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ABSTRACT

One of the theoretical mechanisms for accurately describing superconductivity is the electron-phonon
interaction. This attractive interaction occurs between two electrons near the Fermi surface and leads to
gapped quasi-particle states. The equations describing the mean-field properties are called the Eliashberg
equations. By accounting for the frequency of phonons, it follows that the interaction within Eliashberg
theory is retarded in time and local in space. In the BCS theory of superconductivity, however, the

nature of the interaction is instantaneous in time.

The dynamical nature of the order parameter in Eliashberg theory is the foremost difference with the
order parameter in the BCS counterpart. The motivation for this thesis is to explore this disparity, with
a particular emphasis on the nature of the weak-coupling limits of the two variant theories. In this thesis,
both the numerical solution and analytical approximation for the Eliashberg theory on the real frequency
axis are evaluated in the weak electron-phonon coupling limit. To first order in the weak-coupling limit,
the analytical solution is shown to agree well with the numerical result. Previous literature has shown
that the weak-coupling limit of the BCS and Eliashberg theories do not converge to the same result, and
moreover there exists a difference of 1/4/e between the critical temperatures of the two theories. Here,
we have extended this result further to investigate the behaviour of the zero-temperature gap edge on the
real frequency axis. This quantity is analytically solved on the real axis under certain approximations,
and it is found that there exists the same pre-factor of 1/4/e in the zero-temperature gap edge as observed
in the critical temperature in the Eliashberg theory. Remarkably, in the weak-coupling limit, the ratio of

these two quantities therefore approaches the same universal value as obtained in the BCS theory.

In chapter one, a brief development of the history of the BCS and Eliashberg theories is given. In chapter
two, a full derivation of the Eliashberg equations is included, based on solving the time development of the
Green’s functions. The Green’s function can be evaluated on either the imaginary or real frequency axes.
It is much more convenient to use the Matsubara formalism, especially when performing the numerical
calculations. However, most of the dynamical and physical properties are determined on the real axis.
By implementing the correct analytical continuation procedure on the real axis, we recover the results on
the imaginary frequency axis.

In chapter three, the imaginary axis Eliashberg equations are considered, first in the case where the
renormalization factor is included, and then in the case where it is neglected. The critical temperature
is calculated using the linearized gap function. Also, the analytical solution using digamma expressions

for the gap function is provided both on the real and imaginary frequency axes.

In chapter four, the numerical solutions on the real and imaginary axes in the zero-temperature, finite-

ii



temperature, and critical-temperature limits are studied.

Finally, in chapter five the thermodynamic properties of superconductors are studied. The free energy,
heat capacity and the critical magnetic field are considered using both BCS and Eliashberg theories. It
is shown that the heat capacity ratio at the critical temperature of both theories are identical, and in
the zero-temperature limit in the Eliashberg theory the free energy has a correction factor of (1/./e)?

compared to its BCS counterpart.
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I. INTRODUCTION

The superconducting state is a macroscopic quantum phenomenon observed in many conductors in
the low-temperature limit. In 1950, two separate experiments with an isotope of mercury provided
evidence that the electron-phonon interaction plays a significant role in superconductivity [1]. The critical
temperature depends on the average isotope mass as M ~?, where 8 = —d(InT,)/d(In M) [2, 3]. In 1957,
Bardeen, Cooper, and Schrieffer [4] gave the first theoretical explanation for superconductivity that agreed
with experiment and it is now commonly known as BCS theory. This phenomenon occurs due to the
presence of an attractive interaction of the spin-up and spin-down electrons on the opposite sides of the
Fermi surface, which bind together to form a zero-momentum bound state known as a Cooper pair. These
Cooper pairs open up a gap in the excitation spectrum. The BCS theory describes the phenomenology
of superconductivity, however, it does not account for the retardation of the electron-phonon interaction.

When an electron moves in a crystal lattice, a deformation of the ions ensues; the electronic polarization
will then be created as a result of the attraction between the positive ions and the electron, after which
the electron scatters away. A second electron will be attracted to this region, and since the ions are more
massive, it takes a longer time for them to return to their equilibrium position. Therefore, the time scale!
of the electronic Coulomb interaction is of the order of e}l whereas the electron-phonon interaction is
of the order of wp_hl [5]. This retardation effect is tantamount to the first electron being attracted to
the second one. The finite time it takes for the ions to be displaced from their equilibrium positions is
proportional to the inverse of the phonon frequency. As a matter of fact, the lower the phonon frequency
value is, the longer the time it takes for the ions to reach their equilibrium position. Taking into account
the frequencies of phonons in the superconducting system shows that the interaction is not static but
dynamical and retarded. The most natural way of satisfactorily dealing with the retardation is to invoke
a field-theoretical description of the phonons in the Hamiltonian [1, 6].

The electron-phonon interaction in superconductors leads to a mass enhancement of the electrons near
the Fermi level and a short lifetime for the quasi-particle. In several metals these effects are robust
and the quasi-particle damping effect is comparable to their energies [7]. As a result, the well-described
quasi-particle does not exist anymore.

In 1958, Migdal [8] applied the Feynman-Dyson perturbation theory to derive an approximate solution
for the problem of electron-phonon interaction. Migdal’s rationalization is based on the fact that the
higher-order vertex corrections are of the order of wy/ep ~ \/m/M ~ 1072, where M is the mass of the
ions and m is the mass of the electron. In 1960, Nambu [9] and Eliashberg [10] derived a formalism that
leads to an appropriate solution when phonons are present in the Hamiltonian. Eliashberg derived a pair
of coupled integral equations for the complex gap function and mass renormalization function for the
superconducting state in the zero-temperature limit [1]. The finite-temperature case was also considered
by Eliashberg.

In 1964, Ambegaokar and Tewordt [11], and then subsequently in 1965 Scalapino et al. [12], devel-
oped a formalism for the finite-temperature gap function A(w;7T). In 1968, McMillan [13] found the
superconducting transition temperature by constructing an approximate equation which is given as

wp 1.04(1 + A)
c=T——¢exp|— .
1.45 A — (14 0.62))

(1.1)

Equation (1.1) makes a connection between the transition temperature, the electron-phonon coupling and
Coulomb coupling constants. This is one of the most useful relations for practical purposes and has been
highly cited. Also, in 1975, Allen and Dynes [14] improved McMillan’s formula by replacing wp/1.45 with
win/1.2. Here, wp is the Debye frequency of phonons, A is the electron-phonon coupling constant which is
calculated based on the phonon frequency distribution function a? F(w) to get a better fit for the critical
temperature. Here, o which is the strength of coupling between electrons is frequency-dependant and
it is squared because of the coupling between two electrons. Also, u* is the Coulomb pseudopotential of

n this thesis, kp and 7 are set to unity, which means that the temperature and frequency have units of energy.



Morel and Anderson [15]:

oy p(er)
W (we) = [+ aler) n(er o))’ (1.2)

which tends to vary between 0 to 0.25. The Coulomb interaction is frequency independent, however, it
depends on the cut-off frequency w,. which is of the order of the Fermi energy, ex. The electron-phonon
coupling parameter A is defined as

v [ »
0 w

Here, a?F(w) is the Eliashberg coupling function which is modelled by
&*F(w) = AS(w — wg), (1.4)

where A = Awg /2. The logarithmic average phonon frequency is defined by

S 2
Win = exp 2 dwlnww .
)\ 0 w

For the model with an Einstein mode, we obtain

om = exp |2 [ dwlnw B0 —wr)
A 0 QUJ

= exp(lnwg)
= WEg. (15)

Therefore, the Einstein mode with frequency wg is the logarithmic average phonon frequency. The BCS
solution for the critical temperature is

1
T. = 1.13wg exp (—)\) . (1.6)

Here, A = N(0)|V] is the electron-phonon coupling constant, N(0) is the single-spin density of states at
the Fermi surface and |V is the strength of the electron-phonon interaction. The numerical pre-factor
1.13 is an approximation to 2¢”/w. Here, v & 0.5772 is the Euler-Mascheroni constant. However, the
Eliashberg solution for T, in the weak-coupling limit, has a correction to this result, which is shown as

follows:
1.13 1
T = %wE exp (—)\) ) (1.7)

There exists the pre-factor 1/4/e in the transition temperature of Eliashberg theory, which is significantly
different from the BCS result [16].

Eliashberg theory describe some of the properties of superconductors like Pb and Hg in the strong-
coupling limit [5]. These equations are expressed in terms of the Green’s functions, which can be solved
along the imaginary or the real frequency axes [17]. The imaginary-axis Eliashberg equations are compu-
tationally efficient because they include a summation over the Matsubara frequencies that are sufficient
for the calculation of the critical temperature T, and superconducting gap. To obtain information of the
spectral properties, such as the single-particle excitation spectrum or the quasi-particle density of states,
solving the real-axis Eliashberg equations is required. However, solution of the Eliashberg equations on
the real frequency axis includes the calculation of principal-value integrals and square-root singularities
which is challenging computationally [17-19].

Alternatively, the solution can be found using analytical continuation along the real frequency axis.
The analytical continuation can be performed using Padé approximation, which was constructed by



Vidberg and Serene [20], or by employing the numerical iterative procedure which is called Marsiglio,
Schossomann, and Carbotte method [17].

In this thesis, we have considered the weak-coupling limit of Eliashberg theory. We have obtained
the frequency-dependent weak-coupling gap function on the real axis using an analytical continuation
technique, including the renormalization factor and without the renormalization factor. One of the most
striking facets of this work is to show that the weak-coupling Eliashberg theory does not reduce to BCS
theory. It was tacitly assumed (in early literature) that in the weak-coupling limit, BCS theory and
Eliashberg theory coincide, but here we investigate this further for the real frequency axis extending
Marsiglio’s work [21] on the imaginary axis. In chapter two, the Eliashberg equations are derived using
Green’s function and the equation of motion method. The electron self energy on the real and imaginary
axes is calculated as well. In chapter three, a full derivation of the gap equation in the weak-coupling
limit is given both on the imaginary and real frequency axes. Also, the zero-temperature limit of the gap
equation is solved by converting the Matsubara frequency summation into an integral. We also calculate
the gap edge on the real frequency axis. In chapter four, we present our numerical results both on the
imaginary and real frequency axes. In chapter five, some of the thermodynamic properties, like the free
energy, heat capacity and the critical magnetic field of superconductors are studied.

II. THE ELIASHBERG THEORY OF ELECTRON-PHONON INTERACTIONS IN THE
SUPERCONDUCTING STATE

A. Derivation of the equations of motion in Eliashberg theory

In this section we follow Rickayzen’s derivation of the Eliashberg equations [1]. We consider the
following Hamiltonian which is defined as

H = Z ka]T(o.Cka- + Z Jk—x’ (bLk/ + bk’,k)(cLTCk’T + Cik/l’C—k‘L) + Z hwk_k/b;r()k/ bk,k’~ (21)
k,o k,k’ k. k’

Here, o is the spin and k is the momentum. The interaction between electrons and phonons is represented
by gk_x’ such that g _x = g]Lk,. The shifted electron dispersion £y is

§k = ex — 1, (2.2)

where p is the chemical potential and ¢y = k> /(2m). The phonon dispersion is wy_j/. The time evolution
of the fermionic creation and annihilation operators is

CLG(T) EeHTcLUefHT, (2.3)
ko (1) = exge™ 11T, (2.4)

where 7 = it. The operator b;r(  and by i are the phonon creation and annihilation operators. When

an electron is scattered from k' 1 to k 1 it can emit a phonon, then another electron will be scattered
from —k’ | to —k | by absorbing this phonon. The exchange of a virtual phonon between two electrons
is depicted in Fig.(1). The perturbative solution of the Hamiltonian is given in terms of the single-
particle Green’s function G4 (k,7 — 7’) in momentum space. The Green’s function is introduced as a
sum of infinite terms of a perturbation series which incorporate phonons in the calculations. The poles
of the Green’s function provide us with the excitation energies of the system [1]. We use the equation of
motion method to find the Matsubara single-particle Green’s function, which involves differentiating the
Matsubara Green’s function with respect to time [1]. The Green’s function is defined in terms of creation
and annihilation operators by

Go(k, 7 —7') = —(TrCro (1)l (7). (2.5)



Figure 1. Exchange of a virtual phonon between electron states (the dashed line shows the virtual phonon).

The angular bracket (---) denotes thermal averaging. The phonon propagator is defined as [1]
D(k — k/, T — ’7'/) = <T.,-Ak)k/ (T)A,k’,k/ (7'/)>, (26)

where Ay = by (7) + bT_k7_k, (7). Note that here D is in principle the fully interacting phonon
propagator. However, we will ignore the phonon self energy and then we use the non-interacting phonon
propagator. We now consider the Green’s function with o =1. The time derivative of Gy(k, 7 — 7’) is [1]

L Galle = 7) = 6 — ) s (7)ely (7)) — 0" — 7) el (7w ()]

=3(r =) (et (T)ely () + (e (P (7))
+0(7 = 7)([H, ey (7)]efy (7)) = 0(7 = 7)(cly () [H, i (P)]). - (27)
We use the fact that 8%9(7 —7') = (7 — 7'). Simplifying then gives

— 3 Gl =) = 8 = ) {ext (7)s e (1) + (T H, s (7l (). (23)

To find the commutator in the second term of Eq.(2.8) we write the Hamiltonian as follows

H = Zéchacqa + qu a( o b q)(cjﬁcq’? + CT—an*qi) + Z hewq - q’bq a'baa- (2.9)
.9’
Using the Hamiltonian, the commutator in Eq.(2.8) is then 2

[H, cier(7)] = qucqocqm ()] + qu a'(bgq + bar )[ CqrCa't + el a1 C—albs Gt (7)]

a,q’

== Z 0q,k001€qCqo — qu a'( a T ba',a)0k,qCa’t

= gkckT - ng—k’ k,k’ + bk’,k)ck/’r- (210)
k/

2 Applying the identity
[AB,C]= ABC — CAB = ABC+ ACB— ACB - CAB = A{B,C} - {A,C}B.



Substituting the result of Eq.(2.10) in Eq.(2.8) we obtain
0
(7 8) Oaber =) =00 =5 = D Tl 7) + hea@lees Oy () 21

The two-particle Green’s function equation is defined as [1]
G(klUlTl, kgO’QTQ; k30'37'3, k40’47’4) = <T7—Ck10'1 (Tl)CkQUQ (TZ)CL4U4 (7'4)01;30_3 (T3)>. (212)

The (imaginary) time derivative acting on the two particle Green’s function gives

0
( + fkl) G(ki 1 71, kooom; ksosms, kaoyms)

87’1
= _5(7—1 - TS)GO'Q (k27 T2 - T4)5k2k450'20'46k1k35T0'3 + 5(7—1 - 7—4)G0'2 (k27 T2 - T3)5k2k360'20'36k1k45TO'4
- ngl kAT bl g (71) + b e (7))t (1) s (), (1), (7))- (2.13)

The time derivative of an n-particle G functions includes 2n operators for the electrons and one operator
for the phonon. Omne can build higher-order equations following the same approach [1]. Now, one can
write the one and two particle Green’s function equation of motion as

9 B
/ dr'D(k — k', 1 —7') x
0

0
_ ((97’1 +€k) GT(kﬂ'l — Tg) = (5(7‘1 — Tg) =+ ;}gkfk’
Gkt 7 K1kt o, K 7))+ G(-K L 7 K 1tk T o, —k | 7)1, (2.14)

and

0
(6 +fk1) Gk T 11, keoom; ksosms, kaoams) = —6(11 — 73)Go, (Ko, T2 — T4) 0k, k, 06004 Ok ks O1ors

+0(71 = T4) Gy (K2, T2 = 73)Okykes Seracrs Okrhea Otera + D | Ghes —k
k/

(et (et (7) + el | (Femie (T (M) oo (T2) el o, (Ta) el o, (7)) - (2.15)

/ dr'D(k; — k', 7 — 1) x

In this case, we define the correlation functions C such that the second-order correlation function is zero
for particles with parallel spins. Furthermore, the complete third-order correlation function is assumed
to be zero [1]. In general,

G(ouT, aomo; asmy, cauts) = G(ar, 71 — 13)G (2, T2 — T1)0a; a50asas

— G(al,ﬁ — T4)G(O£2, T9 — 7—3)50410145042043

+ C(a1 Ty, a2To; 3T, a4 Ty). (2.16)
In addition,
6
G(a1my, aamy, a37s; 047, 575, a676) = Y Glon, 71 — 73) G0, 72 — 75)G (03, 73 — Tk) 0y, Occaar; Sazars S
1,5,k=4
6
+ (1/2) Z G(a17 T — )C(QQTQ; Q3T3; Ty, aka)éalaigijk
i,5,k=4
+C(a1T1,04272701373;0447470%75,@676), (2~17)

3Eq.(2.14) and Eq.(2.15) are proved in Appendix (A 1) and Appendix (A 2).



where €;;;, is the antisymmetric tensor of third-order which is defined as €456 = 1. Thus, the equations
simplify to 4

- (6 + fk) Gi(k, 11 —72) =0(11 — 72) + Z|gk—k’
k/

2/dT’D(k—k',ﬁ —7)x
8’7’1

(Gr(k, 71 — )G (K, 7' —72) + C(=K | 7, K t 7;k T 72, —k | )],
(2.18)

and

0
(87’1 +§k1) C(ky T 71,k | 7o1ko 773, ko | 74)

= Z|9k17k/
K

+G (ki =7 )COK 171, -K | 7/ ko T 73, —ka | 74)}. (2.19)

2/dT’D(kl — k', — ) {G+(k' ;71 —7)C(k1 t 7', —ky | 7o3ka T 73, —ka | T4)

The equations for time development of C' to (imaginary) time 75 and 73 are as follows [1]

0
(872 + §k1> C(ky T 71,k | mo1ko 773, —ko | 74)

= Z|gk—k1|2/dTD(k —ki, o —7){Gr(k, 1 —7)C(kt 7,k | mo; ko T 73, —ko | T4)
Kk
+G(=k, 72 = 7)C(ky T 71, —k1 | Tika T 73, ko | 1)}, (2.20)
and

(a{) - §k3> C(ky T7i,—ki | mo1ko 773, —ko | 74)
T3

= Z | g1, |2 /dTD(k — ko, 73 — T){Gr(k, 7 — 73)C(ky T 71, k1 | o5 ko T 7, —ko | 74)
k

+Gy(~ko, 7 —1)C(ks T 71, —ky L 75k T 73, -k | 7)}. (2.21)

These equations can be solved utilizing the relation

Clki 171, —ki L osko T 73, —ko | 74) = F(ky, 71 — 72)F(ka, 73 — 74). (2.22)

In the superconducting phase, there exists non-vanishing expectation values referred to as anomalous
amplitudes. F' and F respectively destroy and create a Cooper pair in the superconducting ground state.
These functions are defined as [1]

Fk,7—17") = ~(Tre(T)ei (7). (2.23)

F(k,m—1') = —(Trcly (T)cft (7). (2.24)

Since we are considering the case where there is time reversal symmetry, then these two functions are
even in time so they are even in frequency [1].

F(k,7)=F(k,-71), F(k,7)=F(k,-7). (2.25)

4Eq.(2.19) is proved in Appendix (A 3).



F(k,iw,) = F(k, —iwy,), F(k,iw,) = F(k, —iw,). (2.26)
Using these definitions in the equation of motion, we obtain [1]
a 2 A ’
- §+£k (k,Tlng):(5(T177‘2)7;|gk_k1} /0 dTD(k*k,TlfT)X

Gk, 7 — )Gk 71 —7) - FK ,7—1)F(k,7—7)], (2.27)

and

B
/ drD(k — k', 71 — 1) x
0

0 2
(671 +€k) F(k,71—m2) = %:’gk—k/

G, 7 —T)F(k,7— 1)+ Gk, —7)FK 7 —7)], (2.28)

0
(871 —fk) F(k,m — 1) Z‘gk K’

[G(k T —1)F(k, T — 1)+ Gk, T—7)FkK, 7 — 7). (2.29)

/ drD(k' —k,71 —7T) %

The Fourier transform of Green’s function in (imaginary) frequency is [1]°

Gk, — T2) 5 ZG (k, iwy, e *“""(Tl 72), (2.31)
The imaginary time 7 is restricted to one period [0, 5] where § = kB#T Now, we define the self energy
and the pairing function as follows [1]
Slkoiwn) = = Y |gicie|” Dk — K iw, — iwn)G(K, iwn). (2.32)
k’,n’
ok, iwy) = Z |gk w| Dk — K iw, —iw, ) F (K iw,). (2.33)

k’,n’/

The self energy Y (k, iw,,) and the pairing function ¢(k,iw, ) of the variable k and iw,, are both complex
functions. The Fourier transform of Eq.(2.27) and Eq.(2.29) are [1]

— (—iwn + &) Gk, iw,) = 1+ X(k, —iw, )Gk, iwy,) — o(k, iw, ) F(k, iw,), (2.34)
and
(—iw, — &) F(k,iwy,) = 2(k, —iw, ) F(k, iw,) + o(k, iw, )G (k, iw,). (2.35)

After simplifying the above equations we can write

-1

| ok, iwy) |2

Gk, iw,) = |iw, — & — 2(K, iwy,) + — - 2.36
( ; n) n gk ( ; n) i, — Ek — E(k, —an) ( )
5The Fourier transformation of 0(71 — 72) function is defined as
1 .
S(ri —72) = 3 Y emiwnlniTr2), (2.30)

W



(K, iwy, )G (K, iwy,)

F(k,iw,) = F(k, —iw,) = — - . 2.37
( ) =F( ) o — € — Dk, i) (2.37)
Now we apply Dyson’s equation
Gt (kyiwn) = Gyt (K, iwn) — S(k, iwn), (2.38)
The result can then be obtained as follows:
G Y=k, iw,
G(k, iw,) = =" (koiwn) (2.39)
Gr 'l (k,iwn)Gr t (—k, —iwy) + o(K, iw,) (K, iw,)’
K.i
F(K,iwy) = —————— ok, iwn) — — (2.40)
Gn(k,iw,)Grn ™ (—k, —iwy,) + o(—k, —iw,)d(—k, —iw,)
Here, the self energy is written into even and odd parts as follows:
1
iwn[l — Z(k,iw,)] = §[Z(k,iwn) — Yk, —iwp)]. (2.41)
1
x(k,iwp,) = §[Z(k,iwn) + Xk, —iw,)], (2.42)

where the renormalization function Z and energy shift, ¥ are even functions in iw,,. We have summarized
the Eliashberg equations for the electron-phonon interaction as follows [18]:

Dk — X, iw, — iwp )oK, iwnr)
(ki) = - . —. 2.43
(rb iw 6 k,zn,|gk k’ | 2 Z2 k an/) 4 (Ek’ +X(k/,lwn/))2 + ¢2(k/,lwn/) ( )

k — K, iw, — iwn ) (W Jwn) Z (K, iwyy
D(

Z(k,iw,) =1+ = p: Z\gk wl’ 0 o)+ (B (K e 4 G ) (2.44)
D(k — X', iw, — iwy ) (é + x (K, iwn))
xl, don) = B g;,'gk ol w2, Z2(K'iwn) + (&0 + X (K, iwn))? + 2 (K i) (2.45)
(& + x(K, iwn))
"T1TE Z W2, 22 (K o) + (&0 + XK o)) + (K i) (2.46)

Here, n is the electron number equation, which calculates the chemical potential. The gap function is
Ak, iw,) = o(k,iwy)/Z(k, iwy,).

The frequency-dependent gap function A(k,iw,) is the essential effect of retardation in the Eliashberg
theory [10]. Assuming Z = 1, the gap function can then be written as

D(k — X iw, — iw, ) AK, iw,r)
Ak, iw,) = :
W) =75 5 2l W2+ (G + XK iwn)? + A2(K i)

k/,n’

(2.47)

B. Electron self energy on the real axis

In this subsection we study the electron self energy calculation on the real frequency axis [22, 23].
Dyson’s equation for the electron Green’s function on the imaginary axis can be written as

Gk, iw,) = Gyt (k,iw,) — B(k, iwy,), (2.48)

5We assume the particle-hole symmetry. Then the even part of the self energy ¥, is zero.



where the non-interacting inverse Nambu Green’s function” is
Gal(kv iwn) = 1w, To — &k T3. (249)

The fermionic Matsubara frequency is defined by w,, = 7kgT (2n + 1) and the dispersion relation is .
The electron self-energy ¥ (k, iw,,) is given in [17]; to compute it, we follow the method outlined in [22]

. a3 . . .
Yk, iw,) = =T E /7(27;)13 73G(q, iwy,)T302(q, k) D(k — q, iw, — iwm),
=-T E / ' 73G(q, iwn,)T302(q, k) D(k — q, iw, — iwn,)
o ;éiw (27T)3 3 I m 3 ’ 9 n m
—T/ ' G(q, iwn)T30%(q, k) D(k — q, 0) (2.50)
(27{_)37—3 q,wn)T30(q, q,Y). .

The Matsubara frequency summation in the first line of Eq.(2.50) includes all fermionic Matsubara
frequencies. Included in this sum is the term iw,, = iw,,, which leads to a phonon propagator evaluated
at zero bosonic frequency. When evaluating this sum by contour integration the closed contour excludes
the term iw, = iw,,. Here, « is the average coupling constant of the electron-phonon interaction and
D(k — q,iw, — iwy,) is the phonon propagator. Pauli matrices 7;,7 = 1,2, 3, ... define the 2 x 2 Nambu
formalism of the superconducting state.

10 01 0 —: 1 0
To = |:0 1:| ; T1 = |:1 O:| ; T2 = |:’L O:| y T3 = |:O _1:| ) (251)
and
T3T0T3 =To, (2.52)
T3T1T3 = —T1. (253)

The Feynman diagram for the electron self energy is depicted in Fig.(2), where the dashed line is the
phonon propagator. The fermionic Matsubara summation formula is [24]

K-q,io -0,

k’ i(Dn q, i(Dm k’ 10,

Figure 2. Feynman diagram for the electron self-energy. The dashed line shows the phonon propagator.

TS f(aiwm) = ﬁ 7{ dzf(q, 2) tanh (;ﬁz> . (2.54)

W

The Matsubara frequency summation is performed using the Eliashberg contour integration approach.®
Contour integration around the poles enables us to convert the discrete Matsubara summation into a

"The Nambu Green’s function method is discussed in Appendix (B).
8Contour integration technique is useful in the calculations of the finite temperature Green’s function in the frequency
domain.



continuous integral which is depicted in Fig.(3) [25, 26]. We obtain

T Z T3G(q, iwy)T30%(q, k) D(k — q, iwy, — iwy,)
(W, Wy,

1 1
= dz tanh (ﬁz) T3GR/a(q, 2)T30°(q, k)Dp/a(k — q,iw, — 2),
i C14+C2+C3 2

1 © 1
= E/ dz tanh (2ﬁz> T3[GRr(q, 2) — Ga(q, 2)]T30%(q, k) Dr(k — q, iw, — 2)
a — 00
1 0O+ tWwn 1 ) ) )
+r dz tanh 562 TSGR(qv Z)’T3Oé (qa k)[DA<k —q, Wy — Z) - DR(k —q,wwn — Z)]
U — 00— 1iWn
+T713G(q, iw,)T30°(q, k) D(k — q,0). (2.55)

We have assumed iw, > 0. The third term in Eq.(2.55) comes from the contribution to the contour

c Ci

Co

Figure 3. The contour of integration in the complex plane of Matsubara frequencies.

integral arising from the indentation about z = iw,,. The closed contours C;, Cs, and C5 enclose all of
the frequencies z # iw,. To compute the full Matsubara frequency summation the frequency iw,, = iw,
must be included by hand, as indicated in Eq.(2.50). Remember that the bosonic frequencies are even,
and thus zero frequency is permissible. Also, the semi-circle contribution at infinity vanishes. We shift
the variable z to iw, — 2’ in the second integral and use the identity

tanh (;5(10.)” — z’)) = —coth (;5%) . (2.56)

The Matsubara frequency summation becomes

T > 73G(q iwn)T30%(q, k) D(k — q iwy — iwn,)

(Wi Wy,
> dz 1 9 .
= 27 tanh 562 T3ImGR(qa Z)T30é (qa k)DR(k —q,Wn — Z)
0o 2T
> dz/ 1 / - ! 2 !
+ o coth 562 73GRr(q,iw, — 2" )T30°(q, k) ImDg(k — q, 2)
oo 2m

10



Substituting Eq.(2.57) in Eq.(2.50), the electron self energy on the real axis can be written as

3 )
Y(k,w)=— / (621733/ ;lz tanh <;ﬁz> 73ImGR(q, 2)T302(q, k) Dr(k — q,w — 2)

d*q dz L., ’ 2 /
/(271_)3/00271_0 oth 552 T3Gr(q,w — 2')T30°(q, k)ImDr(k — q,2). (2.58)

Here w is a short form for w + i0%. Now, we introduce the spectral representation of the electron and
phonon Green’s function to convert them into the integral form.

Gr(p,w) = /_OO dz ImGr(p 2) (2.59)

T oz—w—1in’

* dzImDg(p, z)
Dr(p,v) = / v (2.60)

The electron self energy then becomes

d’q [*d © 42 TmDp(k — q, /
Z(k,w):_/ q / it nh< /32) TslmGR(q,Z)T3a2(q,k)/ daz’ lm R( q,z.)
_ T

(2m)3 oo T2 —(w—2)—1in

3
_/ o / 9 oth (152 ) T3/ e ImGn(@2) o o2q mDpk—q,2).  (261)
oo —c0 —m

(2m)3 27 Tz—(w—2)

The electron spectral function is defined as

S(p7 Z) = 7%ImGR(pa Z)a (262)

and the phonon spectral function is
1
B(p,z) = ——ImDg(p, 2). (2.63)
T

As a result, we can write

3
Y(k,w) = 1/ ¢’q / dz/ dzt ImGr(g, 2) —— T 7y
w —z—2z 4+

1
X 2a2( q,k)B(k — q, 2')[tanh (252) + coth <2ﬁz’>}. (2.64)
Separating (w — z — 2’ +4n)~! into its real and imaginary parts using the Sokhotski-Plemelj formula [27],
which is
li 1 =P 1 o ( ) (2.65)
sl—I}(l);z:f:L'O:tie_ xfxo¥m v o) '

where £ > 0 is an infinitesimal quantity and P is the principle value, we obtain

_ 1 T Bl 1 . /
Sk,w) = —;/ K [m dz [m dzT3ImGRr(q, 2) lpw—(z—i—Z’) —imd(w—2z—2")|T3

xa?(q, k) B(k — q, 2 ); [tanh (;52«) + coth (;5/) } (2.66)

11



We now use the identities for complex numbers, Rew = %(w +w*) and Imw = %(w —w*), where w € C.
Thus, we obtain

1 d3q [ o 1
Yk =—— '131
(k,w) = | @)y /_DO dz'T3 m{ /_OO dzGRr(q, ?) [w Gt i + - Gt )= 7;77] T3

1
(=t
xa?(q,k)B(k — q,2) [tanh (;Bz) + coth (;B%) }

1 [ dq [~ ., . o0 1 1
+E / W /_oo dz ngRe{ /_Oo dzGr(a, 2) [w —(z42") +in W (z+2") - in] T3
xa?(q,k)B(k — q,2) [tanh <;ﬂz> + coth (;Bz') ] } (2.67)

We integrate over z by deforming the contour integration into the upper half of the complex plane. Here,
GR, which is the retarded Green’s function, is an analytic function in the upper half plane. Thus, only
the poles at z =w — 2/ +in and z = i(2m + 1)7T = iwy,, m € N ={0,1,2,...} are included. The pole of
the tanh function is z = i(2m + 1)7T and the residue of the poles is 2T, whereas the residue of the poles
at z =w — 2z’ +in is —1. The semi-circle contribution vanishes because Gr — 1/z as z — oo. Thus, the
electron self energy is

Skt = [P T Bk ,
( 7W)__E (27(_)3 . Z (q, ) ( _q,Z)Tg
x Im 27TiX2TiGR(q7iwm) 1 I 1
= e ) BT RIS (T I

—2miGRr(q,w — 2’ +in)

tanh <;B(w - z’)) + coth (;ﬁzl) ] }Ts

1 d3q oo
— d?'o*(q,k)B(k — q, 2’
+ A (27’(’)3 [m z (q7 ) ( qaZ)TS

> 1 1
X z’Re{Qm’ x 2T Y Gr(q,iwn) [ 1

= w— (iwm +2') +in  w— (iwm + 2') — i

tanh (;B(w — z’)) + coth (;ﬁz’) ] }7-3. (2.68)

Since the Matsubara frequencies are non-zero, we set 1 to zero. We drop the prime notation on z and
0.9
write:

—2miGRr(q,w — 2’ +in)

3 )
Yk,w) = —/ (gﬁ()l?) [m dza*(q,k)B(k — q, 2)T32Im

3 . GR(qa ZWM)
T ZR\Q, "W).
! 7nz::0 W— Wy — 2 T3
1 [ d3q [~ :
+5 | 53 dza”(q,k)B(k — q,2)T3GRr(q,w — 2 +in)T3
2) 27)3 J_

| (0 9) o () | 200

9We apply the identities Im(iw) = Re(w), Re(—iw) = Im(w), and 2Im(iw) = 2Re(w) = w + w*.

12



Therefore, we have

3 oo
E(k7w):—/(;ch)l3/ d=0?(q, k) B(k — q, 2)7s

— 00

GR q7 Zwm q7 Zwm
T +T T:
mZ:ow Wy, — 2 Z w—|—zwm — 3

+1/d3q/ood 2(q,k)B(k — q, 2)73Gr(q,w — 2 + i)
2 (27T)3 _ Za q7 T3 R q,UJ Z ZT] T3

y [tanh (;B(w _ z)) + coth (;&) ] . (2.70)

The conjugate of the Green’s function is defined as G}(q, iwm) = Gr(q, —iwn,). Also, the Fermi-Dirac
and Bose-Einstein distribution functions obeys the following relations:

1= 2f(x) = tanh (;m) , (2.71)
1+ 2N(z) = coth (;B:c> . (2.72)

As a result, the electron self energy becomes

3 0o
Sk, w) = — / (jﬁ‘; / d=0?(q, k) B(k — q, 2)7s

o W+ Wy, — 2

T i GR(ga iwm) +T Z GR(q> iwm)‘|7_3

d3q 9] ) |
+/ (271_)3 /_OO dza (q7 k)B(k—q7 Z)T?)GR(q,W—Z—i—'Ln)T?)

Now, let us consider density of states which is constant near the Fermi surface. Therefore, the integration
over momentum q is approximated as follows

3 oo o
/(;lw?k%h(oﬂ :/ di(f)/ZQ (&)= N( )/ dgh(§). (2.74)

—n — 0

fz—w)+ N(z)] . (2.73)

Here, h depends on the magnitude of q, and N(0) is the density of states at the Fermi surface. In
addition, B is peaked about the Fermi surface, so we can write

_ 00 2F GR(qa Zwm) GR(qa 7iwm)
E(k’w)*ffioo TZ/ [ zwm—z+w+iwm—2173
0 0[2 2 3
+[N dz Nié)) / (;i TsCnlaw = +inry f(z—w)+N(z)], (2.75)

where a?F(z) is defined as the Eliashberg function. The inverse of the Nambu Green’s function is
Gil(Qa iwm) = W(iwm)To — EqT3 — P(iwm)T2. (2.76)
Inverting this equation gives

W(iwm)To + EqTs + ¢iwm) T2
~ g2 ,

G(q,iwn) = (2.77)

13



where E2(iw,,) = €2 + ¢*(iw,, ). The momentum integration of the Green’s function is
d*q O(w—z ‘l'o +&13+ dlw — 2)T2
—G d
[ Gpentan =i =0 [ _d & — §%iom)

=N<0>/_wd5£3§” e

= N = 2)7o+ ¢lw = 2)7 /jo (= foc)lff +&o)
= —inN(0)[&(w — 2)70 + d(w — z)TQ]Sg“(Ig(fO)), (2.78)

where & = /@2?(w — z) — ¢%(w — 2) has positive imaginary part. The momentum integration of the
Green’s function is

/ d3q . . [W(w —2)To — Pp(w — 2)T2]

T73Gr(q,w — 2z 4+ in)T3 = —irN(0 . 2.79
(om0 R T3 (0) N R (2.79)
Then, the electron self energy becomes
o 2F GR qa @wm) GR(q, _Zwm)
Z(k,w)——/_oo TZ/ w—zwm—z+w+iwm—z T3
- o(w — Z)To — ¢(w — 2)79]

+ dza?F z—w)+ N(2)]. 2.80
| dwr e G ) 4 N ) (2:80)

We define the function A by:

A(v) = —/_oo g CEE) (2.81)

V—z41n

The function ¢ is an even function and @ is an odd function of frequency. Now, we write

_ = d’q ) W (iwm ) To
_Tmz_o/ 2np A w — twm) — AMw + iwn,)] \/oﬂ o)
— d*q Piwm ) T2
DY) / s N ) A i LT
= [o(w — Z)T — ¢(w — 2)73]
_ /_ ()i e 0 e 2)2 (2 —w) + N(2)]. (2.82)
The Green’s function is defined as
Gk, w) = B(w)To — ExT3 — O(W)T2 = Gal(k, w) —X(k,w) =wro — &3 — 2(k,w). (2.83)

Comparing the coefficients of 79 and 79 determines the self-consistent equations for @ and ¢.

=w4+T Z —iwm) — AMw + iwnm)] \/wz Z:n(lzwm()bz —
+ /_O; dza2F \/w2 w(w = 22@ — [f(z —w) 4+ N(2)], (2.84)
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and

¢(2wm)
=T Z (W — twm) + AMw + iwn,)] )
h dw—2)
dza?F(z z—w)+ N(z)]. 2.85
+/—oo \/wzw—z ¢2(w_z)[f( )+ N(2)] (2.85)

We define the functions Z(w) and ¢(w) by

Z(W)A(w) = d(w), (2.86
O(w) = wZ(w). (2.87
Therefore,
mz:: W — W) — AMw + iwp,)] oL+ AZ(io)
il dzozze vz z—w)+ N(2)] 2.88
v ) el ) £ NG (289)
Z(w =T Z — W) + AMw + iwy,)] szfZTZ?iw )
Y L Alw - 2)

+irm /_OO dza”F(z) NCED Y T [f(z —w)+ N(2)]. (2.89)

The model for F(z) is
o’F(z) = Z[é(z —20) — 6(z + 20)]A(20), (2.90)

20

where the resonant frequency z is the Einstein frequency wg. The bosonic propagator can be computed

A(v) = —/_O; 3 F@)

V—Z+ZT}
—wp)—0(z+wg) 2wpA(wg)
=—AwE/ d — =— 5 - (2.91)
n wp —V

Replacing z = w + 0" and the functional form of a?F(z) into Eq.(2.88) and Eq.(2.89) gives

A(iwnm,)
w2, 4+ A2(iwy,)

Z(2)A(z) =nT Z Az — iwpm,)

m=—0oo

. Az —wg)[f(wg —2) + Nwg)]  A(z+wg)|[f(wg + 2) + N(wg)]
irA(w 2.92
FomA( E){ V(z—wg)? — A2(z — wg) * V(i +we)? — A2z + wg) }( )

Wm
e w2, + A% (iwm,)

inAwp) | (2 —wp)lf(wp — ) + Nws)] | (2 +wp)lf(wp+2) + Nwp)
" i { \/(Z*ME)Z*AQ(Z*WE) + \/(Z+WE)2*A2(Z+QJE) } (293)

Z(z):1+g Z Az — iwp,)

15



Equation (2.92) and Eq.(2.93) are the Eliashberg equations on the real frequency axis and are valid for
any temperature [17].

C. Electron self energy on the imaginary axis

By substituting z = iw,, in the Eliashberg equations on the real axis, we obtain the imaginary Eliashberg
equations by analytic continuation.
A(iwm,)
w2, + A2 (iw,y,)
A(iw, — wg)[f(wg —iw,) + N(wg)]
\/(zwn —wp)? — A2%(iw, —wEg)
Aliwn, + wg)[f (wg + iw,) + N(wg)]
V (iwy +wg)? — A2(iw, + wg)

Z(iwn)Aliwn) = 7T > Aiwy — iwn,)

m=—0o0

+irA(wg)

+irA(wg) (2.94)

and

0o Wi
Z (iwy,) —1—1—— Aiwn, — W,
( m;oo ) w2, + A% (iwy,)

TA(wE) (iw, —wp)[f(wg — iw,) + N(wg)]
Wn \/(iwn —wpg)? — A2%(iw, —wg)

L TAwn) (iwn + wp)[f(we +iwn) + N(wp)]
Wn V(iw, +wp)? — A%(iw, + wg)

+

(2.95)

Since
1 n 1
[exp(Bwp) — 1] [exp(Bwp —i(2m + 1)7) + 1)]

flwg —iw,) + N(wg) = =0, (2.96)

and

f(we +iwy) + N(wg) =0, (2.97)

the second terms of Eq.(2.94) and Eq.(2.95) do not contribute. The imaginary frequency axis Eliashberg
equations are thus

. ) > . ) A(iwpm)
Z(iwp)A(twy,) = 7T A(iw,, — 1w, , 2.98
(iwn) A(iwn) m;oo ( ) A (2.98)
Z(iwy) =1 + — E Aiwy, — iwp,) “m (2.99)

W2, + A2(iwy,)’

m=-—00

The electron self energy on the imaginary axis can also be explicitly calculated using imaginary frequency
from the outset in a similar manner to the previous section as follows:

(K, i) = — / / az' / der ImGF(‘(q’Z))rsa (a.K)Bk—q,2)

x% [tanh <2ﬁz) + coth (25z’) ] : (2.100)
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Writing this equation in terms of real and imaginary parts gives

d?q [ ® dz 1 1
Yk, iw,) = | —= dz' T3l fG ,
(ke ieom) /(2W)3[m = TaHn / 47 r(42) z+z’—iwn+z+z’+iwn T3
2 / 1 1 /
a®(q,k)B(k —q,z") | tanh 552 + coth iﬁz ,
—/ ' /OO dz'T3iRe /OO @G (qa,2) ! - ! T
2r)3 J_o 3 oo dm B 2]~ + 2 —iw, 2+ +iw, 3

o*(q,k)B(k - q,2')

tanh (;ﬁz) + coth (;6%) ] . (2.101)

Again, we compute the integration over z as a contour integral in the upper half plane. The retarded
Green’s function is an analytic function in the upper half plane, therefore only the pole at z = iw,, — 2’
and the poles of the tanh function at z = i(2m + 1)7T = iw,,, m € {0,1,2,...} are included. The residue
of the pole at z = i(2m + 1)7T = iw,, is 2T whereas the residue of the poles at z = iw, — 2’ is —1.
Moreover, the semi-circle contribution to the contour integral vanishes because G — 1/z as z — oo.
Since tanh(3 (iw, —2')) = — coth(33z’), the poles at z = iw,, — 2’ give zero contribution to the self energy.
Assuming the phonon spectral function is peaked about the Fermi surface, the electron self energy is

d®q [ 1 1 a?F(2)
2 k7 . n) — A _\2 d I T G ) m . . . .
(K, i) / (2m)3 / FTaimy 7;) 7 iwm) Z + Wy — twy + Z + Wy, + iwy T3 N(0)
[ s [ derime i Y- Gntavion) | -t 1 SACERTE)
- 2T3i i 1w . — — . . ) )
(2m)3 J_ 3 — r(, 24wy — w2+ iwm + iwp, 3 N(0)

Now, the integration over z gives

3
S(k, iwy) :ﬁ/ (;ZT) T3Im < T Z Gr(d, iwm)[Aiwn, — twm) + A(iwy, + iwm)] p T3

m=0

3q
Nt()) / (;Z E 5 TaiRe q iT Z G Rr(Q, iwm ) [Niwn, — iwm) — Aiwn, + iwm)] p T3

m=0

3 o
:% / (6217:)137'3T Z [GRr(Q,iwm) + Gr(A, —iwm)][A(iw, — iwm) + Aiw, + iwy,)] T3

m=0
+ ﬁ/ (;l T Z [Gr(4, iwm) — GRr(Q, —iwm)][A(iwn — W) — A(iwy, + iwp,)]T3.
(2.103)

Here, we have used the fact that A is a purely-real function, which can be proved using the property that
F(—z) = —F(z) as follows

2F oo
—ivy) = / dz——— z/ Az E / d = Aivp). (2.104)
- —z oo Up —|— z

17



The momentum integration of the Green’s function is performed

. —irT O(twm)To — G(iwm)Te  O(iwm)To + G(iwm )72 . ) ) ,
Yk, iw,) = — Aiw,, — 1w, Aiw, + 1wy,
( )= 9 Z l V@2 (i) — 02 (itwm) V@ (it — 2 (iwm) ] [A( ) + Aliwy, + )
ZTFT O (twm )10 — P(iwm)T O (twm)To + P(iwm)T . ) ) ]
l\/oﬂ Mo A Mmz e Mi - (Zwm; IN(iwn — i) — Aiwn + iwp)].  (2.105)

Simplifying this equation further gives

Y —im > B(iwm)T2 o . .
Sk, iwy,) =i Tm:0 o) — 0o A(iwn, — iwm) + A(iwy, + iwm))
—inT \/ag(z(w)jm_);g(w 3 [A(iwy, — iwm) — Aiwn + iwm)]
m=0 m m
. > . . OJ(’LLU"L)TO - ¢(inVL)T2
= me;OO Aiws, — iwpm) Nz oy oy R = oy e cormy (2.106)

Using the definition of the Green’s function and comparing the coefficient of the Pauli matrices determines
the self-consistent equations for w and ¢ on the imaginary axis.

N ) >, o W(zwm)

W(iwy) =iw, +irT ngioo Aiwy, — iwp) \/oﬂ ou) (iwm)7 (2.107)
NS ¢(zwm)

o(iwy,) =inT m:E_OO)\(zwn W) o o) (2.108)

Here, we define the functions Z(w) and A(w) using @ = wZ(w) and Z(w)A(w) = ¢(w). To the lowest
order in A\, Z & 1 and inserting this approximation into Eq.(2.107) and Eq.(2.108) then produces the
same result as Eq.(2.98) and Eq.(2.99) [21].

. : A(iwn)
Z (iwn)A(iwy,) =T Wy, — W, , 2.109
(ion) A m;w ) w2, + A2 (iwy,) ( )
T = w
Z(iwn) =1+ —T Aiwn — iwpm Ui . 2.110
(iwn) o > X ) TG (2.110)

m=—0oo

III. ELIASHBERG THEORY IN THE WEAK-COUPLING LIMIT
A. Imaginary-axis calculations
1. Renormalization factor

At the transition temperature T' = T, the gap function vanishes. The energy gap and renormalization
functions at the transition temperature are defined as follows [21]:

Z(iwn)Aliwn) =nTe Y Aiw, — iwm)|(“"), (3.1)
. T, , .
Z (iwy,) =1+ Aiwp, — Wy, )sgn(wm,). (3.2)
“n m=—o00
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These two equations are the standard linearized Eliashberg equations. Here, w,, = (2m + 1)wkgT and
vm = 2mmkgT are the fermionic and bosonic Matsubara frequencies respectively. One can rewrite Z (iwy,)
appearing in Eq.(3.1) in a closed form:

00 -1
Zliwy) =1+ ZTC 3" Aiwn —iwm) = > iy — iwn)
" Lm=0 m=—00
7T, > . . . .
-1 - - . .
+ o mZ::O[)\(zwn W) — Aiwny, + iwp, )] (3.3)

The first sum in the above equation can be calculated as

2

S

Z AMiwy, — iwp,) = Aiwy, — iwp) + Z Aiwy, — iwp,),

m=0 m=0 m=2n+1
2n [e%¢]
= > Aiwn — iwm) + Y M—iwn — iwg). (3.4)
m=0 k=0

Since A(iwy,) is an even function of wy,, one can write

00 2n

> Miwn = iwm) = Y Miwn — iwm) + Y Aiwn + iwpm). (3.5)

m=0 m=0 m=0

Thus, the function Z(iw,) becomes

2n
. T, . .
Z(iwp) =1+ ” < E Aiwn, — W),

n

m=0
T n-l ) ) 7T, 7T, 2n . .
=1+ wnc mz::ox\(zwn — W) + w:/\(O) + w: =y A(iwn, — Wi, ),

7T, "l T, o
=1+ - > Aivir) + o A+ o > Aivesa),
k=0 k=0

n—1
7T, .
=1 - 2 m . .
+ o A+ mgzo Ay, +1)] (3.6)

The dimensionless electron-phonon coupling constant A on the imaginary axis is

. Aw?,
Aivy) = e (3.7)
The phonon spectral function is
9 )\wE
a’F(v) = —0(v —wg), (3.8)

which represents a single Einstein harmonic oscillator with weighting factor A at frequency wg. Here,

/\wE

A(OJE) = D)

(3.9)
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The linearized gap equation is

o < w? Aliwn) _ | n o 1 A(iwm)
7 n A n) — TC £ n =A Tc m? .
) Aian) =7 D, e T Tan] " 2 TT @ o 1an]’ 310

m=—0o0 m=—0o0

where Q = Q/wg and wp = wg/(27T). Utilizing the form of A(iv,,), the renormalization function Z (iwy,)
is evaluated as follows:

n—1
T
Z(an) =1+ 7; = A+2 Z /\(il/m—i-l) )
n m=0

n—1
7T, AwZ
=1 A+2
' wn{ Y22 e m i F |

n—1
A 1 1
=1 1— o -
+2wEwn{ szmZ::O m+1—iop m+1+ivg
0

}. (3.11)

Using the properties of digamma functions'?, we obtain

A

20wy,

Z(iwn) =1+

{1 — g [w(n +1 —iwg) —Y(1 —iwg),

—Y(n+1+iog) + (1 +i(DE)] }

=1+ 7)\7 {1 — Z(I)E[t/}(n +1-— i(DE) - ”(/J(’I”L + 14+ iLTJE) — i/(DE + ’iﬂ'COth(’]T(I)E)]},
20EWn,

=1- % [¥(n+1—iwg) —Y(n+1+iop) + i coth(rwg)]],

=1— %[lp((@n —i)wp +1/2) — Y ((w, + i)wg + 1/2) + im coth(rwg)]. (3.12)

Applying the asymptotic expansion of the digamma function, namely, ¥ (z + 1/2) — log(z) + O(272),
as z — 00, it follows that, as T, /wg — 0, Z(iw,) becomes

i\
Z(iwn) =1 — ;fuog(u + i) — log(1 — i@y) — im + im coth(r@p)],
Wn,

A
=1+ —{arctan(w,) + w[coth(rwg) — 1]}. (3.13)
W,
Thus, we have
) A _
Z(iwy) =~ 1+ — arctan(wy, ). (3.14)
Wn

In this subsection, the frequency-dependant gap equation on the imaginary axis at the critical temperature
is obtained including the renormalization factor. The strength of the interaction will be lowered by
including the renormalization function.

10The properties of gamma and digamma functions are give in Appendix (C).
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2. Gap function without renormalization factor

We use Eq.(3.10) and set Z(iw,) = 1. The dimensionless gap equation can be written as [21]

A(iwpm)
Aliwy,) = AT,
(iwn) = AT m;m1+ om)2 [ om |
AT, — Qonm — @2, | Aliwy,)
= 1 e . 3.15
D D L ] Em (3.1
As a perturbative solution for A in powers of A, we consider the ansatz
. 1 + )\fl (‘Dm)
If the term proportional to fi is neglected, then it follows that
2 @ — @2 1 1
O [T N
= — 0m)? || @m | 14+ @2,
o0 .
- 205880 (W0m)— | Om | 1
— Mo + M T, . 3.17
ot AT m;m 1+ @n —om)? | 1+a2 (3:.17)

This equation is an approximation, since the second term depends on w, whereas the left-hand side
is independent of w,,. We multiply both sides of this equation by 7T./[| @, | (1 + ©2)] and sum over n,
which gives

[QJ)nsgn(cDm)— | Om |} 1 1 1

= A2 + \(nT.)?
0 +A(Te) L+ (@n —@m)? JT+@21+@2 o

o0

Mr M

- 1 1 1 | O | —20,8g0(W0)
= M2 — \(nT.)? _
oo )mn—_oo{lJfW?njLLﬂL(wn—wm)Q 1+w%]}(1+w%)(1+wﬁ)lwnl’
~ ME = A(rT.)? | & |

D D e R (R I

m,n=—0o0

[ee)

=A§ - (xT.) > u'fﬁm (3.18)

m=—0o0

The sum of this series can be computed analytically:

- Iwm‘ o 1 > 1 1
mgmm - Zmz::o [(1 —iwm)? (1 +z‘wm)2}’
1 & 1 1
= 27’7;) [(iﬂTc(2m+ 1) —1)2 o (iﬂTc(2m+ 1)+ 1)2}
0% — .

Now we use the identity

Z =/ (a), (3.20)



to obtain

3 (Dm W2 ! .
= o4Im[y' (1/2 — iwg)]. (3.21)

Thus, in the limit that T,./wgr — 0, we obtain

‘wm‘ = 1
T. =T = _. .22
T E 1+w2 mlewp =5 (3.22)

Therefore the gap equation is approximately

Ip= M2 —1/2. (3.23)
Solving this equation to O(A) gives
1 1

The expression for Iy can be obtained as follows:

2 mt12\m+1/2+i0p m+1/2—iop)’

1 1 1 1 1
:5,,,:0 {mﬂ/? S m+1/2+iwp +m+1/2 B m+1/2—z'wE]' (3.25)
Now we evaluate the above summations
Iy = % w<; —I—in) —H/J(é —in) —21&(2)],
A 1 1
= 5 ’(/J<2 +in) -‘r’(/J(l — <2 +’in) ) —2w(2>‘|,
= % 21/}( +ZWE> + mcot (7r <; —|—in> ) — 21/;(5)],
= 1/)( + ZwE) — %Ttanh(ﬂ'QE) — w(;> (3.26)

Note that ¥ (1/2) = —y — 2log(2) &~ —1.96 where v & 0.5772 is the Euler-Mascheroni constant. Using
the asymptotic expansion of v (z), namely, 1 (z + 1/2) — log(z) + 35z + O(z™*), as z — oo, it follows
that, as T./wg — 0, Iy becomes [28, 29]

i exp|— w w2 2
Io — log(ig) — % — T y(1/2) = log (Wﬁ) - (L) . (3.27)
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The approximate form of the first term is found using the result exp[—(1/2)]/(27) ~ 1.13. Solving Eq.
(3.24) for T, gives

exp[—(1/2)]/(2m) ( 1) 1.13 ( 1)
T. = wg € —— | & —wge -, 3.28
) pexp | — N (3.28)
whereas the BCS result is
T. =1.13wg exp <—/1\) . (3.29)

An additional pre-factor of 1/4/e exists in Eq.(3.28) in comparison to the BCS result. In order to improve
the gap function in the weak-coupling limit, we calculate fi(w,,) to the zeroth order in A. Using Eq.(3.15)
and isolating f; (w,) we obtain

Silwn) = ¢ = g1(@0n) = Aga(@n), (3.30)

where both g;(®,,) and g2(&,,) are functions of @, and non-singular as the coupling becomes weaker. We
keep those terms in f1(w,,) which are of the order of unity. Also, the value of ¢ is 1/2, which is obtained
from the eigenvalue relation of Eq.(3.24). Since go(&;,) is pre-multiplied by A, it can be ignored [21]. The
expression for ¢;(@,) can be defined as

1 | W, | =20, sgn (@)
n) = T, . 31
gl(w ) U m;()o 1 +OJ2 { 1 I (a)n _ (I)m)Q (3 3 )
We can split up the sum into two terms
g1(@0n) = I(wn) — J(@n). (3.32)
The first term is
I(@n) = i [ ©m | ! (3.33)
V= (T4 @2) [+ (@0 — @m)?]
where &, = wp/wp and W = wg/(27T) with w,, = (2m 4 1)wkpT. The sum can be written as
< @ 1 = 1
— - o — . (3.34
mz::o 1+ w2 [1+ (Wn — @m)?] m; (1+@2) [1+ (@n — @m)?] )
We redefine the second term using m = —k — 1, then w,, = —(2k + 1)7T /wg = —@j. The sum becomes
@ 1
—|— = h(wy) + h(—wy).  (3.35
S S e e, 09

Using partial fractions, this becomes

1 — 1 1 1 1 1 1
h_n == - )
(w 42{2—2wn[z+wm+z+wn—wm} —zwn[z—wm z—l—wn—wm}}

1 (1 1 1 1 1 1
- _— - — . 3.36
+4mz_:0{iwn{i—|—wm i+wm—wn} 2+iwn|:i_wm+i+wm_wn:|} (330)
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Therefore,

_ WE 1 1 1 1 1 1
h(wn): = = - = + — — — — y
81T 2= | 2 —iw, [m+iop +1/2 m—n—iwp] i@, (m—n—iop m+1/2—ivg
pop g 1 1 1 o 1
87T = iy [m+ibp +1/2 m—n+ikp 2+iw, lm—n+ivg m+1/2—iwg|]’
(3.37)

Here, we have applied the digamma functions to compute the summation. The digamma functions are
an analytical function of a complex variable.

. we [Y(-n—iop) —yY(1/2+iwE) | ¥(1/2 —iwEp) — P(-n —iwE)
hln) _87rT{ 2 — ity " W }
e (S

This can be written in terms of @, as follows

_ wgp {¢(—(wn + i) +1/2) —(1/2 +ivg) N (—(&p — )wg +1/2) —(1/2 —ivg) }

h(@n)

8T 2 — iy, 2 + i@y,
wg {w(—(wn —i)wp +1/2) — (= (@0n +)wg +1/2)  P(1/2 —iwg) —(1/2 + iwg) }
+ — + — )
8T iy, 1y,
(3.39)

In the limit @g > 1 and with the use of the asymptotic formula one can write ¥ (z 4+ 1/2) — log(z) +
O(272). Thus, we have

(3.40)

h(@y) = wg [log(1 —iwy,) —ir N log(1 + i@y,) + im n log(1 + i@,) — log(1 — i@,,)
" 2 — i@, 2+ i@, 100, ’

- 8T

Simplifying this then produces

hen) = o7 2 — i, 2+ i, i

(3.41)

wEg { 1log(1 4 w2) — iarctan(@, ) — ir N Llog(1 4+ w2) + iarctan(@,) + ir +2 arctan (i, ) }

The asymptotic behaviour of the original sum is

1 _ . _ . 1 _ . _ . _
(@) = we [ 3log(l+w2) — zirctan(wn) —im Lz log(1 + ®2) + Zirctan(wn) +im +2i arct?fl(wn) 7
8T 2 — 1y, 2+ iy, 1n,
wp [ 3log(l+@?2) +iarctan(w,) —ir  3log(l 4 @w2) — iarctan(@,) + im _arctan (i, )
— + — +2i——
8T 2 + iy, 2 — 1wy, iy,
w 1 _ _ _ arctan (@
:2731{4 o2 log(1 + @2) + @, arctan(w,)] + 7@71( ) } (3.42)
Consider the series
ad 3 7771 277'7/
J(@n) =Y Sgn(@n) ~ : (3.43)

(14+w2) [14 (@n —w@m)?]
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Splitting the sum into two terms:

-1

_ w1 1 } 1 1
T =2 ) ) T o o] 2 T [ Gy O

m=—0o0

Redefining the last term using m = —k — 1, then @,,, = 2m+ V)77 /wg = —(2k + 1)7T /wg = —@). The
sum becomes

o0 o0
1 1 1 1
J(@p) = 2@ — S — 20, — S = g(@ —y).
(@n) wnmz::[) o oy @ kzz()(l‘*‘wz) T @ r oo 9(@n) + g(~@n)
(3.45)
Thus we have
s 1 1
() = 2w, — — — 3.46
9@n) =280 ) TGy 1T @ o] (3.46)
Therefore,
~ Ty —— 1 1 1 1 1 1
9(@n) 277;){2—1'% L’—i—wm * i—l—(wn—wm)} o, [i—wm i+ (@n —wm)]}
i — 1 1 1 1 1 1
Wn, _ : 3.47
T3 mz_:o{i‘”"[”wm i—wn+wm}+2+iwn{i—wm+i—wn+wm}} (3.47)

The series thus becomes

(@) 1WnWE 1 1 1 n 1 1 1
Wn ) = - T - - T T - T
g AT — 2 —iw, \m+ivg+1/2 m-—n—ivg —iw, |m—n—ivg m+1/2—ivg

z’@nsz 1 1 B 1 N 1 1 B 1
47T ion, |lm+ivg+1/2 m—n+iog 2440, |m—n+ivp m+1/2—iog]| /[

m=0
(3.48)
Applying the digamma summation formula
_\ _iwnwp [Y(-n —iwp) —¢(1/2 +iog)  Y(1/2 —iop) —Y(—n —ivE)
g(wn) = py - —
47T 2 — 1oy, W,
" 1WnWE w(—n + Z@E)j 1)[)(1/2 + i@E) i '1/2(1/2 — i@E) 7}/)(*71 + icT)E) ' (349)
47T 1Wn, 2 4 i,

Writing the series in terms of w,, gives

(@) ipwp {w(—(wn +i)wp +1/2) —¢(1/2 +ibp)  P(—(@n —D)op +1/2) —¢(1/2 —ibp) }
Iem) =g 2 — iy, 2 + idon
1pwE {w((wn —i)wp +1/2) + P(=(wn +i)wp +1/2)  P(1/2 —iwg) + 9(1/2 + iop) }
AnT 1n 1Wn, ’
(3.50)

Applying the asymptotic expansion of the digamma function, namely, ¥(z + 1/2) — log(z) + O(272), as
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z — 00, it follows that, as T./wgr — 0, g(iw,) becomes

o(@n) iWpWE { log(1 —iw,) —im  log(l +iw,) + i n log(1 + ity,) + log(1 — iwy,) }

47T 2 —iwp, 2 4 iy, 1Wn,
lpwp 1log(1 4 w?2) — iarctan(@,) — ir B 1log(1 4 w2) + iarctan(@,) + i
 4nT 2 — iy 2 + iy
ionwr [ 31og(l+ w2) + 3log(1 + w?)
47T 1y, ’
(0, 1
:ZZ;C;E { o= [—4i arctan(@,,) + i@, log(1 + @2) — 2i7r]} + Zr% log(1 + @2). (3.51)

The original sum has the asymptotic behavior

1WnWE { 1

Ten) =5 a7 w2

[—4i arctan (@, ) + i@y log(1 + wi)]} + 2(';% log(1 + @?). (3.52)

The subtraction of the two sums gives

tan(wn
(&) — J (@) —ﬁr{w[log(l + @2) + @, arctan(w, )] + amzi(w)}
WO WE 1
2T |4+ @2

2 2 —@?

[—4i arctan(w, ) + i@y, log(1 + wﬁ)}} - ;% log(1 + @2),
™

Therefore, the function gy (@, ) = 7T.[I(@,) — J(@,)] can be written as

_ 1 2 — w2 ~ 3 _
g1(on) = W{ o arctan (i, ) — 3 log(1 + wi)} (3.54)

A more explicit expression for the gap function is

1 1
If we set A = 0 we obtain

1

Bolen) = 1555

(3.56)

In Fig.(4a) we plot the approximate gap function on the imaginary axis without the renormalization
function.

8. Gap function with renormalization factor

Including Z (iwy,) in the calculations the ansatz is written as follows:
1+ w?

Alwy,) = 1 <1 + A [fz(wn) - |win| tan™!w,| }) , (3.57)

where fz(wp) =3/2 — g1(wy). Figure (4b) shows the gap function versus imaginary frequency for small
values of A including the renormalization function.
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(Dn/(l)E

(,l)n/(l)E

[b]

Figure 4. [a] A plot of A(@,) in units of wg versus wy /wg for various A values without the renormalization factor,
[b] with the renormalization factor at the critical temperature.

4. T —0 limit

In the zero temperature limit, the asymptotic result for ¢;(w,) can be derived using the following
prescription [22]:

- * dz
T;%/_wﬁ. (3.58)

Since wg > Tp, thus T =T, Jwg — 0. The Matsubara frequency summation will be converted into an
integral. Now, we define g1 (w,,) as T — 0 as follows:

91(@,) = 7T, / Tz 1 {|Z| _ZW”Sgn(z)}. (3.59)

L2m(1+22) | 1+ (2 — @n)?
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We separate the integration into two terms
/ dz 7| 1
) — - )
21 (14 22) [1 + (@n — 2)?]

Z 1 dz z 1
:/o 2 (1+2%) [1+ @n — 2)7] +/0 Cra g S o e MG

We compute these integrals as follows !

/“% 2 1 7l/°°@ 1 1 1 N 1
o 2m(L+22)[1+ (0, —2)2] 4i )y, 27 \1—iz 1+iz)\1—-i(z—@,) 1+i(z—@,))’

1 [*dz 1 1 1 1
i fy 2 \1—izl—i(z—@,) 1+izl+i(z—m,)

+1 *dz 1 1 1 1
4i Jo 2n \1—izl+i(z—@,) 1+iz2l—i(z—wy,)/)’

1 [™dz] 1 1 1 1
C 4ify 2 |ztiz—(0n—i) z—iz— (@ +1)
1 [*d 1 1 1 1
— = - - < = - - < | - (3.62)
4i Jo 2m |z4+iz—(Op+1i) z—iz— (0p—1)
The original integral is now
/ d z 1
z
o U+ [T+ @27
111 Wn — 1 1 Wy, + 14
=— | log — | — —log :
47 | Wy —1 Wn )
+i 1 o Wn +i) 1 o Wy — 1
4i | —2i—w, o\ i 2% —w, o\ i
11 . . 1 [log(—1+iw,) log(—1—iw,)
= ——[log(1 n) —log(l —iw,)| — — Pa— ——
1i &, log (1 +ton) —log(1 — ion)] 41{ %itwn | 2
1 1_. _
= — —2jarctan(w,)
i p,
1 | 2log(1+@2) — im — iarctan(@,) N 1log(1 4 @2) + im + i arctan(w,) (3.63)
4i 2i + oy, 2i — ' '
Simplifying this further we obtain
“dz oz 1 1 1 arctan(wy,)
a_ = - 1 2 W, W, t W, — .
/0 27 (1 + 22) [1+(@n72)2] 47r{4+‘2[0g( @:) + Ty, + @y, arctan (i, )] + o }
_ (3.64)
Therefore, the asymptotic limit of the series T (@,,) is written as
_ 1 1 tan(wn
T1(@n) —» 5 {w[log(l + ®2) + @y, arctan(@, )] + mirl(‘*’)} . (3.65)
1 This is because - o
/ dz( : 1b>: 1b/ dz( . 1b>’
0 z—az— a—2>bJg z—a z-— (3.61)

a—b L—oo

1 1 b
= hm [log(z — a) — log(z — b)]|& = log (7) .
a—>b a
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The second series has the asymptotic limit which is

B . > dz sgn(z) 1
J(@n) — 200, /_Oo 21 (1+2%) [1+ (@ — 2)?]
[ dz 1 1 o [ 1
B A e e Y A e e

We follow the same approach to obtain

/OC% 1 1 __1/00% 1 1 + 1 1
0o 2m(1+22)[1+ (@, —2)2]  4Jy 2m|z+iz—(0p—1) z—iz— (0, +10)
Jrl/ook 1 1 N 1 1
4/, 2 |z+iz—(0n+1i) z—dz—(op—1)]

Utilizing the integration techniques, we write

(3.67)

o0 1 1
/o T N rea—

1] 1 A o i
1 [log (wn 'z) b L (wn‘—kz)
4 | @y, —1 Wn )

1 1 Wn +1 1 Wp — 1

—— I I
4[%% Og( = )+2iwn Og( 5 )]

11 1 [1og(1 +iw,) log(—1-— zwn)}

= log(1 + iw log(1 — iw
4 &y, llog(1 +-iton) + log(1 = ion)] + 7 2i + wp 2i — wp
1
1 [% log(1+@2) —im — iarctan(w,) 3 log(l 4+ @2) + im + i arctan(wn)l

4

3.68
2 + @, 2i — @ (3.68)

Simplifying the above equation we obtain

Fdz 1 1
/0 21 (1 +22) [1 + (@, — 2)?]

o ]. ]. _ _92 — ]- -2
=% {4-5‘60121[ Wy, log(1+ @7) + 4m + 4 arctan(w, )] + o log(1 + wn)} . (3.69)

The asymptotic limit of T'J(&,,) is

TJ (@) — % {4 T log(1 + @2) + @, arctan(wn)]}. (3.70)

Finally, the function g1 (@,) is

arctan (i) }

1
{ — [log(1 + @?) + @,, arctan(@, )] + S
2

3
o % arctan(w,) — 3 log(1 + @?)

(3.71)
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In addition, one can also calculate the zero temperature limit of Z (i@, ) in the same manner.

o0
L ™ . . _
Z(iwy) =1 + (;TTC Z A(i@y, — 10 )sgn(@m )

n

=1+ 7T SEN( Wy,
m;w w2 — (i, — zwm) g0 (@)

T vg [ dz sgn(z)

=1+ — 5- T3 T =~ 2
Wn 00 2T wF + (n — 2)

A
=1+ — arctan(&,), (3.72)

Wn

which reproduces the result of Eq.(3.14).

5. Final result for gi(iwn) in terms of digamma functions

We now present a simplified expression for ¢ (iw,,) on the imaginary axis. This will be beneficial when
we consider the real axis. We simplify I(w,,) as follows

(@) (ij{w(—(@n +i)og +1/2) —(1/2 + ;@f)za—):w((wn +i)+1/2) —(1/2 —iwE) }
n @f{w((@n —i)og +1/2) —(1/2 + i@;—)i_z;i((f@n +i)+1/2) —¢(1/2 —iwE) }
@~ )+ 1/2) = 9((@ + )+ 1/2) + 0((@n — o+ 1/2)
~ b=+ )5+ 1/ . 3.7

In addition, the result for J(w,) gives

_in@p { Y(=(@n +1)wp +1/2) —¢(1/2 +ivp)  P(—(0n — g +1/2) —¢Y(1/2 — iwE)
2 — ity 2 + iy

J(@n)

() { Y(—(wn — i) +1/2) +¢(1/2 — (Wn +i)wg)  ¢((—ivp +1/2) +9(1/2 4 ivE) }
2 i, i,
 iwnGp { Y((0n —)op +1/2) —¥(1/2+iwg)  P(@n +)op +1/2) —Y(1/2 — iwg) }
2 2 + i@y, 2 — il
N inMn)) { P((@n +)we +1/2) +P(1/2 4 (@n —Dop)  P((—wr +1/2) +9(1/2 +iwg) }
2 i, i, '

(3.74)
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Since g1(0p) = 7T (I(&y,) — J(©n)), one can write

9175;:) —?{w—(wn +4)wg + 1/2) + (@, + )@p + 1/2) — (1/2 —iwp) — ¢(1/2 + iaDE)}

x [2 __3 ] + of{w((wn —i)wp +1/2) + ((—@n + i)op +1/2) —9(1/2 + iwp)

3
2 + oy,

Wg

—p(1/2 — mE)} [2 {w(—(wn —i)aop +1/2) — ((@n + )og + 1/2)

diwn,

(@ — DD+ 1/2) — O (@n + i)+ 1/2)} +wE{w<1/2 i)+ (1/2 + w}

= 2 L@+ )35+ 1/2) 4 (@ — 5 +1/2) + U(—(Ga — )5 +1/2)

+ p(—(@n + )0 + 1/2)}. (3.75)
Thus,
9175;:) :% (_ y j@n) {w(—(wn +i)op +1/2) + ((@n + D)ip +1/2) — (1/2 — iop) — ¥(1/2 + ME)}
+ %f - +3iwn) [w((wn —i)wp + 1/2) — p((—wp + ))wp + 1/2) — 9(1/2 — iwg) — p(1/2 + in)]
2 [ — 0o +1/2) — ${(@n + )+ 1/2)+ (@ — o5 +1/2)
~ b=+ )5 +1/2)] (3.76)

B. Real-axis calculations

The analytical continuation to the real frequency axis is easy to compute. The correct analytical
continuation is obtained by doing the Matsubara summation first and then analytically continue (iw, —
w + 19) to the real axis, otherwise the result will be incorrect [7].

1. Renormalization factor

The real axis Eliashberg equation for Z(z) is given by:

Wm
w2, + A2 (iw,y,)

Z(2) :1—&—? i Az — iwpm)

m=—0o0

mA(wg) | (z —we)[fwg —2) + N(wg)]  (z+we)|f(wg+2)+ N(wg)]
+ o { \/(Z_WE)Q_AQ(Z—WE) + \/(Z+WE>2_A2(Z+WE) } (3.77)
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First we compute the first term involving the summation in the weak-coupling limit to obtain Z(w) in
terms of digamma expressions as follows

Z(w)~1+ Z/ZJRe[w (; - (w;:;w)) ~v <; i <w§7r_Tw>> ] (3.78)

Applying the asymptotic expansion of the digamma function, namely, ¥(z + 1/2) — log(z) + O(272), as
z — 00, it follows that, as T, /wg — 0, the renormalization function on the real axis becomes

Z(w) ~ 1+%log

s
A ’ i (3.79)

1-w

2. Gap function without renormalization factor

The real axis Eliashberg equation is given by:

A(iwpm)
w2, + A% (iwy,)

A(z —wp)[N(wg) + f(we — 2)]
V(z —wg)? — A%(z — wp)
Az 4+ wp)[N(wg) + f(we + 2)]

N EE e e

Z()A(z) =rT Y Mz — iwp)

m=—0o0

+ ZFA(WE)

+itA(wg) (3.80)

Here, we consider Z(z) = 1. We now proceed to compute the first term involving the summation in the
weak-coupling limit. Thus, the analytical approximation for the gap function at the critical temperature
can be written as follows

Alw) = 1 _1&)2 [1 + A<; — gl((D))]. (3.81)

Now, if we consider the gap below critical temperature we multiply by Aq (which is the gap edge) as
follows:

1— @2

A 1
A@) = 0 [1 + )\<2 - gl(a;))] , (3.82)
where the asymptotic limit of ¢; (@) function is given as

1 2+ w? 1+w| 3
) = 1 _ 2 ‘17-2‘ . 3.83
91(@) 4_w2{ % og’l_w‘ 5 log|1 —w (3.83)

The asymptotic expansion of g1 (w) on the real frequency axis is obtained in Sec. IIIB 5. In this subsection,
we showed the analytical apprroximation form of the gap function on the real frequency axis without
including the renormalization factor.

8. Gap function with renormalization factor

The gap function with re-normalization factor included is given as

1 — @2

Z2(@)AG) = 1{1 A (2 - gl(w)> } (3.84)
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Also, the gap function below the critical temperature including the renormalization factor is

Z@)A®) = f‘; {1 + A ( - gl(w)) } (3.85)

For large w, the asymptotic behavior of the gap function on the real and imaginary frequency axes are
not equal. This dichotomy is due to the fact that g; (iw,) on the Matsubara frequency axis is the real part
of a function of iw,. Thus, when one takes the real part of an analytically continued function, different
behaviour can be obtained on the imaginary axis versus the real frequency axis.

4. T =0 limit

To derive the asymptotic solution of g1(@), one can take the T — 0 limit for the first term in the
summation. Here, we analytically continue g;(@,) on the real axis. Using the prescription

TEW: / (3.86)

We define g1 (@) as follows

01(@) = 7T, [ o; a 1di = {'f 'j(ffjg_ngg } (3.87)

The first term in the integral can be written as follows:

Ve _}/ dz |z 1
(1+22) [1+4 (—iw — 2)?]’

—/ ‘ ! +/ R ! (3.88)
“Jo (42214 (—iw—2)2] Sy 2r (1 +22)[1+ (—iw+2)?] '
Thus
/ dz || 1 1 [®dz[ 1 Lo 1
o 2m(L+22)[1+ (—iw—2)?  4i )y 2r|z4+ii+io+z z+ii— (i0+2)
> dz 1 1 1 1
— — . 3.89
4 Jo 2 [—z+ii+iw+z+i—zi—(iw+z)} ( )
The original integral is now
/@ |z 1
o 2m (14 22) 14 (—iw — 2)?
_ 1 1 o —i—iw) 1 o —i0 + 1
T 8im | (—ititiw) o\ i (Ci—itiw) o\ =i
1 1 o A 1 o —tw+1
Sim | (1 +1i+iw) & i (i —i+iw) & )
11 _ _ 1
=— |=log(l4+&)— —log(l—)+ log(—1—@) — = log(w — 1) (3.90)
8m +2 -2



Suppose 0 < @ < 1, we can write

* dz ] 1
/,Oo or (1+22) [1 + (—i@ — 2)2]

1|1 log(1 — @?) — warctanh (@
=5 [warctanh(d)) + og(l = i — gjrc an (w)l . (3.91)
Similarly, if © > 1
/°° dz || 1
oo 2 (14 22) [1 + (—iw — 2)?]
1)1 @41 1 o @ @41
- ! 1 - 92
or | 2w Og(w1)+4w2[°g(” ) 2°g(w1) (3.92)
The second series has the asymptotic limit given by
R . [ dz sgn(z) 1
TJ -2 —
(@) =( “")/m o7 (14 22) 1 + (—iw — 2)2
. [ dz sgn(z) 1 . /°° dz sgn(z) 1
=(—2 — -2 — . 3.93
( “”)/0 SrY () by o R GOl M m sy ey s R

The integral can be computed as follows:
*®dz s 1 1% e 1 1 1 1
Y o N S N R N N
0 2m(1422) 14 (—iw — 2)? dr J, z+iit+iv+z i+zz—1+ (iw)

1% ° 1 1 1 1
—@/ dz{ - } (3.94)
T Jo z—1ztwmw+1r z—1z+ww—1

The original integral now becomes

.y [ dz sgn(z) 1
(_2“")/0 27 (1+22) 1+ (—iw — 2)?

1 —1 —1a 1 —i0 + 1
—— log - — —————log -
—1+1+ 1w —1 -1+ 1w —1 —1

w | 1 g [ —im i L (et
—— 0 — 0
ar litiviw 2\ 4 itiw—i 8\

W

T 4m

w [1 _ 1 _
= L} log(1+ @) — @_2log(wf 1)}
+ 9 1 g = 3) = — log(—@— 1) (3.95)
|5 og ©) = soglos(-w . .

Suppose 0 < @ < 1, the integral can be written as

[ dz sgn(z) 1
(—2iw) / o 2m (14 22) 14 (—iw — 2)2

1 L@ (1 o ,2
=3 log(1 — &%) + 5 (4_@2 [ darctanh(w) + wlog (1 — @ )}) . (3.96)
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For w > 1,

1 w 1 w41
= —log(@? -1 — —21 —_— 0 2 — . .
5 og(w )+ — l og (w— 1) + wlog(w 1)] (3.97)

5. Final result for g1(@) in terms of digamma functions

In this subsection the final result for g;(iw,) is given and if we convert this to the real axis thus we
obtain
+

— -+ e +12)| + 5 (s ) (- - oe +1/2)

) U(—(—iw + D)op + 1/2) + Y((—iw + )op + 1/2) —(1/2 — iop) — (1/2 + iwg))]

22—
;{w(( i0 —i)op +1/2) — ((—i@ + i)wg + 1/2) + Y((—iw — i)og + 1/2)

s\ 2+
—(1/2 + iwg) + Y ((io + )og + 1/2) — (1/2 — o)) (3.98)

Simplifying this result then gives

(@) =gty (10 Do 5) =0 (10 e+ 5) |

1
— ( +i(w+ 1)wE> } . (3.99)
This can be written as

- () (55
) el i) - (+i%%527)
+Z (&J) Re [w <; +Z;TET) — ¢ (; +z‘(°‘}+wE)> } (3.100)

2T
Utilizing the asymptotic expansion of the digamma function, namely, (2 + 1/2) — log(z) + O(272), as
z — 00, it follows that, as T./wgr — 0, the asymptotic limit of g; (@) function is given as

_ 1 2+ |1+w
g(@) = 4@2{ 10g’ w‘—l g‘l—w ‘} (3.101)

200 1

Note that, this expression is invalid at i = 1. In the next subsection, we will compute this limits exactly
for (wg —w)/T > 1 and wg/T > 1.
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6. Limits of A(w) and Z(©) asw — 1

In this subsection we compute g1 (w = 1) using the digamma solutions. In Fig.(5) we plot the graph of
g1(w) versus @ using the analytical digamma solutions and the asymptotic result for A = 0.1. Note that,
there is no singularity at w = 2:

1
gw—2)=- [1 - — log(S)] . (3.102)
At the origin the limiting behaviour when @ — 0% is given by

1(2 3 1
gr(w—0") = 4{warctanh(w) ~3 log(l)} =

5 (3.103)

Now let us find the exact value at @ = 1 from the exact expression on real axis. The value of the function

10.0 — e \=0.1- Digamma result
11111 A=0.1- Asymptotic result
75
8
S50
25
0.0 : >
1 2 3
w/wg

Figure 5. A plot of the asymptotic result and the analytical digamma solution of the gap function in units of wg
versus frequency for A = 0.1 (without renormalization factor) at the critical temperature.

g1(@ = 1) is obtained as follows

71( = 1) =log(2)3 ~ {0(1/2) + g lox(2) - 3log@e)] .

¥ (1/2) . (3.104)

For A = 0.1, the value of g;(@ = 1) is 10.475 which is finite (but large) compared to T./wg. Here, we
plot g1(®) using the asymptotic solution and analytical digamma versus frequency. In Fig.(6) we plot
the gap function on the real axis in the vicinity of @ = 1, to verify that the asymptotic behaviour is
indeed log(wg) — ©(1/2), and there seems to be good agreement between the red dotted curve which is
the gap function on the real axis using the digamma expression and the orange curve which is the gap
function obtained from the evaluation of the digamma result at @ = 1. On the real axis, iw, = 1+ 14,
the renormalization factor is

=log(wg)

Z(1+14i0) =1+ %[w(—zm +1/2) —¥(1/2)]. (3.105)
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Figure 6. A plot of the gap function in units of wg on the real axis in the vicinity of w/wg = 1. The red dotted
curve is the gap function which is calculated using the digamma expression and the orange curve is the gap
function which is obtained applying ¢1 (@) = log(wg) — ¥(1/2).

In the limit of large wg this reduces to

log(265) — 1(1/2)]. (3.106)

w\y

C. Gap edge

The gap equation on the real axis is

A(iwm)
w2, + A2 (iwy,)

A(z = wg) [N (ws) + f(ws — 2)
V(i —wp)? — A2(z — wg)
A(z+wg)[N(wg) + f(we + 2)]

VG twn? - Az twp)

Z(2)A(z) =nT Y Mz — iwn,)

m=—0o0

+irA(wg)

+irAlwg) (3.107)

To consider the T — 0 limit we use the relation
T Z / (3.108)
The next step is to normalize the gap function and frequencies by wg to obtain
A
/ doA(z — i) ——22) (3.109)
02 + A2(i)

Note that we have neglected the contributions of [N(wg) + f(w — wg)] and [N(wg) + f(w + wg)] in
calculating the gap edge because in the weak-coupling limit (wg/7T. > 1), where e~“#/Te < 1, and
T. = (1.13/\/5) wge~1/*. Therefore, the contribution of these terms are very small. The gap edge is very
small in the weak-coupling limit, so it is not of the order of wg. Here, Q = Q/wr and wp = wg/(27T).
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Also, z denotes z/wg. To a good approximation Z = 1. The bosonic propagator A is

A

T1-g

A(z) (3.110)

The gap function on the real axis is thus

Az) = 1/00 do— Aliw) (3.111)

The gap edge is defined by A(z = Ag) = Ag, using the above result it satisfies

Ay = 2 /OO i £(i) (3.112)

—oo L= (A9 —i0)? /&% + A2(i)

From numerical analysis, in the weak-coupling limit Ay is small compared to unity, thus we can drop it
in the integrand to obtain

- A do A(iw)
Ag == = . 3.113
’ 2[m1+w2 2+ A2(im) (3.113)
The gap function is approximated by
X Ay X (i Ao
Aliwy,) ~ T oz = A(iv) = T (3.114)
Thus, the gap edge obeys the following equation
L
A Lo . (3.115)

1_7/0‘3 dw
214 w? A \2
@+ (522)

We drop the 1/(14&?) in the term Ag/(14o?). When @ > 1, Ag does not provide a large contribution,
and when @ < 1, 1 + @? =~ 1, therefore,

| = i/ de L (3.116)

2 ) o (14+@)? /52 + A7

The solution to this integral equation gives Ag()\). Now, we turn our attention to this integral [30].

1

17/00 dx
R R

1 (y? — 2) arctan(y/y? — 1)
= +1 3.117
(y*—1) [ V-1 ( )
Therefore, the gap edge obeys
A [ di 1 A 1 AZ -2 t AZ -1
1:7/ v 2 (A0 —2arctan(VAG — 1) , (3.118)
2 Jooo 14@%)? /02 + A7 2(A5-1) VAZ -1
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Since the gap edge is smaller than unity, the above result can be written in the form

A 1 AZ -2 tanh(y/1 — A2
1=2— (&g — 2)arctanty( 0) 1 q| (3.119)
2 (A2 1) V1-A2
Recall the definition of arctanh:
1 1
arctanh(x) = 3 log <1 i_ ;) —l<ax <l (3.120)

Using this definition in the gap-edge equation then gives

A2 _ A2
1:% L (2-2) 1og<1+ ! A‘)>+1. (3.121)

AF-1) [2yT-A2 “\1-1-AZ

Expanding this for small Ay, we then obtain

A 4 2 1

Solving this for Ay, we then obtain

o= 20m (<} - ) = S [ (-5 (3.123)

It is of interest to note that the BCS result is what is contained in the square brackets. Thus, we find
that the weak-coupling Eliashberg result has a square root of exp(1) difference from its BCS counterpart.
Recall that the weak-coupling limit of T is given by

-1 exp[-¢(1/2)] (-1
T, = =0 l ) p( 5 )] (3.124)

Thus, the ratio of the gap edge to the critical temperature is

- ejp(l) exp (-i) {mexp (-i) }1 — dmexp[(1/2)] = 7 exp(—5) = 1.76.
(3.125)

S

which is the BCS value.
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IV. NUMERICAL SOLUTIONS OF THE ELIASHBERG EQUATIONS
A. Imaginary-axis calculations
1. At the critical temperature

In this section we implement an iteration algorithm to numerically solve for the critical temperature
T, and gap function A(iw,). Using an initial guess for these parameters, the Eliashberg equations are
solved self-consistently to obtain an updated approximate solution. We continue this process until the
transition temperature and energy gap function converge. Regardless of the initial guess, the iteration
procedure converges very well. In the previous chapter it was shown that the critical temperature can
be obtained from the linearized form of the self-consistency gap function using the Eliashberg equations
shown below:

) , = Aw? A(iwn,)
Ziwon) Aliwn) =nTe Y, gt =

& 1 A(iwy,)
=T, , 4.1
" m;oo 1+ (@0n = wm)? |0l 1)

where
T = .

Z(iw,) =1 A(iwy, — twm, m)- 4.2
(iwy) + o m;w (fwn, — iwp,)sgn(wm,) (4.2)

The results for the critical temperature of the weak-coupling limit are included in table (1). In Sec. III,

| Electron-phonon coupling constant (A\)|7T./wg with Z(w,) = 1]|T./wg with Z(w,)]|

A=0.1 0.000032 0.000012
A=0.2 0.004900 0.001821
A=0.3 0.026744 0.009923
A=04 0.063305 0.023415
A=0.5 0.107552 0.039428
A=0.6 0.157241 0.055992

Table I. The numerical values for T, /wg for various A values

it was shown that the analytical approximation for the gap function on the imaginary frequency axis is
obtained using

, , 1 3 _ 1
Z (twn ) A(iwy,) = i <1 + A <2 — g1 (iwy,) — |@—n|tan (wn)) >, (4.3)
where
(i) = — [ 228 aretan(@,) — S log(1 + &2) (4.4)
g1(iwn) = 7 o2 o arctan(@n,) — 5 log w2) - .

If we set Z(iw,) = 1, then the gap function can be written as

Aliwy) = — (1 A (; _ gl(iwn)> ) (4.5)

14w
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In Fig.(7a) and Fig.(7b) [21], we plot A(iw,,) versus w,/wg for small values of A comparing the numerical
results with the analytical approximation solutions with and without including the Z(iw,) function at
the critical temperature [16]. In the numerical calculations, we choose a cut off for the summation. Fur-
thermore, the number of Matsubara frequencies is inversely proportional to the critical temperature. We
have used more than 100,000 positive Matsubara frequencies to obtain convergence in the weak-coupling
limit because the number of Matsubara points will increase exponentially as A decreases.
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Figure 7. [a] A plot of A(wy) versus wy/wge for A = 0.1, A = 0.2, and A = 0.3 on the imaginary axis with
renormalization factor, [b] without renormalization factor. All the numerical gap functions are normalized by
their low frequency value A(iwn=1). The temperature is set to the critical temperature.

In Fig.(8a) and (8b) [21] we have shown the discrepancies between the the numerical gap function

ANumerical(Wn) and the universal result Ao(wn) = 1/(1 + w?2) in units of wg at the critical tempera-
ture. The remaining discrepancy comes from second order in electron-phonon coupling constant (\). We
define  ANumerical (wn) as follows [21]:

I ANumerical (wn) = ANumerical("‘-}n) AV (wn)a (46)
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In addition, 6 A Anatytical(wWn) is

5AAnalytical (Wn) = AAnalytica»l (wn) - AO(Wn)~ (47)

The inclusion of Z(iw,) leads to better agreement between the numerical and analytical results [21].
We plot [In(wg/T.)] "t versus A for the case where the renormalization factor Z(w,,) is not included in
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Figure 8. [a] A plot of 0A(wy) in units of wg versus wy, /wr (without renormalization factor), [b] A plot of dA(ws,)
in units of wg versus w,/wg with renormalization factor at the critical temperature.

our calculations, in Fig.(9a), and where the renormalization factor is included, in Fig.(9b), where the
green line shows the numerical solution, the blue line represents the BCS approximation, and the red
line determines the improved analytical result.

Comparing Fig.(9a) and Fig.(9b) [21], we notice that at larger values of A the inclusion of the renor-
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malization factor decreases [In(wg/T.)]~!, which means that In(wg/T.) is larger and T, is smaller. In
the weak-coupling limit, wg/T. > 1, the Inwg /T, is small. Also, the plot of In(T./wg) versus A has a
negative y-axis scale. One way to remedy this is to plot [In (wg/T.)]~* which has a positive y-axis scale.

= Analytical Result
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0.5 [~ | s Numerical Result
- 04
—o
£
Ll
\3, 0.3 [
£
0.2 [~
0.1
1 1 1
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[a]
s Analytical Result
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0.1 0.2 0.3 04 0.5

[b] M

Figure 9. [a] A plot of [In(wg/T.)]”" versus A without renormalization factor, [b] with renormalization factor at
the critical temperature.

2. Below the critical temperature

The Eliashberg equations below critical temperature are defined as

A(iwp,)

Z(iwn) Aliwn) = 7T Y A(iwy — iwn) A

m=—0oo
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where Z (iw,) is

Z (iwy) = Zn (iwy) + T Z Aiwy, — W) ( Ym - sgn(iwm)> . (4.9)

m w2, + A%(iw,,)

m

Also, Zn (iwy,) can be written as

n—1
Zn(iwy) =1+ LERY SR > Aivms) | - (4.10)
Wn m=0
In Fig.(10a) and (10b) the numerical calculation of the gap function on the imaginary axis below T,
are shown for A = 0.2 and A = 0.3 [31]. The highest curve is related to the lowest temperature both for
A =0.2 and A = 0.3. As the temperature is increased, the gap function is decreased.

These plots show that as the frequency increases, the gap will decrease slowly. Furthermore, in the low-
temperature limit, the gap has the maximum size, however, as the temperature approaches the critical
temperature the gap will be lowered. Now, one can plot A(wy,)/A(w,=1) versus w,, in Fig.(11) for various
temperatures to show that below the critical temperature all the curves for a given coupling constant fall
onto one curve, which is indicative of the fact that the normalized gap function for every coupling strength
is temperature independent on the imaginary frequency axis. Here, A(w,—=1) means the low-frequency
gap function. Using the Eliashberg gap function on the imaginary axis, one can plot the graph of A(wy,)
versus wy, /wg to obtain the low-frequency superconducting gap A(wp,—1) including the renormalization
factor which is shown in Fig.(12a). In Fig.(12b) A(wy) is plotted as a function of temperature for A = 0.5
using non-linear Eliashberg equations and including renormalization function. In Fig.(12c) we plot the
ratio of zero frequency gap function to zero frequency gap function at 7" = 0 versus temperature using
Eliashberg theory and BCS theory. This plot shows that the full temperature dependent gap equation
using Eliashberg equation is BCS-like.

B. Real-axis calculations

The gap function and renormalization function on the real frequency axis are

Z(2)A) =1T Y Mz — iwn) wffii‘?w )
. y . Az —wg)
+1i A{[N( E)+ f(we )]\/(Z—(UE)2_A2(Z_O‘)E)2:|
. Az + wg)
+irA {[N(WE) AR V(z+wg)?— A2z + WE)Q} -
26) =14 T 3 A )
ﬁ w WE — 2 (z — WE)
+ . {[N( e)+ flwe )]\/(Z—(UE)2_A2(Z_ME)2:|
% w w z (Z +WE)
+— {[N( B) + flwe + 2)] \/(Z+WE)2A2(z+wE)2} e

where z = w + 0 and J is an infinitesimal positive value which tells us that analytical continuation is
done above the real frequency axis. We used § = 10™* in the numerical calculations which are done in
this thesis. Equations (4.11) and (4.12) are solved numerically for various temperatures. In order to
calculate the gap equation on the real axis using these two equations one needs to do the Matsubara
summation first and then self-consistently solve on the real axis. This method was first developed by
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Figure 10. [a] The plot of A(wy,) in units of wg versus wy /we for A = 0.2 below T, on the imaginary axis. [b] The
plot of A(wy) in units of wg versus w, for A = 0.3 below T on the imaginary axis. The scale of the gap function

changes with critical temperature for various electron-phonon coupling strengths. As the temperature decreases
from 7. the magnitude of the order parameter increases monotonically at all frequencies.

Marsiglio, Schossmann, and Carbotte [17].

1. Zero-temperature limit

The Eliashberg equations can be solved in the low reduced temperature limit. It was shown that the
low-temperature gap equation within BCS theory is obtained from

A(T) = Ay — (2n AT/ 2e50/T (4.13)

where Ag = A(T = 0), T = T, and t is called the reduced temperature. For the case of T < Ag, the
second term is exponentially small, and we obtain the zero-temperature solution. Now if we set ¢ = 0.1,
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Figure 11.  The plot of A(wn)/A(wn=1) versus wp/wg for A = 0.2 and A = 0.3 below T. on

the imaginary frequency axis. All of the ten curves related to the normalized gap function at T =
0.17,,0.2T,,0.3T,, 0.4T%, 0.5T;, 0.6 T%, 0.7T, 0.8T,, 0.97- and 0.95T, will overlap.

the second term is much smaller than one, which indicates that even at slightly higher temperatures, the
zero-temperature solution is a very good approximation [32]. From numerical calculations, sometimes
the zero-temperature result occurs at lower values of temperature depending on weighting factor A and
Einstein frequency wg [33].

For T' = 0 the Bose-Einstein function N(wg) is zero and the Fermi-Dirac function is a unit step function
f(x) = ©(—x). Note that as T — 0 the second term in Eq.(4.11), which is I = N(wg) + f(wg — 2), can
be replaced by N(wg) = 1/(ef*? — 1) = —O(—wg) and f(wg — 2) = 1/(e#@r=2) 1 1) = (2 — wg).
Thus, we have

I= *@(*WE) + @(Z — wE). (4.14)

For 0 < z < wg, I =0 and for 0 < wg < z, I = 1. The third term in Eq.(4.11), which is J = N(wg) +
f(wg + 2), can be replaced by N(wg) = 1/(e?*? —1) = —O(—wg) and f(wg + 2) = 1/(eP@rt2) 4 1) =
O(z + wg). Thus, we have

J=-0(—wg)+0O(z+wg). (4.15)

For both cases 0 < z < wg and 0 < wg < z, we obtain J = 0. Now let us call the first term of Eq.(4.11)
by Ainhomogenous (Z) as follows

s . A(iwpm)
Ainhomogeneous(z) =7T Z )\(Z - ’me) wz T AZ (iwm)’

m=—0oo m

(4.16)

and the other two terms in Eq.(4.11) are called the homogeneous terms. In the T — 0 limit, for
0 < z < wg, one can write

A(Z) = Ainhomogeneous(z)a (417)
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and for wg < z < 2wg we have

Ainhomogeneous(z - WE)

\/(Z - wE)Q - A?nhomogeneous(z - wE)

A(z) = Ainhomogeneous(2) +1TA| [N (wg) + f(wr — 2)] . (4.18)

This procedure is followed for higher frequencies to obtain the structures. The zero-temperature limit
of A = 1 with wg = 1 meV at ¢t = T/T,. = 0.01 is considered here in Fig.(13)[33]. We plot the real
and imaginary parts of A(w) 2, Z(w), n(w) = N(w)/N(0) (which is the density of states normalized
to the normal state) and A(Kp,w) at the Fermi level (which is the spectral function) versus @w. The
density of states is obtained from the tunneling experiment and the spectral function is considered in
photoemission experiment. The unit of energy in all the figures are meV. On the real frequency axis,
there exist sharp structures at multiple frequencies. The sharpness of the peaks are the result of using
the Einstein frequency in the calculations. The heights of the peaks are the same order of magnitude at
(A=1). The density of states n(w) = N(w)/N(0) is defined as

N(w) B w
N(0) _ReL/oﬂ _A%J)}’ (419)

and the spectral function A(Kp,w) at the Fermi level is

-1 w
A(Kp,w) = 7TIm{Z(wa2 — AQ(w)]]' (4.20)

The real part of the energy gap ReA(w) represents the strength of effective electron-electron interaction
and the imaginary part of the gap ImA(w) determines the damping effect. In Fig.(13a) we observe the
structure at w = Ag 4+ nwg as a result of multi-boson emission. Here, n = 0,1,2,3,... and A is the
gap-edge which is defined as follows:

AO = RGA(OJ = Ao) (421)

In the zero-temperature limit, the gap function is purely real and constant up to a certain frequency
because there are no thermal fluctuations at 7' = 0 which means that all the electrons form Cooper pairs.
The low frequency behavior of the real and imaginary part of the gap function and renormalization
function in the zero-temperature limit is defined as follows [16]:

ReA(w) = ¢,
ImA(w) =0,
ReZ(w) = d,
ImZ(w) = 0. (4.22)

It is shown in Fig.(13c) that there exists a gap in the density of states. The density of states rises very
sharply as the frequency is greater than a definite value. The peak in the density of states determines
the location of the gap edge. Sharp peaks in Fig.(13c) of spectral function represents the quasi-particles
which are long-lived and followed by a gap. The appearance of resonances at higher frequencies show that
the gap is a non-linear function. In Fig.(14) we plot the gap function, renormalization function, density
of states and spectral function versus @ for A = 0.3. Here, we observe the structures at multiple boson
frequencies. For the case of A = 0.3, the peak at w = 1 is the highest and smaller peaks are observed
at multiples of wg as a result of higher order electron-phonon coupling constant. Comparing the gap
function for A = 0.3 and A = 1 it is obvious that the height of the peaks are shorter as the coupling
becomes weaker, which means that less energy is required for breaking the Cooper pairs in the weak

2By A(w), we mean A(w + i§). Here, § is an infinitesimal value which is 1074 in thesis thesis

48



s Numerical Result- ReNw) for A=1
15 +1e0e Numerical Result- ImA(w) for A=1

YTEERR
"
K

TR CLIIITITTTIeT:

g W
. “
TS

0.0 presttisnnninnns g

mes. Numerical Result- ReZ(w) for A=1
++0000 Numerical Result- ImagZ(w) for A=1

L L L L
° 0 1 2 3 4 5
[b] w/og
3
wes Density of state for A=1
2
g
z|Z
T T
L L L L L
0 0 1 2 3 4 5 6
w/wg
[c]
0.08
s Spectral Function for A=1
0.06 -
—
g
4 004 -
.
<
0.02 -
L L L L
0.00 0 1 2 3 4 5 6
[d] 490lwg
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electron-phonon coupling limit at zero temperature. Here, we plot the real part of A(w) versus w/wg at
the low temperature limit for three weak-coupling strengths at 7' = 0.27, in Fig.(15a). Furthermore, the
imaginary part of the A(w) versus w/wg at T' = 0.2T, is plotted in Fig.(15b) [31]. When, T' = 0.2T, the
energy scale of the gap function is lowered with decreasing the electron-phonon coupling constant. The
frequency-dependent gap function of Eliashberg theory is a complex function

AW, T) = Ay(w, T) + iAs(w,T), (4.23)

which depends on the frequency and temperature, whereas the BCS gap function is a real and frequency
independent quantity. We have computed the gap edge (Ag) by finding the intersection of two curves
w and the A(w,T) on the real axis, starting with ¢ = 0.17, which is shown in Fig.(16a). We plot the
temperature-dependent gap equation for A = 0.3 and A = 1 in Fig.(16b) [34]. The gap-edge is single-
valued in the weak-coupling superconductors for A < 0.8 [35]. The plot of Ag(T")/Ao(0) versus T/T.
shows that both BCS and Eliashberg theories are from the same universality class which are the classic
mean field behavior of the order parameter. It identifies the class of phase transition that they belong to
[36].

We plot 1/[In(wg/Ag)] versus A in the weak coupling limit without including the renormalization factor
in Fig.(17a) and with including the renormalization factor in Fig.(17b) [31]. In order to find the numerical
gap edge in these two figures we have found the intersection of the real part of energy gap function at
T/T. = 0.1. The BCS gap edge is

Ag =2wg exp(—1/)), (4.24)

and the Eliashberg gap edge without including the renormalization factor is

Ay = %wE exp(—1/A), (4.25)

and with including the renormalization factor is defined as follows

Ay = %wE exp(—(1+ \)/N). (4.26)

The blue line is the BCS approximation, the red line shows the Eliashberg result and the green line
represents the numerical result which are in good agreement as A — 0.

2. Finite-temperature limit

In the finite-temperature limit (7" > 0 or wg < T), the thermal fluctuations destroy pairing in the
low-frequency limit. Here, we write the Bose function as

1 1 T
N —, (4.27)

N o~ ~
(WE) 1—|—ﬁwE—1 ﬁOJE WE

and the Fermi function becomes

flwg £ 2) ~ f(£2), (4.28)

At non zero temperature limit, the solution of the gap function and renormalization function can be
obtained using numerical iterations. The low frequency behavior of gap function and renormalization
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function at any non zero temperature limit lead to [16]
ReA(w) oc w?,
ImA(w) x w,
ReZ(w) = d(T),
ImZ(w) =1/w. (4.29)

which illustrates “gapless” superconductivity at finite temperature [16]. Although in the weak-coupling

limit, the gapless superconductivity is not observable. Using the identities

[1+ N(wg)][l - f(z —wg)]
[1-f(2)]

N(wg) + flwg — 2) = (4.30)
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N(wg)[l = f(z +wr)]

N(wg) + flwg +2) = 1= 7(2)]

(4.31)
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one can write

Z(z —TTZ)\ ~ it \/ﬁ
e
+ N(wp)[L - f(wp + )] \/(z+wAE()z+Zi)(z+wE) . (432)
Z(z) =1 + ﬂZA ~ iwm \/ﬁ
m{u R S
£ N[l — s +2) (et ws) (4.33)

V(i +we)? — A2(z + wg) .

The second terms in both Eq.(4.32) and Eq.(4.33) are the result of quasi-particle scattering with
emission and absorption of a phonon [32]. In Fig.(18) and (19) we plot the gap, renormalization function,
density of states and spectral function at finite-temperature T'= 0.97c for A = 1 and A = 0.3. In order
to plot the gap function and renormalization function we have used the contribution of all the terms
in Eq.(4.11) and Eq.(4.12) over the frequency range. For A = 1, close to the critical temperature, the
structure is still sharp. We observe the structures at Ag(T = 0.9T,) + nwg and —Ag(T = 0.97,) + nwg
in the finite-temperature limit [33]. In the finite-temperature limit, the gap at zero frequency has an
imaginary part but the real part of the gap at zero frequency approaches zero for A = 1.

In Fig.(20a) the real axis result for A = 0.1 is depicted, showing the real (green) and imaginary (red)
parts of A(w) in units of wg as a function of @, for various temperatures. In this plot we consider the gap
function versus frequency at T' = 0.27,., T'= 0.47,., T = 0.67. and T' = 0.87.. Ast = T'/T, increases from
0.2 to 0.9, the curves are ordered from the largest to the smallest amount [31]. Furthermore, in Fig.(20b)
we show the plot of A(w)/A(w = 0) versus w/wg below the critical temperature. All the four green
curves, which are the real part of the gap at various temperatures overlap. In addition, all the red curves,
which are the imaginary part of the gap function, will overlap which indicates that in the weak-coupling
limit the real frequency axis gap equation is temperature independent below T,.. Therefore,

Aw; T, \)

N flw, A). (4.34)
Also, we plot A(w)/A(w = 0) versus w/wg in Fig.(21) for A = 0.1,0.2 and 0.3 at T' = 0.27,, 0.47,,0.67,
and T = 0.87,. All of the curves related to gap function in the weak coupling limits will overlap for
temperatures below T,. Here, A(@ = 0) means the low-frequency (w ~ 0) gap function. In Fig.(22a) and
(22b) we plot the numerical result for the real and imaginary parts of the normalized gap equation at a
low temperature T = 0.27, and T = T, for the weak coupling limit [31]. Both the real and imaginary
parts of the gap are universal functions of frequency and are temperature independent. For A = 0.3, the
imaginary part of the gap function at w < wg is due to the fact that T, = 0.009932wg and non-negligible.
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Figure 18. [a] A plot of A(w) in units of wg versus w/wg. [b] A plot of Z(w) versus w/wg. [c] N(w)/N(0) versus
w/wg. [d] A(Kp,w) versus w/wg at t = T/T, = 0.9 for A =1 and wg = 1.0 meV.
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Figure 19. [a] A plot of A(w) in units of wg versus w/wg. [b] A plot of Z(w) versus w/wg. [c] N(w)/N(0) versus
w/wg. [d] A(Kp,w) versus w/wg at t =T/T. = 0.9 for A = 0.3 and wg = 1 meV.
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Figure 20. [a] A plot of A(w) in units of wg versus w/wg below critical temperature for A = 0.1 (the orange curve
represents 1/(1 — @?), where all the curves are trending toward the orange curve). [b] A plot of A(w)/A(w = 0)
(A(@ =~ 0) means the low-frequency (w = 0) gap function.) versus w/wg below critical temperature for A = 0.1.
Here, four curves related to the gap function at various temperatures (T' = 0.27,0.47,0.67, and T = 0.87¢)
overlap. In both plots we included the renormalization factor.
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Figure 21. A plot of the the real and imaginary part of A(w)/A(w ~ 0) versus w/wg below critical temperature
(T = 0.2T¢,0.47¢,0.6T. T = 0.87;) for A = 0.1,0,2 and A = 0.3. All of the four curves overlap which is an
indicator of the fact that below T, the real-frequency axis gap function is temperature independent.
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Figure 22. [a] A plot of the real part of the A(w)/A(w = 0) versus w/wg at T = 0.27c and T = T, for A = 0.1,
A =0.2and A = 0.3. [b] A plot of the imaginary part of the A(w)/A(w =~ 0) versus w/wg at T = 0.27. and
T =T, for A=0.1, A = 0.2 and A = 0.3. For the three coupling strength the gap at T' = 0.27, and T' = T, are
indistinguishable.
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C. Full comparison between numerical and analytical calculations

The gap function and renormalization function on the real frequency axis are

Z(2)A(z) =rT Z Az —iwp) wQA—&(-Z’CZZ()iw )

m=—0o0 m

' Az —wg)

+Z7TA{[N(WE)+f(wE_z)]\/(Z—wE)2_Az(z_wE)J

' Az +wg)

«+mAbN@m)+fWE+¢HV«Z+ww2_A%z+wEP} .
S

M w WE — % ¢ w)

+ . |:[N( E)"‘f( E )]\/(Z_WE)2_A2(Z—Q)E)2:|

@ w w z (Z+WE)

+— @Ww+f(E+ H¢@+wm2—A%z+me’ -

where z = w + 0 and ¢ is an infinitesimal positive value, which tells us that analytical continuation
is solved above the real frequency axis. On the other hand, the analytical approximation for the gap
function on the real frequency axis with the renormalization factor included at T, is given by

o [

1+ (—i@ + 6)2 [ 1‘”“}

(= ! )[1”<‘91( )]

——— + ———
—iw+4)  1+4i(—iw +9) [1+2wln‘1+‘*’ }

P (s ) et s )| [1{“@91@))}

where P is the Cauchy principle value and g;(@) is obtained in Eq.(3.101). Also, the asymptotic gap
equation on the real axis with Z (&) = 1 is given as

A@) = ;[P (11 + 1+1) ir (5(1— @) — 6(1 +w))} {1 +A (1 —g(@ )) } (4.38)
In Fig.(23a) and (23b) we plot real and imaginary part of A(w)/A(w = 0) versus @ for A = 0.1, A = 0.2
and A = 0.3 at the critical temperature [31]. Here, A(& ~ 0) means the low-frequency w = 0. To obtain
the gap function at the critical temperature, we linearize the gap function by setting A(w) to zero in the
denominators of Eq.(4.35) and (4.36). In the weak-coupling limit, the critical temperature is very small,
therefore the Bose function is still zero and the Fermi function is a step function in the above equations.
Since the energy scale is of the order of wg then we are able to see resonances at multiple Einstein phonon
frequency. Higher peaks depend on higher powers of A, in other word, the successive peaks decrease in
height with increasing A.
Now, in order to make a meaningful comparison between the analytical approximation and numerical
results using Eq.(4.35) and (4.36), we plot A(w)[1 — ©?] versus w/wg with renormalization function in
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Figure 23. [a] A plot of the real part of A(w)/A(w & 0) versus @ for A = 0.1, A = 0.2 and A = 0.3 at the critical
temperature, (A(w &~ 0) means low-frequency gap function). [b] A plot of the imaginary part of A(w)/A(w = 0)
versus w for A = 0.1, A = 0.2 and A = 0.3 at the critical temperature. In both plots we have included the
renormalization factor.

Fig.(24a) and without renormalization factor in Fig.(24b). One might notice that at (w/wg = @) = 1,

(1-w*)P (ﬁ) = 0, where P is the Cauchy principle value. Also, (1 — &?) [5(1 —w)—46(l+w)

=0
because zd(x) = 0. We observe a deviation between numerical and analytical approximation for @ > 1
in Fig.(24a).

[(z—wEg)|

Now, if we add iﬂA[[N(wE) + flwg — z)]M] term to the analytical results of Eq.(4.37) and

(4.38) for @ > 1 we observe a better agreement between the numerical and analytical approximation
in the weak-coupling limit as depicted in Fig.(25). Comparing Fig.(24a) with Fig.(25a) we realize that

adding im A [[N (wg) + flwg — z)]% term to the analytical approximation results for @ > 1 shows
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Figure 24. [a] The plot of numerical result for A[l — ©?] in units of A(w ~ 0) versus w/wg including the
renormalization factor. [b] The plot of analytical digamma result for A[l — 2] in units of A(w = 0) versus w/wg
not including the renormalization factor for A = 0.1,0.2 and 0.3 at the critical temperature. In both figures only

the inhomogeneous terms are included in the calculation of the gap function.

a better agreement. In addition, we plot the real and imaginary part of A(w)/A(w = 0) versus w/wg
in Fig.(26) for A = 0.1, A = 0.2 and A = 0.3 at the critical temperature using both the numerical and
analytical approximation results to show their agreement [31]. As is shown in this figure, for the case
of A = 0.3 the deviation between the numerical and asymptotic approximation is only discernible in the
vicinity of wg. The frequency at which a noticeable discrepancy exist is of the magnitude of T, which is
small. In this chapter we have showed the real frequency axis quantities and described special features
like the temperature independent result.
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Figure 25. [a] The plot of numerical result for A[l — 2] in units of A(w ~ 0) versus w/wg including the
renormalization factor. [b] The plot of analytical digamma result for A[l —®?] in units of A(w = 0) versus w/wg

not including the renormalization factor. In both figures the homogeneous terms in the gap function are added
to the analytical approximation result to obtain a better agreement.
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Figure 26. A plot of the the real and imaginary part of A(w)/A(w = 0) versus w/wg at the critical temperature
for A = 0.1, A = 0.2 and A = 0.3 which show that the numerical calculation and the asymptotic approximation
solutions for the gap function on the real axis are in good agreement. In this plot the dotted line shows the
asymptotic result and the solid line is the numerical calculations.
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V. THERMODYNAMIC PROPERTIES OF SUPERCONDUCTORS
A. Free energy

The thermodynamic characteristics of superconductors are calculated from the free energy. Computing
the free energy from perturbation theory is computationally demanding since it converges very slowly.
However, the Bardeen-Stephen formula [37] is a nice approach to easily capture the thermal properties.
In 1964, Bardeen and Stephen obtained the free-energy difference between superconducting and normal
states using the Eliashberg statement for the total free energy. Utilizing the Bardeen-Stephen formula
is numerically efficient since it converges very fast [6]. One finds the derivative of the free-energy and
performs the Matsubara summation to obtain the thermodynamic features of superconductors such as
the heat capacity, and critical magnetic field. The free energy difference is then given by

]ﬁ(FO‘) = —WTg: ( w2, 4+ A%(wp,) —|wm\) (Zs(wm) — ZN(wm)wm|> , (5.1)

w2, + A%(wp,)

where Zg(wy,) and Zy(wy,) are the renormalization functions in the superconducting state (A # 0) and
the normal state (A = 0) respectively. Here, A(iw,,) is the frequency-dependent gap function in the
Eliashberg theory. However, in the BCS theory, the gap function is frequency independent. In order
to obtain the normal-state renormalization function, A(iw,,) is set to zero in denominator of the self-
consistent renormalization function equation. Furthermore, we set Zg(iw,,) and Zy (iw,,) to unity for
simplicity. Thus, one can write '3

23(1;) =Ty ( 2+ A% (o) —|wm|) <1 - M) . (5.2)

TWam

1. Zero-temperature limit

In the zero-temperature limit, we apply the prescription:

= T dw

T —.

> o &
m=—0oQ

The Bardeen-Stephen formula for the free energy difference becomes

w2 L (V) (- ) Y

13The appropriate free energy units for the BCS and Eliashberg theories are considered in Appendix (E).
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The next step is to normalize the gap function and frequencies by wg to obtain

AL e (Ve R —fel) (1- ).

I Y A s =
~—— dw \/wz—i—AQ—w) 1l—- —,
21w ( o~ 1% Va2 + A2
e} -2
=— dio [ J@? + A2 — 2| + —— | . 5.4
/ (x/ 2ol (5.9

The first integral can be simplified to

-2

Thus, the free energy is now

AF = _
= N —~. /2 2 _ 2 w=L__ _ =0
NOE ngrgo <w\/w +AG - ) le=p= 5 (5.6)

Using the previous result for Ag, namely,
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we find that the free-energy becomes

Jﬁ(ﬁ) - ex;(l) [—;AQBCS(T — 0.2 0)] | (5.8)

The free-energy difference accordingly gets a correction, this time proportional to 1/exp(1).

2. T — T, limit
In the T' — T, limit, A < T, the free energy can be expanded in powers of A:

AF |wm|
— 7T w2, + A2 —|w,) [1 - == |,
2] )< Ww?)

AF . T, A*
N(0) e

In the weak-coupling limit below the critical temperature we write the gap function as follows:

Ao(T)
1+w2,’

Aliwm, T) = (5.10)
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The small frequencies are the most dominant contribution to the sum, thus

AF 1T, 3 AY(T)

N S (5.11)

3
Wn

In the weak-coupling limit of the Eliashberg theory, the temperature dependence of the gap edge is the

same as the BCS theory, which is
8 T
Ao(T) = 7y | =Ty |1 — = 5.12
ofl)=m 7¢(3) T, ( )

Substituting the gap edge in the free-energy difference gives

4

AF 7T, 8 T\* & 2
SO RTe N RV 7RE) (“n) 2 Gt 1

m=0

B. Heat Capacity

The heat capacity at constant volume is

O*AF 0? AF

and the heat capacity ratio is defined as

AC
R= . 5.14
v (To) (5.14)
The normal-state value for Cn(T) is
2127
Cn(T.) = ”3 N(0)T,, (5.15)

where the renormalization factor Z is 1 + A. The heat capacity in the superconducting phase is Cg =
AC + Cy. Normalizing Cs by Cn(T.), we can write it as follows

Cs(T) _ AC +CN(T)
Cn(T.) Cn(T.) Cn(Te)

1 52 AF T
S S— N {10 -
=N O o <N<0)T3> T,

3 02 AF
= 53t5m (N(O)Tg) +t. (5.16)

Here, we plot Cs(T")/Cn(T¢) versus T'/T, for both the BCS and Eliashberg theories in Fig.(27). In
this plot, Zg(iw,,) and Zy (iw,,) are set to unity. At the critical temperature, there exists a discontinuity
and Cg is greater than Cy. The ratio of the heat capacity in the BCS and weak-coupling Eliashberg
theories, for the particular case A = 0.3, shows very good agreement between the two theories. However,
for A = 1, we observe a deviation from the BCS result.

In Fig.(28) we plot Cs(T')/Cn(T.) versus the reduced temperature. In this graph both Zg(iw,,) and
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Figure 27. A plot of Cs(T')/Cn(T¢) versus the reduced temperature, using the frequency dependent gap equation
of Eliashberg theory in the Bardeen-Stephen formula for A = 1 and A = 0.3 in comparison to the BCS theory. In
this plot the superconducting and normal state renormalization functions are set to unity.
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Figure 28. A plot of Cs(T')/Cn(T¢) versus the reduced temperature, using the frequency dependent gap equation
of Eliashberg theory in the Bardeen-Stephen formula for A = 1 and A = 0.3 in comparison to the BCS theory. In
this plot the superconducting and normal state renormalization functions are included.

Z N (iwy,) are included. As a result, there is no discernible difference between the weak-coupling Eliashberg
theory and the BCS result. The change in the heat capacity, normalized by the normal state value at

69



T=T., Cy =2 ZN(0)T. is

AC B O?AF

Cn(T,) — OT?
L3 TR 8 (TN (T
22 2 7¢(3) T.) OT? T.)

Simplifying the above equation, the ratio becomes

aC 12
Cn(Te) — 7¢(3)

(5.17)

= 1.43. (5.18)

In the BCS theory, this value is the universal result. The normalized change in the heat capacity for the
Eliashberg theory is equal to that of its BCS counterpart.

<C§<(;c>>mashberg - (%)Bcs | (5.19)

The ratio of the heat capacity in both BCS and Eliashberg theories are equal at the critical temperature.
Since we are considering the weak-coupling limit, the critical temperature is very small and it is similar
to the zero-temperature limit. Hence, this is why the normalized heat capacity ratios for both BCS and
Eliashberg theories agree for all temperatures.

C. Critical Magnetic field

The critical field can be defined as follows
H.=+—-87AF, (5.20)

where the free-energy difference is obtained from Bardeen-Stephen formula. In the BCS theory, the
critical magnetic field can be obtained in these two limit [6]:

HBCS T 0 T 2
CH?(CS(E;) ~1-1.06 <T> . (5.21)
where
H2(0)/87 = N(0)A3 /2. (5.22)

In the zero-temperature limit, the product of the zero-temperature gap function Ag which is the binding
energy for the cooper pairs and the number of cooper pairs (N (0)Ag)/2 provide us with the condensation
energy [1, 38].

It is shown from Fig.(29) that near T’ = 0, the critical magnetic field goes as 1—(exp (0.5772)* /3)(T/T.)?,
which is close to 1 — (T'/T.)? [22]. Near T, the critical magnetic field is defined as

HBCS(T — T,) T
— o) 1.74 (1 —~ T) . (5.23)

Figure (30) depicts the normalized critical field versus the reduced temperature comparing both Eliash-
berg and BCS theories for the case when Zg(iwy,) and Zy (iwy,) are included.
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Figure 29. A plot of the critical magnetic field versus the reduced temperature comparing the BCS theory which
is normalized by H.(T = 0) with 1 — (exp? (0.5772)/3)t*> and 1 — t2>. Near T = 0, the critical field goes as
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Figure 30. A plot of the normalized critical magnetic field versus reduced temperature, using the frequency-
dependent gap equation of Eliashberg theory in the Bardeen-Stephen formula for A = 1 and A = 0.3 in comparison
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to the BCS theory. In this plot Zs(iwm) and Zy (iwm) are included.
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VI. CONCLUSION

In this thesis, we have studied the complex gap and renormalization functions, in the context of
Eliashberg theory on the real frequency axis and in the weak-coupling limit. Mapping from the imaginary
axis to the real axis can be obtained by evaluating an analytic function G(k,iw,,) in the upper half of
the complex plane using iw, — w + ¢J, where J is an infinitesimal positive quantity.

We have applied the Marsiglio, Schossomann, and Carbotte method for solving the Eliashberg equations
on the real frequency axis, which are applicable at all temperatures.

In chapter two, we derived the full equation of motion for the Green’s function in order to obtain the
Eliashberg equations and treat the problem with an instantaneous interaction. In chapter three, we solved
the gap and renormalization functions, both on the imaginary and real frequency axes. Chapter four
provides a synopsis of all the numerical results obtained. In chapter five, some of the thermodynamical
characteristics of the superconductivity are computed.

On the imaginary frequency axis we used the standard approximation to achieve a self-consistent
equation for the order parameter. We determined the critical temperature using the linearized form of
the Eliashberg gap equation on the imaginary axis for the weak-coupling electron-phonon interaction.
Furthermore, we have used the non-linear Eliashberg functions on the imaginary axis to study the full
temperature dependence of the gap equation.

We have presented the zero-temperature and finite-temperature limits, on the real frequency axis, of
the gap, renormalization function, the density of states, and spectral function in both the strong and
weak-coupling limits. This enables us to understand the structures due to multi-boson emission using
the numerical results.

We have calculated the gap and renormalization functions analytically using digamma expressions for
expanding the summations in the gap and renormalization functions to the first order in A which provide
quantitatively acceptable result in comparison with the numerical results at the critical temperature. As
the coupling becomes weaker, there is better agreement between the analytical and numerical evaluations
performed on the real frequency axis.

The asymptotic behavior of the gap function for large w, on the imaginary frequency axis is 1/w?
including the renormalization factor and 1/w, without the renormalization function. The gap function
on the Matsubara frequency axis is the real part of an analytic function. Therefore, it has no terms
dependent on iw,, alone (it also depends on the conjugate —iw,,). As a result, the analytical continuation
of the real part of an analytic function can give different behaviour because the real part of an analytic
function is itself non-analytic. The g; (@) function on the real axis was calculated in the vicinity of @ = 1,
and its value was found to be log(@g) — 1(1/2), in the limit of large @wg.

In the weak-coupling Eliashberg theory, we determined the gap edge Ay on the real axis. There is a
pre-factor 1/4/e difference with the BCS theory, and this is also seen in calculation of T,. However, the
gap ratio remains a universal result.

We have considered the gap edge Ao(T)/Ao(T = 0) as a function of temperature to verify that for
both weak-coupling BCS and Eliashberg theories there exists the same universal result as A — 0.

In addition, the free energy difference in the normal and superconducting state utilizing Eliashberg
calculation is different from the BCS theory by a factor of 1/(/e)?. Furtheremore, in the weak coupling
limit, the heat capacity ratio of both BCS and Eliashberg theories are identical at all temperatures.
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Appendix A: Equation of motion for the Green’s functions
1. The single-particle Green’s function

The equation of motion for the single-particle Green’s function is [1]

9 B
- (a + fk) Gylkom = 1) =3(n = 72) = Dol [ D= K m = 1)
I 0

T1

x{Gk17 K Tkt K 17)+G(=K | 7 K+ 1;k T 70,k | ')}
(A1)

We define the two-particle correlation function as

G(ouT, aomo; sy, cuts) =G(aq, 71 — 13)G (@2, T2 — Ta)0asas0asas — G, 71 — T4) G (a2, To — T3)daras0asas
+ C(a1T1, aaTo; 373, Q4Ty). (A.2)

Therefore,

Gkt K 1kt 1, K 1 7)) =Gr(k, 7" — 12)G1(K', 71 — 7') Ok kO e/

- GT(k, O)GT(k/,Tl - 7-2)5—k’,—k5k’,k + C(k T T/,k/ T 715 k T 7'27k/ T T/).
(A.3)

The last term of the above equation is zero because the second-order correlation function with parallel
spin does not contribute. Similarly,

G(—k/ J, T/,k, T 715 k T T2, —k \I, T/) :O — Gi(k/, O)GT(k/, T — 7—2)67k’,7k6k/,k
+O(-K |7 K 1tk m, k| 7). (A4)

Notice that D(k'—k,7—7")d = D(0,7—7') = 0; this removes the terms containing a Green’s function
at zero time argument [22, 24]. Substituting Eq.(A.3) and Eq.(A.4) in Eq.(A.1) we obtain

9 B
/ dr'D(k — k', 7 — 7)x
0

0
— <a7_1 +€k) GT(k,Tl — TQ) 25(7'1 — 7'2) +§:|gk—k’

{Gr(k, 7 — )Gy (K, 71 — 7))+ C(=K | 7. k' t m;k T 2, —k | )}

+1gol? /dr’D(o,T —){~G4(k,0)G1+(k, 71 — T2) — G| (~k,0)Gr(k, 71 — 72)}.
(A.5)

After simplification one obtains

) p )
- (871 +€k) Gi(k, 11 — 72) =0(11 — T2) — Z’gk_k/|2/ dr'D(k — ¥, 7 — 7')x
k/ 0

{Gr(k, 7" — )Gy (K, 71 — 7))+ C(=K | 7 K t 3kt o, —k L 7))}

(A.6)
2. Two-particle Green’s function
The two-particle Green’s function equation is defined as [1]
G(kld'lTl, 1{20'27'27 k30'37'3, k40’47’4) = <T7-Cklo'1 (7’1)61{20-2 (TQ)CL4O,4 (T4)CL30,3 (T3)>. (A?)
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Isolating the 7 dependence, one finds

G(kio171, ko027, kyo373, keos1s) =0(11 — 73) Ty, 0, (T1)C Ksors (73)Ckyors (T2 CL40_4(T4)>,

(74))
3(7'3)>
(

—0(r1 — 1) {Trek, o4 7'1)ck4(7 Che,
ks (13)). (AB)

el )

- 0(7_3 - 7—1)<T‘rc;r<30-3 (TS)Ck10'1 (Tl)CkQO'z T2 Ck4¢:r4
( W

(

)
(m2)cf
T4)Ckyors (Tg)
+0(rs — 1 )(Trel o (T4)Clyory (T1) Cieyora (T2)C

Here, T, is the time ordering operator. The time derivative of G with respect to 7 is

%G(k101717k20272;k30'3T37k4U4T4) =0(m1 — T3)<TT{Ck10'1<T1)7CL30-3 (73) }Ckpors (72)0L4,,4(T4)>7

— 8(11 = Ta)(Tr{Ciyo, (T1), ey or, (T2) Yekrors (T2) L, (73)),

+{TH, e, (1)) ehsors (T2) o, (T2) el o, (73))- (A.9)

The commutator in the third term of Eq.(A.9) is given in Eq.(2.10).

677_1(;(1{10'17'1, k20'27'2; k30'3’7'3, k40‘47’4) :5(’7'1 — 7_3)6k1,k3 <T—,—Ck2o-2 (TQ)CL4O_4 (7'4)>,

- 6(7—1 - T4)6k17k4 <T7'Ck20'2 (TQ)CJIL30-3 (T3)>7
— & (T () (72)Ck sy (T4) 0,y (73)),

- ngl k/ k1 K’ + b k1)

X Ciyory (T1)Caora (T2)Ch o, (Ta) e, o, (73))- (A.10)

Therefore,

0
(37- + §k1) Gkioim1, kaoam; ksoss, kaoars) = — 0(11 — 73)Go, (K2, T2 — T4) 0k, ks 0ks ks 00105 00s04 5

+ 5(7'1 - T4)G0'2 (k27 T2 — 73)5k1,k46k2,k366164562637

_ngl k' k k’+bk' kl)

x ck,al(ﬁ)ckm (72)0 0, (T4) e, (73))- (A.11)

where

(T2 b1 (7) + b 1 (7)) = —ghr /dT (k =K' 7 = 7)o (Maaq(r') + el (Feaoy (7). (A12)
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3. Three-particle Green’s function

The three-particle Green’s function is defined as follows [1]

Gs(a1m1, aaTo, a3T3; uTa, a5Ts, apTg) = G, 71 — Ta) G (g, 7o — 75)G (3, T3 — T6)0a; as0asas Sasag

a1, 71 — 14)G(ag, T2 — 76)G (3, T3 —

ay, 7 — 76)G (g

*G( (
G( (
G(ag, 71 — 75)G(a2, 72 — T4
G( (az, 72
—G( (

a1, 71 — 76)G (a2, T2 — 75)G (3, T3 — T4)0a; a6 Oasas

1
+ §G(a177'1 — 74)C (22, 3735 A5T5, 0676 ) Oay ay

— %G(al,n — 74)C (T2, a3T3; 06T, 575 ) Vs as
+ %G(al,ﬁ — 75)C(aTa, 3T3; 6T, ¥aTa) 00y s
— %G(al,ﬁ — 75)C(aTa, 3T3; 4 Ta, X676 ) Vg s
+ %G(al,ﬁ — 76)C(aTa, 3T3; 4T, 575) I ag
— %G(oq,ﬁ — 76)C(aaTa, 3T3; 5T5, ¥aT4) 00 0

+ Cla17i, aaTa, 3735 u Ty, A5Ts5, A6 T6)
The two-particle Green’s function equation of motion is

Gk 111, —ki | mosko 173, —ko | 74) =C(ky T 71, ki | 7o;ko 173, —ko | 74)

+ Gr(k1, 71 — 73)G (=K1, T2 — T4)0ky ks O—ky,—ko-

The time derivative of the above equation with respect to 7 is written as

0
(871 +fk1> C(ki T 7,k | mo1ko 773, —ko | 74)

0
- <aT +«sk1) Gk 171, —ky L 7ok 1 75, —ka | 74)

0
- (87’1 + §k1> Gr(ki, 1 — 13)G (=K1, T2 — T4) 0k, ko 0k, —k, -

Then, we expand the second term in Eq.(A.15) to obtain

0
<6n +§k1> C(ky T 71, —ki | 705k 173, —ko | 74)

0
- (a +£k1> Gy T 71, =k 7o ke 75, —ka L 71)

0
,G¢(7k177'2 — 7’4)51(171(25_1{17_1{2 (871 + fkl) GT(kl,Tl - 7'3)

0
—GT(k1,7'1 — 7'3)5k1,k25—k1,—k2 (87 + §k1> G¢(—k1, Ty — 7'4).
1

76

( (
) )

a1,7T1 — 7—5)G g, Ty — Tﬁ)G Q3,73 — T4 5041045 asagOaszay
) )
) —14)G(as, 73 — T
) )

(

( J
G(a T3 — T6 5a3a6

( J

( 5

)5041 Qg 5(12 [e73) 50é3045

60&1046 Qo204 Y305

(A.13)

(A.14)

(A.15)

(A.16)



To calculate the second term in the above equation we can use

0
_ (87-1 +£k1> G¢(k1,7'1 —7'3)

B
=6(m —73) + Z}gkrk/ 2/ dr'D(k; — k', 7 —7') x
I 0
Gk, 71— 7)Gr(ky, 7" = 713) + C(=K | 7/, K 1 7k 1 rs, —ky L 7). (A.17)
Also, we can replace the first term in Eq.(A.15) with

0

(87 +§k1> G(ky T 7,k | mo1ko 773, —ko | 74)
1

= —0(11 — 13)G (k1,72 — 74)0k, ko

+> |1 2/dT'D(k1 —K,m —7) x
k/

Gk tr,ki P 7, —ki L ;K 17 ko 1 73, —ko | T4)

—|—G(—k1 \LTz,kl TTl,—k/ \LT/;—kl l,T/,kg TTg,—kQ \l,T4) . (AIS)

Substituting Eq.(A.17) and Eq.(A.18) in Eq.(A.16) one obtains

0

(8 +fk1) C(ki 171,k L mo5ko T 73, —ko | 74)
T1

== Z|gk1—k’
k/

{G+(K', 71 = 7)C(ki t 7/, —ki | 7o ko T 73, ko | 74)
+G (k1,72 —T)CK 1t 71, K | 75ka 1 73, —ka | 1)} (A.19)

? /dT’D(k1 —K,m — 1) x

Appendix B: Nambu’s Green function method

The theory of normal metals breaks down below the superconducting transition temperature, and
Nambu’s formalism is helpful in diagonalizing the Hamiltonian. The Nambu’s formalisim is defined by
Nambu’s spinors as a two component electron-field operators 1y (7) and wlt(r) with imaginary time 7 as

follows:
Yi(T) = < kaTm ) , (B.1)

C—k,],(T)

and
Ul(r) = ((e(r) caalr) ) (B.2)

The nambu Green’s function is written as a matrix applying the spinors. The Pauli matrices in Nambu
space are shown by 7. The thermodynamic electron Green’s function is defined as

GTT(k7 7') FJT(k’ T) >

Fii(k,7) G, (~k,7) (B-3)

Gk, ) = —(TPx (1)L (0)) = (

7



where G171 and Ga2 are the normal Green’s function and G and Ga1 are the anomalous Green’s function.
The equation of motion is

B 10 S AVE
0,G(k,7) = -6 ( 01 > — < _AL Yy ) Gk, ). (B.4)
By Fourier transformation and matrix inversion one obtains
. 1 iwg + &k — Ak
k = B.
-Gk i) = o — B2 ( “AL i — & ) ’ (B:5)

where Eyx = /& + A} [5, 9, 39].

Appendix C: Properties of the gamma and digamma functions
1. Euler gamma function
The definition of Gamma function is [40]
o0
I'(z) = / t*~tetat. (C.1)
0

Here, I is defined for all complex z € C excluding negative integer values of z.

2. Digamma function

The definition of digamma function is [40]

dlogT'(z
u(z) = BTG, (©2)
where the I" function obeys the identity
I(z+1) = 2T(2). (C.3)

Several useful asymptotic expressions for the digmma function are shown here. For the large argument
of 2> 1,

1 1
P E + ~lnz+ (C.5)
5 T2~z Y .
Furthermore, the functional relation can be written as
1
Y+2)— () = -, (C6)
(1 = 2) —Y(z) = weot(mz), (C.7)
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W (; + zz) — (; — zz) = mitanh7z, (C.8)
1 1 o C.9
¢(2_Z)_qp(2+z>_—7rtan7rz, (C.9)
— (1) = v = 0.577216.., (C.10)

where v ~ 0.577216 is the Euler-Mascheroni constant.

" (;) = —2log(2) — 7, (C.11)

The digamma summation relation is

N
Z s P(la+ N +1) —¥(a). (C.12)

m=0

From this equation it then follows

> 1 1 )
> (s~ i) = (e N 1) = 6(0) = 60+ N + 1)+ (0], o)
— ¥(5) - ¥(a).

Appendix D: Properties of BCS theory
1. Zero-temperature gap function

In this subsection, we obtain information about the dependence of the magnitude of the gap in the
excitation spectrum [24]. In BCS theory, A(k,iw,) is replaced with A(k). Hence, the gap function and
phonon propagator are independent of frequency. Then, Eq.(2.47) can be written as

Z’gk k’
ﬁZ‘gk Kk

1
Dk —K)A(K ——
MY g

tanh(3B(62 + A)1/2)
(5/2+A/2)1/2 ’

D(k — K)A(K) (D.1)

where Ex = /(ex — p1)2 + A(k)? is the quasi-particle energy in the superconducting state. This is shown
in Fig.(D.1). We assume | gi_ |> D(k — k') as the form of the interaction. The BCS gap equation is

tanh( ﬁEk)
Vi AK)
Z ok ST (D.2)
where Vi i is the pairing interaction and we assume Vi = —|V/|. Here, V is a positive constant. We

convert Eq.(D.2) into an integration over £ by making the replacement
> = N(er) / de
k/
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Figure D.1. The plot of the excitation spectrum in the superconducting and normal states.

The density of state is approximated by a constant around the Fermi surface.

% B /O“D % (1 - exp(BQE) + 1) ' 03

where A = N(ep)|V|. We first consider the T' = 0 case

l =92 o L (D 4)
AT JeErar '
We write
wp+(wi+A%)1/2 2 2\1/2
1_ 2/ dy = log wp + (wp + Ag) . (D.5)
N 2y Ay

In the weak coupling limit, wp > Ay, so this becomes

1 - QwD
X = log (AO> . (D.G)

Therefore, the zero temperature gap is given by

1
Ag = 2wp exp (—)\) , (D.7)

which is shown in Fig.(D.2). The energy gap Ao depends on the eletron-phonon coupling A and the
Debye energy. In order to have strong superconductivity with a high transition temperature, strong
electron-phonon coupling with a large Debye frequency is one possible mechanism. The zero-temperature
gap in BCS theory is

= 3.53. (D.8)



BCS theory- The gap function at T=0 for A<<1
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Figure D.2. In the BCS theory, superconductivity is suppressed exponentially at A < 1

For many superconductors this value is valid. However, for the strong coupling superconductors this ratio

is 4.3 and 4.6 for Pb and Hg respectively [5]

Gap function close to T,

2.
Now we consider the finite temperature case [22]
1 wp e 2
—=2 — (1l — . D.9
A /0 2F ( exp(BE) + 1> (D-9)

In the second integral we extend the range of integration as follows
dE

oo
g
[e.9]

=2 \/§2+—A2 ~% )y e (BE)
wp + wp + A? *_d "
1 g( D \/AD7> _2/1 \/%exp(—ﬁAx) 7;)(—1) exp(—nﬁAm)
(D.10)

oo o] e—nﬁAz
/ P
Va2 —1

wp + y/wh + A? +1
=1 —2 -1H"
o (25 >
In the weak-coupling limit wp > A, one writes
1 o 2wD AU n+1 nA
51 =! < ) 2 Z Ko (= (D.11)
= A

I K, (22 D.12
u(3) 2o () w12
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Now solving for the gap function we obtain
T
A = AO — \/ 27TTAO (1 — 8A> e_AO/T. (Dl?))
0

The vth order modified Bessel function of the second order can be calculated as

1/2 (z/2)Y

Ko(2) = I'(v+1/2)

/ dt exp(—zt)(t? — 1)V ~1/2, (D.16)

Utilizing this result the gap function is

1/A = log (“D i VX’%’ +A2> - 250:(* "+, ("A> . (D.17)

T

In the weak-coupling limit wp > A,

1 QWD AO n+1 nA
1 = log <) - 22 Ko=) (D.18)
Solving for the gap function we get
T
A=Ay — 21T (1 — 8A> e Bo/T, (D.19)
0

The temperature dependent gap equation near the transition temperature can be calculated as follows
[22]:

1 /wD df A2 A4
~xT - + (D.20)
A ; —wp (W7 +€?) (Wi +82) (Wi +82)?
After calculating the integration in Eq.(D.20) we obtain
T m 3T
=T — —TA? — 4+ TA* _—.
2 To] 25T T LT (b-21)

Substituting w,, = 7T(2n + 1) in the above equation, we obtain
N

1 1 AN E 1 3/ AL 1
— = — (= — 4+ (= . D.22
=Y Gr) Sar i r) S ey 02)

The summation in the first term of Eq.(D.22) can be easily done using digamma functions. In the
asymptotic limit, z — oo, ¥(z) — log z. Now, we consider the critical temperature solution in the BCS
theory. At transition temperature, the gap vanishes (A = 0), then Ex = &. We compute

MWhen T < A, the asymptotic expansion for the vth order modified Bessel functions for the second kind can be written as

[41] :
1/2 2 _ 12 2 2 _ a2
™ _ v —1 (4v® —1)(4v? — 32)
K2~ [ Z z 11 e D.14
) (2,2) ¢ |: * 118z + 21(8z)2 + ( )
So that,
1/2 2 2 92
™ 1 1.3
K ~ (= Pl — 4. D.15
0(z) (2z) © [ 18: T 2822 } (D.15)
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,—TZ/OO w2+§27Tﬂ'Z\wn\

1 1
=27T — =T —_—. D.23
m Zsz( +1/2) ;(nﬂ/m (D-23)
We use the property of digamma function to write the critical-temperature result as follows:

kpT. =

72MD§XP(7) exp (—1/X) . (D.24)

Applying the T' = T, result, we obtain

2wpe” 2wpe Az & 1 RYAN— 1
1 ~1 - ) . D.2
°8 ( T. ) 8 ( T ) (nT)? 2= (2n + 1) i) 2 2n+ 1) (D-25)

The second and third summations can be solved using the Riemann-zeta function [41]

oo (L) _ A2 L, A 1
P\T) T T GTE & a1 AT & (21 1)

7¢3) [ AN\ 93¢(5) [ A\

T8 <7rT> + 193 <7TT> (D.26)
Furthermore,

= 1 2% —1

;}(2’{14—1)2:( 22 >C(Z) (D27)
where

1
(=)= =
HZ::O (n+1)2

Solving for the gap equation close to the critical-temperature we obtain

| 8 [T.=T
T. TR (D.28)

The finite-temperature gap function can be written as

tanh (
/ d€ : — , (D.29)

and the zero temperature gap function is

1 1
N ——— (D.30)
A / Ao/ ()2 +1

If we subtract the finite-temperature BCS energy gap from the zero-temperature gap function, it becomes
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Figure D.3. Reduced gap function versus the reduced temperature using BCS theory.

. tanh (%‘1/%) 22+ (A D)2
/0 dm[ ( 22 1 (B D)2 0 )
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We set & = x/Ag, and substitute 2Aq/kpT, = 3.53 in Eq.(D.31). Figure.(D.3) represents A/Aq vs.
T/T.. The red dotted curve shows the behavior of the energy gap, which is a universal function of T'/T..

(D.31)
The gap function decreases from 1 at T' = 0, so the hyperbolic tangent becomes unity, which means that
the energy gap is constant until the quasi-particles become thermally excited. Near T, the gap drops to
zero [42]. This integral converges to zero very fast at higher energies.

Appendix E: Units of Free energy
The free energy difference is

AF
N(O)

—2rT ) < w2, + A2(iwyy,) — wm> 1—
m=0

W

w2, + A2(iw,,)
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Now if we set

and

Wm = mt(2m + 1T, /wEg.

WO =gty (Vmtem + 0T o) + 82w -

c C

(nt(2m + 1T,)

)
(rt(2m + 1)T¢)/wi

V (@t @m + DT fop)® + A (i)

x|1-—

This equation is used in obtaining the Eliashberg result. If we are interested in BCS theory, we set
a = Ay, where Ag = mexp(—v)T.. Thus,

T._ T Cexply) 1
o mexp(—y)T. w  LT6 (E.3)
Then, we obtain
AF > 2 » (7t(2m + 1))
NO)TE ~ (21 x 1.76)tm:0 (\/(m‘(2m +1)/1.76)° + A2(itwy,) — 1.76)
x|1-— (mt(2m +1))/wp -

V (rt(2m +1))/1.76)” + A2(iwy,)
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