p+2Dmp
Go™m _
a 2 211{3 2gm
e L
i kp [1-297 ko 5 2Dmp
5 o log kp\/1 2ql:n+kp+p+2Dmp
9o _
2 m
(27T) ]ﬂF 1 _ ZIchF
ggmg | kr + 2F
(27)2kr kpy 1+ 2
F
2 m
(27)2kp & kep /1 — 2gm

+k:F+p+2Dmp

+ log[2gm + p(2kp — p

+ log[2gm + p(2kr + p + 2Dmp)]

Pc

+2Dmp)]| |5

(D.102)

|pc
0

(D.103)
+ log[2gm + p(2kp — p + 2Dmp)] | |5
(D.104)

Pe
0

+ log[2gm + p(2kp + p + 2Dmp)]

(D.105)

ignore denominator in small mass limit

kppy /1 + 28" + kpp — p* + 2Dmp?

1— 2gm —kp—p—2Dmp

3.2
2
= gon; log + log[ﬂ +2kp — p+2Dmp]| [t
(27)2kp kr 1/1—|—29m—ICF—f—p—2Dmp p
(D.106)
3,2 kppy /1 — +kpp+p + 2Dmp? 9
+ BT og +log[Z22 4 2kye + p+ 2Dmyp)] | B¢
(27)2kp g P

(D.107)

flip log term with the negative factor and pull out p from the second term
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kp(1+25") + kp — p+2Dmp
(1+2 ) — 21— 2Dm

Pe
0

90 2gm
=——— |1 log| —— + 2kp — 2D
)2 [og + log| ’ +2kp —p+ mp]]

(D.108)

) gim? [g[kp(l—%fTFm)—l—kF—i-p—l—QDmp

(27)2kp (1 - Qg—%m) — i —1-2Dm

2
4 log[% 4 %kp 4 p+ 2Dmp]] pe

(D.109)

use small mass limit to approximate (1+z)" - 1+nr~1+x

2kp + 29—m —p+2Dmp 9
gom F gm c
krp
(D.110)
Sm? 2k —2gm+ +2Dm
Jo™m F p 4 2gm )
* (27?)2]{F [ & [ ng ] + log[—— » +2kp +p+ 2Dmp]] b
kpp
(D.111)
reduce like terms
gS’m2 2gm 2gm N
= s 198 |, e =+ 2Dmp| + logl= = + 2k — p+2Dmp) |
(D.112)

3,52 2
+ [log {% — Okp—p— 2Dmp] + 1og[97 4 2%kp +p+ 2Dmp]] pe
F
(D.113)

masg—>0asp—>0

using the small mass limit for 7
FP

N (271')2]{)1:’ 1
(29m 2kr — pc — 2Dmpc )(2g—m + 2kr + pc + 2Dmpc)]

(3 4 2kp) (B2 — 2kp)(2m + 2kp)?

(D.114)
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_ gom? log[1 + —96Dgk*m? — 8gkmp — 64DEk3mp + 8k*p? — 24ng2pZ+
(27)2kp —16k* + 16¢2m?2 — 169';’;27”2 — 329§3m
(D.115)
AT 96 D22 m2p? + 42 16 Dkmp? — p* + 8D*m?p*

212,12 3
—16k* + 16g?m? — 0L 2dbm

expand numerator and denominator and divide the front term to get 1,

and remove higher order mass terms > 2

gom? | —96Dgpik*m? — 8gk>mpd, — 64DkSmpd, + 8k*pt — 24Dk’2gm2p‘é+
(27)2kp —16kSpZ + 16k2g*>m?p?, — 16g2k*m? — 329k mpc
—4g°m?pt — 96D kAm?2pt, + dkgmp?, + 16 DE3mp?, — k*p%, + 8k‘2D2m2p60]
—16k5p2 + 16k2g*>m?p?, — 16g2k*m? — 32gk>mpc

og[l +

multiply numerator and denominator by k* and p? (D.117)
_ gom? log |1+ —96Dgpik*m? — 8gk3mpd, — 64Dk5mp?,
(27)2kp —16k5p2, + 16k2g*>m?p% — 16¢2k*m? — 32gk>mpc
(D.118)

where we keep order p%, plc for pc << kr as in the Goldstone case

_ gom? log _1 N 12Dgpék*m? + gk3mp?, + 8DkSmp?, (D.119)
(2m)2kp 7| 2KSpE 4 2k%2g2m2(k? — pi) + 4gkSmpc '
_ gom? log |1 + 8DE*mpd, + 12DgpZk*m? + gk3>mp?, (D.120)
(27)%kp I 2kSpZ + 2k*g>m? + 4gkSmpc '
_ %N*(0)Z° log |1+ 8DkEmp, + 12D (w*)pikrm? 4+ (w*)mp,
8 2k3p% + 2kp(w*)?m? + 4(w*)kimpc
(D.121)
with m — 0, pc << kp, g = w®, and D = ”]fQA.
F
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