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Annotation

This master’s thesis presents a detailed investigation into the
enhancement of superconductivity in two-dimensional systems,
particularly emphasizing the role of multifractality and spin-orbit
coupling. The study is based on the understanding that Anderson
localization and electron-electron interactions can enhance supercon-

ductivity due to the multifractality of electron wave functions.

The primary contribution of this work is the development of a the-
oretical model for multifractally-enhanced superconducting states in
two-dimensional systems in the presence of spin-orbit coupling. Utiliz-
ing the Finkel’stein nonlinear sigma model, we have derived modified
Usadel and gap equations that account for renormalizations due to
the interplay of disorder and interactions. We find energy dependence
of the superconducting spectral gap, which is influenced by multi-
fractal correlations. We have determined the superconducting transi-
tion temperature and the superconducting spectral gap for both Ising
and strong spin orbit couplings. Additionally, we have analyzed meso-
scopic fluctuations of the local density of states in the superconducting
state, finding that spin-orbit coupling reduces the amplitude of these
fluctuations. Finally, this thesis explores the interaction-renormalized
Usadel equation beyond the lowest order limit in interaction con-

stants. Its behavior near the critical temperature is examined.
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Introduction

Superconductivity and Anderson localization are two fundamental quantum
phenomena that continue to attract significant interest.

The concept of Anderson localization, first introduced by P. W. Anderson in
1958 [1], describes the absence of diffusion in a disordered system due to wave
interference. In a disordered medium, an electron can be localized, meaning its
wave function decays exponentially with distance from a given point, instead of
spreading out across the system.

The localization of the wave function is described by its exponential decay

away from a given point:

()7 o eI rol

where ¥ (r) is the wave function at a point r, 7y is the position of the localized
state, and & is the localization length.

On the other hand, quasiparticle interactions in metals play a crucial role in
understanding many-body phenomena such as superconductivity. These interac-
tions can be categorized into different channels based on the spin and orbital
symmetries of the interacting quasiparticles. Given a generic interaction poten-
tial between particles, we can divide these terms into small-frequency momentum
scattering within particle-particle (hole-hole) and particle-hole interactions, or
into spin-singlet and spin-triplet contributions.

Within this research and in accordance with [2], singlet and triplet channels
are terms used to describe the particle-hole interaction channel, which involves
small frequency-momentum transfers between a particle and a hole. In the singlet
channel, the total spin of the two interacting quasiparticles is zero. While in the
triplet channel, the total spin of the two interacting quasiparticles is one.

The particle-particle or Cooper interaction channel refers to the exchange of
small energy and momentum between two particles or two holes. The interaction
leads to the formation of Cooper pairs, which are pairs of quasiparticles with

opposite momenta and spins. !

'Tn our research, we examine a pointlike interaction. Despite the potential triplet term in
the Cooper channel, it vanishes for an instantaneous, pointlike interaction due to the Pauli
principle. However, in some materials, spin fluctuations can induce an attractive force in the
triplet channel |3, 4].



Before we proceed, let us also discuss the importance of spin-orbit coupling in
superconducting materials. Spin-orbit coupling impacts superconductivity in vari-
ous ways. It can induce unconventional superconductivity, modify pairing symme-
try and gap structure, influence vortex behavior, and even give rise to topological
superconductivity (for a review, see [5]). While these effects are interesting and
complex on their own, in this research, we focus solely on the impact of spin relax-
ation on the scaling properties of superconductivity. I emphasize that throughout
this thesis, I exclusively consider s-wave pairing and assume a homogeneous gap
that is independent of direction.

Let’s discuss the various mechanisms of spin relaxation and their effects on
quasiparticle interactions. Spin-orbit coupling introduces an additional term to

the Hamiltonian, see [2]:
Hyo = —iao - [V (vso(T) + uso(r)) X V|,

where the spin-orbit interaction in the absence of impurities is denoted as
Vso(T), and ug,(r) represents the impurities-induced component. The parameter
a represents the spin-orbit coupling constant, and o is a Pauli matrix vector that
corresponds to spin-1/2. It should be noted that both terms, us(7) and v, (7),
contribute to spin relaxation and result in finite spin-flip times. The specific details
of the mechanism can lead to anisotropic spin relaxation, characterized by times
Ts(f ), TS((Z)/ ), and Ts(oz ) for scattering of the x, y, and z components, respectively.

In the case where impurities-induced contribution is the main source of spin-
orbit coupling and the sample is two-dimensional, see [6], the description of the
spin-orbit coupling (in momentum space) can be expressed as the random term
Uso(p X P), where p and p’ represent the momenta before and after scattering,
respectively. Note that since p and p’ lie in a plane of a superconductor, only the

o” component survives and leads to a finite scattering time
1/7'5(5) = 1 {ug(p x p')?), 1/78(30) — 1/7-S(g) —0

Thus, in this case, one gapless triplet mode corresponding to S* = 0 is imple-

mented. At length scales much larger than the spin-orbit length Lgimp ) = DTS((;z ),

where D is the diffusion coefficient and Ts((f) is the relaxation time for the z-

component, the massive triplet modes become effectively frozen. We would like



to emphasize that the pathway leading to one gapless triplet mode is not sin-
gular. Another significant pathway is the so-called Ising spin-orbit coupling |7],
particularly relevant for transition metal dichalcogenides (TMDs) — ultra-thin su-
perconductors. These materials have recently been widely studied experimentally.
To underscore the potential of a multifractal mechanism amplifying superconduc-
tivity in TMDs, we refer to the instance of a single massless mode as the Ising
spin orbit.

On the other hand, if intrinsic spin-orbit coupling is important, it can result

in finite values for 1 /TS(S” )

through the D’yakonov-Perel” (DP) spin relaxation
mechanism [8]. The DP mechanism operates based on the concept that the spin
of a carrier rotates around an effective magnetic field determined by the carrier’s
momentum, which arises from the spin-orbit interaction. When the carrier under-
goes scattering due to impurities or phonons, its momentum changes, altering the
direction of the effective magnetic field. If these scattering events occur frequently
enough, the carrier’s spin can become randomized, leading to spin relaxation. The

)

relaxation rates for the triplet modes are determined by 1/ Ts(f U~ A2 7, where
Ay, represents the spin-orbit splitting and 7 is the momentum relaxation time.
As a result, the triplet modes, whether diffusons or cooperons, are suppressed at
length scales L > ngojp) = vp /A

Summing up, we are considering a spin-orbit interaction that is weak enough
to preserve the symmetry of the gap (s-wave), but strong enough that the critical
length Ly ~ \/m, where T, is the superconductor critical temperature, is
significantly larger than min(LgiOmp ) , ngp)). While it is recognized that spin-orbit
coupling can result in mixed singlet and triplet pairings, see [9], in the clean limit,
we propose that in the presence of disorder, the unconventional pairing compo-
nent will be disrupted following a similar mechanism described by the Abrikosov-
Gorkov theory. Furthermore, we adopt a perspective in which the broadening of
the quasiparticle spectrum caused by disorder significantly outweighs the splitting
induced by spin-orbit interaction, i.e. TA,, < 1. Therefore, we do not anticipate
any lifting of spin degeneracy or triplet pairing.

When the aforementioned spin relaxation mechanisms compete, different regimes
can arise. Let’s discuss which cases are realized based on the strength of the spin-
orbit interaction. There are two characteristic lengths associated with the spin-
orbit interaction, Lgiomp ) and LgODP)

conductivity Lp. If Ly < min(Lg)mp ) , ngp)), we effectively have a spin rotation

, and the length scale associated with super-



symmetric case where all modes can be treated as gapless. If L7 lies in the range

Lg@mp '« Ly <« ngp), only the S* = 0 triplet mode remains gapless. Finally, if
Lt > LFJO’P), all triplet modes are suppressed.

Note also that the system can exhibit different localization regimes depending
on the presence and type of spin-orbit relaxation. In the absence of spin-orbit
coupling, it is in a weak-localization regime. When spin-orbit coupling suppresses
relaxation in all directions, the system enters a weak anti-localization regime.
Finally, when only one triplet mode is gapless, the system exists in a regime
where the conductivity remains nearly constant with changes in sample size. Let
us now return to the interplay of disorder and interaction in 2D superconductors.

Initially, it was believed that non-magnetic disorder does not affect the s-wave
superconducting order parameter, a concept known as the “Anderson theorem”
[10, 11, 12]. However, this paradigm later shifted to view superconductivity and
disorder as antagonists due to Anderson localization [1]|. Strong localization was
predicted to suppress superconductivity [13, 14, 15, 16]. A similar destruction of
superconductivity was predicted due to the Coulomb interaction at weak disorder
|17, 18, 19, 20, 21, 22, 23|. The experimental discovery of the superconductor-to-
insulator transition [24] has further stimulated interest in the effects of disorder
on superconducting correlations in thin films (see Refs. |25, 26, 27| for a review).

Recently, there has been a paradigm shift in our understanding of supercon-
ductivity. Predictions made in Refs. [28, 29] suggest that Anderson localization
can lead to an enhancement of the superconducting transition temperature, T, for
systems near the Anderson transition (e.g., in three dimensions). This mechanism
is based on the multifractal behavior of wave functions - a well-known companion
of Anderson localization - that leads to an enhancement of effective attraction be-
tween electrons. This mechanism operates in the absence of long-ranged Coulomb
repulsion. Later, the multifractal enhancement of T, was predicted for systems in
the regime of weak localization (or anti-localization), which is relevant for weakly
disordered superconducting films [30, 31]. These analytical predictions have been
further tested by numerical computations for the disordered attractive Hubbard
model on a two-dimensional lattice [32, 33, 34]. Recently, an observed increase
in T, with increasing disorder in monolayer niobium dichalcogenides [35, 36| has
been suggested as a demonstration of the multifractal-enhancement mechanism.

One approach to characterizing the multifractally-enhanced superconducting

state involves studying the mesoscopic fluctuations of the local density of states



[37, 38]. This could potentially be very promising due to (i) the numerous re-
ported tunneling spectroscopy data on point-to-point fluctuations of the local
density of states in thin superconducting films [39, 40, 41, 42, 43, 44|, and (ii) a
qualitative agreement between the theory [45] developed for temperatures T' > T,
and experiments on the local density of states in the normal phase of disordered
superconducting films.

However, there are examples of superconducting thin films and two-dimensional
systems with broken spin rotational symmetry due to the presence of spin-orbit
coupling. This includes systems such as single atomic layers of Pb on Si [46],
SrTiOg surfaces [47, 48|, LaAlO3/SrTiO3 interfaces [49, 50|, and MoS, flakes
[51, 52, 53|. Moreover, the existence of Ising-type spin-orbit coupling is antici-
pated in monolayer niobium dichalcogenides, where multifractal enhancement of
superconductivity has been measured [35, 36]. This necessitates the development
of a theory that can account for the multifractal enhancement of superconductiv-
ity in two-dimensional systems with spin-orbit coupling.

In this work, we extend the theory of the multifractal superconducting state
developed in Ref. [37] to thin films with spin-orbit coupling. Similar to Ref. [37],
our focus is on the case of weak short-ranged electron-electron interaction 2. We
consider an intermediate disorder strength where the renormalization group anal-
ysis for the normal state predicts a parametrically enhanced T, compared to the
conventional Bardeen-Cooper-Schrieffer (BCS) result [30]. Using the Finkel’stein
nonlinear sigma model, we derive the Usadel equation and the equation for the
spectral gap function. These equations are modified due to the interplay of disor-
der and interactions at scales shorter than the superconducting coherence length.
We solve these equations for the cases of Ising-type and strong spin-orbit cou-
plings. In the Ising case, a single triplet diffusive mode remains effective at long
length scales, while in the strong spin-orbit coupling case, all triplet modes are
suppressed. In both cases, we determine the superconducting transition temper-
ature and investigate the energy dependence of the spectral gap function at low
temperatures (T < T.) and near the transition (T, — T' < T.). We find that the
maximum magnitude of the gap is proportional to 7,, indicating its enhancement
due to multifractality. Additionally, we estimate the mesoscopic fluctuations of

the local density of states. Despite the absence of spin rotational symmetry, we

2The long-range component (Coulomb) of the interaction can be suppressed in films covered
by a substrate with a high dielectric constant.



find that these fluctuations exhibit logarithmic divergence with the system size
(if the effect of dephasing is neglected).

The outline of the thesis is as follows. In Sec. 1, we present the general scheme
for the description of the superconducting state. This scheme is applied to the case
of Ising-type spin-orbit coupling in Sec. 2. In Sec. 3, we consider the case of strong
spin-orbit coupling. The results of the sections listed were published in [54]. We
also include additional developments beyond the lower-order perturbation theory
in Sec. 5. The thesis is concluded with a summary and conclusions in Sec. 6. Some

technical details are delegated to the Appendices.

10



1 Equation for the spectral gap

In dirty superconductors, there is a significant energy window between the
diffusive scale of 1/7 (where 7 represents the mean free time) and the energy
scale associated with superconductivity, which can be chosen as T,. To accurately
describe the superconducting properties at the energy scale T, (with the corre-
sponding length scale being the superconducting coherence length, & = \/W),
it is necessary to account for the interaction effects among the diffusive modes
within the energy interval T, < e < 1/7.

Similar to studies of normal dirty metals, the interaction of diffusive modes
leads to the renormalization of physical parameters in the superconducting state,
such as conductance and interaction strengths. These renormalizations have a
significant impact on the Usadel equation and the self-consistency equation for
the spectral gap. To derive these modified equations, we employ the nonlinear
sigma model approach described in Ref. [37] (see Appendix A for details). This

procedure yields the following modified Usadel equation for the spectral angle 6.:
D._, . B
7V 0. — |e|sinf. + A, cosf. = 0. (1.1)

Here ¢ = nT(2n + 1) denotes fermionic Matsubara frequency. Equation (1.1)
differs from the standard Usadel equation [55] by energy dependent spectral gap
A, and energy dependent diffusion coefficient D, 3.

To the lowest order in disorder and interaction, the spectral gap satisfies the

following equation

(%—N%)/ d’q D }

A, =—-27T inf6.{ v —2
€ 2 ZSIH 5{’Y q (27)2Dq2+Eg+Eg'

e, >0

E. = |e| cosb. + Asinf.. (1.2)

Here, v. < 0, 75, and ~; represent the bare values of the dimensionless interaction
amplitudes in the Cooper channel, as well as in the singlet and triplet particle-hole
channels, respectively. We presume the interaction in the particle-hole channel to

be weak and short-ranged. Consequently, we examine the case where |y.s¢| < 1.

3In this thesis we are interested in the superconducting state which is spatially homogeneous
on the scale of the order of £. Therefore, we shall not discuss energy dependence of the diffusion
coefficient here.
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The disorder is regulated by the bare dimensionless (in units e?/h) conduc-
tance g = h/(e’Rp), where R is the film resistance per square in the normal
state. The bare diffusion coefficient D is linked with conductance and the density
of states, v, at the Fermi energy in the normal state via the Einstein relation
g = 2mvD. The superconducting order parameter A establishes the bare value of
the superconducting gap.

Parameter N in Eq. (1.2) counts the number of massless triplet diffusive
modes. We will focus on the cases NV = 0 and 1 whereas the case N' = 3 was
considered in Ref. [37].

We note that a similar form of the self-consistency equation for the spectral gap
has been derived in Ref. [56, 57] in the case of Coulomb interaction (s = —1) and
neglect of exchange interaction (y; = 0) by means of the diagrammatic technique.

Equation (1.2) resembles the standard self-consistency equation in the BCS
theory except for the logarithmic renormalization of the attraction interaction
parameter 7.. This renormalization is identical to that in the normal metal, except
the infrared scale is set by maxe, e, A. The perturbative result (1.2) for the
renormalization of 4. can be extended via the renormalization group technique,
as seen in Ref. [37] for details.

Then, by solving the modified Usadel equation (1.1) as sin . = A.//e2 + A2,

we find the following self-consistency relation for A.:

(Lp.ip,) A
— Ty j” Bt i) , (1.3)
e? + A2

e'>0

Here L. = \/D/e is the diffusive length associated with the energy scale €. The
flow of 4. with the length scale L is governed by the following renormalization
group equation (see Ref. [37] for N' = 3),

dye.

o= 500 =N, (14)

Here y = InL/¢ with ¢ and L being the mean free path and the system size,
respectively. The dimensionless resistance is denoted as t = 2/(mwg). Its bare value
to is assumed to be small, tg < 1.

Equation (1.4) does not contain the standard term, -y2, which is responsible

for the Cooper instability in the clean case. This term is encoded in the super-

12



conducting order parameter A (see Ref. [37] for details).

It is tempting to replace A with A, in the expression for E. in Eq. (1.3) to
make it a fully self-consistent equation for A.. This was done in Ref. [37] based
on the relation between the Usadel equation, linearized in variation of ., and the
Cooperon propagator with coinciding energies. However, further analysis shows
that the Cooperon propagator with two non-equal Matsubara energies has a more
complex structure after renormalization.* Fortunately, as we will see below, the
precise form of the difference E. — |¢| is not critical for the results reported in this
thesis.

Eq. (1.4) needs to be supplemented by renormalization group equations for 7,
and t. However, their exact form depends on the magnitude of N'. We will analyze
Eq. (1.3) separately for the cases N/ = 0 and 1. Moving forward, we assume that

the bare values of interaction and disorder are weak: |7vsol, [0l |7eol, to < 1.

4The author is grateful to P. Nosov for this comment.

13



2 N = 1: Ising Spin-Orbit Coupling

In this section, our focus is on superconducting films with Ising spin-orbit
coupling. In this case, the in-plane spin-flip scattering rates induced by spin-orbit
coupling are smaller than the out-of-plane rate, i.e., 1/75Y < 1/7Z. As a result,
one triplet diffusive mode, corresponding to the total spin projection S, = 0,
remains gapless, along with all singlet diffusive modes. This scenario leads to the
realization of the case N/ = 1 for the Ising spin-orbit coupling.

To analyze the gap equation (1.3), it is necessary to determine the actual
dependence of 4. on the length scale. In Ref. [31], the complete set of one-loop
renormalization group equations for v, . and ¢ was derived using the background
field renormalization of the nonlinear sigma model above the superconducting
transition temperature. By applying the same method in the superconducting

state, we obtain:

dt 12
a = —5(% + v+ 27.), (2.1a)
: 1 1 2 ’
a (" ¢ g
fyc 1 _1 0 f)/c

We note that Eq. (2.1a) is valid under the assumption that |ys;.| < 1. Similar
to the case of a normal metal [58], weak localization and weak antilocalization
effects cancel each other out in the presence of Ising spin-orbit coupling. Eq.
(2.1a) implies that the dimensionless resistance ¢ remains nearly constant in the
leading order. Therefore, we can assume t ~ ty below. Eq. (2.1b) suggests that
under the renormalization group flow, the interaction parameters approach the
so-called BCS line, where —y;, = 14 = 7. = v [30]. To describe the system’s
behavior at length scales y 2> tgl, we project Eq. (2.1b) onto the BCS line. As a
result, we work with an effective interaction parameter v that evolves according

to:

dy/dy >~ tyy, 0 = (10 — V50 + 270)/4 < 0. (2.2)

14



Solving the above equation, we find

V(L) = (L/0)". (2.3)

In the following, we assume that disorder dominates over the interaction, i.e.,
to > |7v]|. This regime is known to exhibit multifractal enhancement of the su-
perconducting transition temperature [30]. The transition temperature 7, can be
estimated using the relation |y(Lz.)| ~ ty (see Appendix B). This leads to the

following estimation:
T ~ (1/7)(|ol /t0) " (2.4)

We observe that the superconducting critical temperature T, corresponds to ¥, ~
to In(to/|70|) > t;*. This validates the projection onto the BCS line.

2.1 The Critical Temperature

More precisely, the superconducting transition temperature 7. can be de-
termined from the linearized self-consistent equation, as given in Eq. (1.3). It
should be noted that after projecting the self-consistency equation (1.3) onto the
BCS line, the parameter . is replaced by ~. The linearized version of the self-

consistency equation can then be expressed as follows:

A
As = —27TTZ’Y(L5+€/)7. (2'5)

e'>0

Taking into account the actual dependence of v(L) on L, Eq. (2.3), we find

ol e A
A, = , 2.6
(27T T )to/2 n%:o (n+n'+1)/2(n +1/2) (2:6)

where the parameter nya, ~ 1/(277'7) serves as a natural cutoff for the num-
ber of Matsubara frequencies belonging to the diffusive regime. The search for
T, can be reformulated as a problem of finding the maximal eigenvalue of the
corresponding matrix. The superconducting transition temperature satisfies the
equation (2nT,7)"*% = 79| Aps, where Ay is the maximal eigenvalue of the matrix
My = (n4n/ +1)702(n +1/2)71,

By numerically solving Eq. (2.6) using the power method (see Appendix C),

15
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Figure 1: The dependence of the gap function A, on the Matsubara energies ¢, =
21T (n+1/2) for T near the critical temperature 7. Solid and dashed lines show
analytical expressions (2.11) and (3.11), respectively. Dots of the corresponding
colors mark numerical solutions for leading eigenvectors of Egs. (2.6) and (3.6).

we find that Ay, ~ 1.4/ty, resulting in the following expression:

L (Lol /10)2"". 2.7)

T

P

The right eigenvector r,, of the matrix M corresponding to Ay is depicted in Fig. 1.
[t is worth noting that the left eigenvector of the matrix M can be expressed as
l, = r,/(n+ 1/2). The spectral gap exhibits a pronounced energy dependence,
which is in contrast to the BCS model where it is a constant value.

The result (2.7) can also be justified through an analytical treatment of Eq.
(2.6). First, we replace (n +n' + 1)%/2 with max{(n + 1/2)%/2 (n/ + 1/2)%/?},
which is justified by the smallness of the exponent ¢ty < 1. Then, we introduce a

variable

2 2 _
e = 2 (Le)] = 20l er -tz 2.
0 0

Then, using the Euler-Maclaurin resummation on the right-hand side of Eq. (2.5),

16



we obtain

uo Up,

Ay t
A, un/du— + /duAu + %%Auo, (2.9a)
u
Uso = Ui/ ~ |Y0]/t0 < 1, (2.9b)
a=1+) 2"""'By/k~12T. (2.9¢)
k=1

Here us, corresponds to nmya, and Bg, denotes even Bernoulli numbers. At T =
T. we seek the solution of Eq. (2.9a) in the form A, = A, f(u,) with the
normalization f(ug) = 1. The integral equation (2.9a) can be reduced to the

following Cauchy problem for the unknown function f(u),

f(u) = —f(u)/u,
fllug) = ato/2,  f'(use) = f(too)/ticx. (2.10)

Solving Eq. (2.10), we obtain

flu) = Fi(u) = vk (2v/). (2.11)

Here Ji(x) denotes the Bessel function of the first kind. We note that for the
sake of brevity in the above expression Fj(u) is written in the lowest order in
small parameters |yy| < to < 1. Although one can easily find the exact solution
to f(u), in what follows we do not need it. We also note that the solution (2.11)
satisfies the normalization condition f(ug) = 1 and the boundary condition at u =
Us. The yet unknown parameter uy determines the superconducting transition

temperature as
T = (277) "1 ((2/wo) |0l /t0)*/ ™. (2.12)

The value of uy can be determined from the boundary condition at © = uy. By
using the relation (zJ1(x))" = xJy(x) and neglecting aty/2 in the right-hand side
of the equation for the boundary condition at u = ug, we find ug =~ (j071)2/4 ~
1.45, where j, is the k-th zero of the Bessel function J,(z). The result in Eq.
(2.12) is in good quantitative agreement with the numerical result in Eq. (2.7).

Additionally, as shown in Figure 1, there is remarkable agreement between the

17
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Figure 2: Multifractally-increased superconducting transition temperature T..
Solid lines show the dependence of In T/ TP on magnitude of the ratio ¢ /1ol
when the initial interaction parameters 7y, V0, Veo lie on the BCS-line, i.e.
Y =% =Y = v for N =1 and —y, = 7. = v for N' = 0. Dashed lines
of the corresponding colors illustrate the behavior of InT./ TC(BCS), when the ini-

tial parameters deviate from the BCS-line. This can lead to a decrease in the

T(BCS)

critical temperature 7, in comparison to at a small ratio of g to || (see

inset), but eventually InT./T, C(BCS) becomes positive and continues to grow with
increasing disorder. Black dotted lines correspond to the expressions (2.12) and
(3.12).

function f(u,) and the numerically computed eigenvector corresponding to the
maximum eigenvalue of the matrix M.

Equation (2.7) predicts an increase in 7, with an increase in disorder ¢, at a
fixed vy. However, Eq. (2.7) is valid only for £y > |79|. To explore the behavior for
various values of ¢y, we numerically solve the self-consistency equation (2.6). The
dependence of T, on ty is shown in Figure 2. As observed, for initial conditions
on the BCS line, T, increases with an increase in t;, eventually reaching the
asymptotic expression in Eq. (2.12) (black dotted lines) for ¢y > |7o|. In the case
of the system away from the BCS line initially, 7. is initially suppressed with an
increase in ty, but then starts to increase at ty = |70l

We now move on to examining the behaviour of the gap function A, as a

function of ¢ at different temperature regimes: when 7' is close to T, and when
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2.2 The Spectral Gap Function
2.2.1 The Gap Function Near T,

At T = T, the amplitude Aq of the spectral gap function vanishes. To find
the dependence of A, on energy at T, —T' < T, we expand the modified self-

consistency equation to the third order, retrieving

AE' Ag/
A =21T> |y(Lete)] <— > . (2.13)

e 2B
e’>0

We note that quadratic in A, terms that originate from expansion of ’fy(L F.+E.)
are suppressed by a small factor ¢; < 1.
Let us write A, = Ay(T)r, with the normalization 7y = 1. Then Eq. (2.13)

becomes

T %0 Nmax A%(T)TiS

8272 ' n’
A — n = M, |ty ————=1| . 2.14
M(Tc) ' Z,O T W T 1/2) (214

To ensure Ay(7.) = 0, one needs to choose r, as the right eigenvector of the
matrix M, corresponding to its maximum eigenvalue A\,;. Then, by multiplying
both sides of Eq. (2.14) with the left eigenvector {,, = r,,/(n+1/2) (corresponding

to Ayr) from the left, we obtain:
871'2 1/2
Ag(T) = (by—=T.(T.— T : 2.15
1) = (b 1T - 7)) 219
Here the constant by for N’ =1 is given as

nmax

> ra/(n+1/2)

b, = BN o= . (2.16)
2 (4 1)2)8
n=0

We have chosen the normalization of b; in a way that the quantity b; — 1 describes
the deviation from the BCS theory. However, despite the strong energy depen-

dence of the right eigenvector, as we will demonstrate below, our approximation
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shows that the difference by — 1 is actually zero.
First of all, replacing r? with r§ = 1 in the denominator of Eq. (2.16), we find
that

g W ~ 7¢(3). (2.17)

Next, in order to estimate the numerator of Eq. (2.16), we replace r,, with an

analytical expression r, = f(u,), see Eq. (2.11). Hence, we obtain

[ 2 ["du , 2
o~ — — ~ —. 2.18
Zn—l—l/Q tO/O Uf(u) to ( )

n=0

Combining all the above we restore the BCS results, b; = 1, in the limit ¢; < 1.
We note that in order to compute corrections to the BSC result, b; = 1, one needs
to know the precise form of dependence of the infrared cut off length scale Lr_1 g,
on A, and A in Eq. (1.3).

One can estimate the effect of admixture of other eigenmodes to the depen-
dence of A on . Writing A, = Ay(T)(r, + Zj sjrﬁlj)) where 7 are the right

eigenvectors of the matrix M with eigenvalues A\; < Ay, we find

N
lq(wf)rfb n+1/2)2
N AT = [(n+1/2)

s — A 82T

55 = (2.19)

S 19),0)
n=0

Here we used orthogonality condition ) 17(1] )rn = (0 where lfij ) stands for the left
eigenvector of the matrix M,  corresponding to the eigenvalue A\;. We see that
the admixture of the other eigenmodes at T, — T' < T, is completely negligible.
Therefore, the energy dependence of A, on € at T, — T < T, is essentially the

same as at the transition.

2.2.2 The Gap Function at T' < T,

We begin by considering the zero-temperature limit. To analyze the behavior
of the gap function at T = 0, we replace the summation over Matsubara fre-
quencies with an integration over energy &’ in Eq. (1.3). There are two sources
of dependence on ¢’ in the equation. The first is the fast dependence under the

square root, and the second is the slow (almost logarithmic for ¢y < 1) depen-
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dence in . Based on the solution for T" = T,, we expect the gap function A, to
be a decreasing function of €.

Let us introduce the characteristic energy scale €g, such that A., = €. The
structure of the equation for A., as given by Eq. (1.3), suggests that the gap
function slightly varies from its value Ay at ¢ = 0 to A, = 9 at € = g¢. This
implies that eg ~ Ag. In order to determine the precise relation between ¢y and
Ay, as well as the dependence of A, for ¢ < Ay, one needs to know the precise
dependence of the infrared length scale Lg r, on A. and A/, as given by Eq.
(1.3). This complication is absent at large energies ¢ > A.. As we will verify
later, this condition is satisfied for energies € that are not too close to Ay, i.e., for
e 2 Ay, due to the smallness of the dimensional resistance ¢y < 1.

At e > A, we approximate the self-consistent equation (1.3) as follows

Ay 1T
dS/AO dglA(_:/ dglA{_:/
A= (L)) [ 22 + (L) / ——h (L)l
2 2 2 2 2 2
S Ve + A e + AZ RV + AZ

(2.20)

Substituting A, for A, = A, f(u.), where u. is defined in Eq. (2.8), the above

equation can be rewritten in the following differential form

8f(u5)/u€
\/62 + A2F2(u.)

Since we are working in the regime € > A., we can safely neglect the term with
Ay under the square root in the right hand side of Eq. (2.21). Then Eq. (2.21)
reduces to Eq. (2.10) with the same boundary conditions except a = (1) now.
Thus the solution can be read from Eq. (2.11). Altogether we find the following

solution for the spectral gap function

" (u:) = (2.21)

17 € 5 AO)
A, ~ A, (2.22)
Fl(ug)/F1<UAO), ) Z Ao.

Now we can check the assumption € > A.. Using Eq. (2.22), we find that

/oF u
£ - 1(a,) > 1 (2.23)
Ac Ue OFl(us)
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holds for all € except close vicinity of |¢ — Ag| ~ Ag.

We note perfect matching of both asymptotic results (2.22) at e = Ay. Using
the boundary condition f’(ua,) = 0 we find that A coincides with 7. upto
numerical prefactor,

Ay ~ T. (2.24)

However, as we noted above our approach does not applicable in the vicinity of
the point € = Ay. Therefore, we cannot determine the precise constant for the
ratio for Ag/T.. We emphasize that the dependence of the spectral gap function
at € > Ag for T' = 0 is exactly the same as for 1" close to T..

We emphasize that the spectral gap function is parametrically enhanced at
small energies. Using Eq. (2.22) we find that the spectral gap at € ~ 1/7 (which
coincides with the order parameter A) is proportional to Ag|vyo|/to < Ayp. Typical
behaviour of A. is illustrated in Fig. 3.

At non-zero temperature, the form of the spectral gap function remains the
same but there is reduction of the magnitude of Ay while temperature increases.
At T < Ag the dependence of Ay on temperature can be estimated as follows.
At e > Ay the gap function A, satisfies equation similar to Eq. (2.20) in which
Ay is substituted by Ay(7") and

Ao 1/7
de' Ao (T)
NEEwN 50 AT e? + A3(T)

Ao(T) .
o 5/2 +A2 ’
0

Such modification of Eq. (2.20) results in change of the constant a in the boundary
conditions in Eq. (2.10). Now it becomes a = (1) — /27T /Agexp(—Ay/T).

Taking this temperature shift of the constant a into account, we find

Ao — No(T) ~ /20T Ay e /T T < A,. (2.26)

We note that since this result is obtained with the help of the boundary condition
at ¢ = Ay(7T), we cannot unambiguously determine a numerical factor in Eq.
(2.26).
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Figure 3: The dependence of the gap function A, at low temperatures on energy
e (see text). Dimensionless interaction constant is chosen to be || = 0.005 and
dimensionless resistance is tg = 0.2. Bottom curve illustrates the behaviour of A,
for the case of Ising spin-orbit coupling (N = 1) while the top one corresponds
to the case of strong spin-orbit coupling (N = 0).

| L L L |

3 N = 0: Strong Spin-Orbit Coupling

In this section, we consider the case when all three spin-flip rates, 1/75%%
induced by the spin-orbit coupling, are of the same order. In this scenario, only
the diffusive modes corresponding to the total spin zero remain gapless. As a
result, the number of triplet modes reduces to zero, i.e., N' = 0.

For N/ = 0 the renormalization group flow of the interaction parameters s .
and the dimensionless resistance ¢ is governed by the following equations [31]

dt

— = —12(1 + v + 27.) /2, 3.1
i (1475 +27.)/ (3.1a)

d v\ _ t (12} [
R R

We emphasize that contrary to the case N' = 1 there is the weak-antilocalization
correction (term with unity in the brackets in the right hand side of Eq. (3.1a))
that results in flow of ¢ towards zero. In what follows we neglect terms proportional

to Vs (Altshuler-Aronov and density-of-states-type corrections) in Eq. (3.1a) in
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comparison with weak antilocalization. In accordance with Eq. (3.1b), the inter-
action parameters flow approaching the BCS line —v, = 7. = . Projecting Eq.
(3.1b) onto the BCS line, we find

dy/dy =1tv/2, v = (290 — Vs0)/3 < 0. (3.2)

Here 7 is the initial value of the effective attraction. We assume ¢y > |7y|. Solving
Egs. (3.1a) and (3.2), we obtain

Lo Lo

The effective attraction is growing with increase of the length scale. The super-
conducting critical temperature can be estimated from the condition |y(Lz. )| ~
t(L1,) (see Appendix B). It results in the estimate [30]

1

VIolte

We note that the numerical factor cannot be determined reliably in this way.

In1/(T.r) ~ (3.4)

3.1 The Critical Temperature

Let us now solve the self-consistent equation (2.5) in order to determine the su-
perconducting transition temperature. It is convenient to introduce a parametriza-

tion of the critical temperature in the following form:
T. = (277) ‘exp (4/ty — 4/t.), (3.5)

where, based on Eq. (3.4), we expect t. to be of the order of \/|y|ty. Hence Eq.
(2.5) becomes

170 lt0 e 4/t. —In(n+n' + 1)
n,ZZO n +1/2 (3.6)

Here nyax = 1/(27T.7) =~ exp(4/t.). Again Eq. (3.6) can be considered as the
maximal eigenvalue problem for the matrix M,,/({) = (( —In(n+n"+1))/(n’ +

1/2) with ¢ = 4/t.. Numerical solution for the maximal eigenvalue reveals A\y; ~
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0.41(4/t.)* (see Appendix C). Thus we find

The dependence of the right eigenvector corresponding to the maximal eigenvalue
found numerically is shown in Fig. 1.
Similar to the case N’ = 1, we are able to solve the linearized self-consistency
equation (2.5) analytically. Introducing the variable
4 Apy(Le)] 4

Uy = = = — — In(e7), 3.8
() polte 6 T &8

replacing In(n + n' 4+ 1) with In(max{n + 1/2,n’ + 1/2}), and using the Euler-

Maclaurin formula, we get

U Un
4A,,
— = un/dUAu + /dUUAu + CLUTLAUO' (39)
[70lto

Here a coincides with the one defined in Eq. (2.9¢). Next, writing A, = Ay, f(uy)

with f(ug) = 1, we cast the above equation in the following differential equation,

[ (w) = —=(|olto/4) f(w),
Flug) = 1, f(ug) = L0) g1y = ol (3.10)

O .
Uso 4

The latter can be elementary solved:

flu) = ;;0&)), Fo(u) ~ sin [uw /yfyo|t0/4} (3.11)

Again, in the above equation the solution to f(u) is written in the lowest order

in the small parameters |yg| < to < 1. The last step is to find vy = 4/t. from
the relation f'(ug) = |yo|to/4. Simple algebra yields

4
Uy 7T/ "70|t0, &St ; "70’?50. (312)

We point out remarkable agreement between the numerical and the analytical
results, Eq. (3.7) and Eq. (3.12): 1.3 and 4/, respectively.
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The numerical solution of Eq. (3.6) for T, with arbitrary values of ¢, is shown
in Fig. 2. Analytical expression (3.12) (marked with a black dotted line) gives
S)

correct asymptotic values of In 7,/ T in the regime of large ratio ¢y/|vo.

3.2 The Spectral Gap Function
3.2.1 The Gap Function Near T,

At temperatures T, — T" < T, we use Eq. (2.13) in order to find A.. We
parametrize the temperature T by tr, such that T' = (277) Lexp(4/tg — 4/tr).
After one writes A. = Ao(T)ry,, Eq. (2.13) becomes

AJ(T), .3
8m2T2 ' n/

nmax

/\Mrn ~ Z Mnn’(4/tT) Ty —
n'=0

(3.13)

Here, we remind, Ay, denotes the maximal eigenvalue of the matrix M, (4/t.).
Using the identity M, (4/t7) = My (4/t.) + (4/tr — 4/t.)/(n' + 1/2) and ap-
proximation 4/t — 4/t. ~ (T, — T)/T., we rewrite Eq. (3.13) as

Nmax SA(Q)Q(;';) 7*3, T . T Nmax ro
as(4/t)r, ~ M, (4/1, n,_ﬂ—c" e 7 A
M(/ )T /Z:O (/ ) r (n/+1/2)2 + T. %n/+1/2

When T = T, the gap function turns to zero. This implies that r, are the compo-
nents of the leading eigenvector of matrix M, (4/t.). Multiplying Eq. (3.2.1) on
the left eigenvector of M, (4/t.), l,, = rn/(n+1/2), we retrieve the result (2.15)
with by for NV = 0 being

nmax

e (St s12)

bo = . (3.14)

AV (4 1/2)8
n=0

As in the case of N/ = 1 one can check that within our approximation by = 1 as in
the BCS theory. The denominator in the right hand side of Eq. (3.14) is treated
in the same fashion as in the case of A/ = 1. While in the numerator we write
7 = f(u,), where f(u) is given in Eq. (3.11). Using Fy(u) = sin(u/v/Ay) and
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ug = vV Aum/2, one immediately finds

(ffnf”l/z) ~ /du fuw) | = (3.15)

l

Therefore, combining the results for numerator and denominator we restore by =
1.

3.2.2 The Gap Function at T' < T,

The spectral gap function at T' = 0 can be found in the same way as it was
done in Sec. 2.2.2 for N' = 1. After straightforward calculations, we find

1, ) 5 Ao,
Fo(ue)/Fo(qu), g 2 Ao.

The maximal magnitude of the spectral gap, Ay, is given by the expression similar
to Eq. (3.5),
A() = (27T7')_164/t0_4/tA0, tAo ~ "}/Q‘t(). (317)

Unfortunately, within our approximation we cannot unambiguously determine the
numerical factor in the ratio ¢,/ \/m since it requires knowledge of the precise
dependence of the infrared lengthscale Lg g, on A, and A, see Eq. (1.3). Since
ta, stands in the exponent of the expression for Ay, we cannot exclude a possibility
that A differs parametrically from T..

We note that the superconducting order parameter (which coincides with the
spectral gap function at energies € ~ 1/7) is proportional to AO\/M <L Ay.
Typical dependence of A, on ¢ is shown in Fig. 3.

The change of A, with increasing temperature is the same as in the case of
N =1. At T < T, the amplitude Ag is decreasing in accordance with Eq. (2.26).
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4 Local Density of States

In this section, we discuss the local density of states and its mesoscopic fluctu-
ations in the superconducting state. For the sake of simplicity, we consider T = 0.
The disorder-averaged density of states can be found from the solution of the

Usadel equation

£
Ve?+ A2

Here the analytical continuation from Matsubara energies to real energies is per-
formed, ic — E + 0.
The behavior of the density of states at energies E close to Ay depends on

(p(E)) = vRcos Oy —ipso = VR

(4.1)

e —iE+0

fine structure of A, at € ~ Ay. Thus we have no access to these range of energies.
The only statement is possible to make is the existence of the spectral gap of the

order of Ag. Away from Ay, i.e. at E 2 Ay, using the smallness of A, /e, we find

((E)) ANE) . AL Fi(up)
% ~ 1R 2F? _1+2E2FK/(UAO)'

(4.2)

Here up = ua,(E/Ag)~"/? and ug = ua, — In(E/Aq) for N' = 1 and 0, respec-
tivelty.

Now we estimate mesoscopic fluctuations of the local density of states. This
can be done using the nonlinear sigma model approach in a way similar to the

one of Ref. [37]. We restrict our consideration by energy range

Ay < %6_2(2_/\/ M « E <

S |

(4.3)

In this range we can neglect the energy dependence of A, and approximate it by
its non-renormalized value A. Then we obtain for the variance of the local density

of states the following result (see Appendix D)

(6p(E, 7)) 1+NR / d’q [2B° - A* 1 N A? D
B Qr)2 | E2— A2 ¢ B2 — A’D@ 1 2iVE? — A2)
(4.4)

v? g

We note that the contribution in the first line of Eq. (4.4) corresponds to corre-

lations between electron-like and electron-like excitations. They do not feel the
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superconducting spectral gap. This explains why the infrared divergence in diffu-
sive propagator persist inside superconductor. The contribution in the second line
of Eq. (4.4) is due to correlations between electron-like and hole-like excitations
which are split by the twice the superconducting gap.

Performing integration over momentum and expansion in A/FE < 1, we find

p(E))* 2

We emphasize logarithmic divergence of the variance with the system size L.

BBy (e Ny L & Ly

¢ 282/ (4:5)

This signals about strong mesoscopic fluctuations of the local density of states in
disordered superconductors with the spin-orbit coupling similar to the case when
the spin-orbit coupling is absent |37, 38].

The renormalization of diffusive propagator ignored so far results in substitu-
tion of L by min{L, L(E?)} where L(g) denotes the dephasing length induced by
electron-electron interactions. Unfortunately, at present, there is no complete the-
ory of dephasing rate in disordered superconductors. Using the results of Ref. [59],
one can estimate dephasing length due to electron-electron interaction at £ > A
as La/(|vo|vto) > La. We note that such estimate is applicable at T < T,.
Close to superconducting transition the dephasing rate is enhanced due to the
superconducting fluctuations (for details see Ref. [60]).

With the help of the renormalization group we can convert the perturbative,
infrared divergent, result (4.5) into the result for the second moment of the local

density of state:

(P*(E,r) _ (min{L, L'V} /o), N =1, (46
(p(E))? 1+ (to/2) In(min{L, LY} /), N =0. |

One can also generalize expression (4.5) to the pair correlation function of the
local density of states at differing energies £ > A and E' = E 4+ w > A (see
Appendix D),

<5p<(E r)op(E' 1)) N (14 M)ty In min{L:L(b?)v Lw}. (4.7)

BN E) S 2 ;

For the autocorrelation function of moments one can use Eq. (4.6) in which
min{ L, Lg)} should be substituted by min{L, L%’), L.}
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We note that one can compute the disorder-averaged higher moments of the
local density of states. Similarly to the case without spin-orbit interaction [37],
the moments correspond to the log-normal distribution for the local density of
states.

We would like to acknowledge the recent experimental work [61] that pro-
vides valuable insights into the interplay of superconductivity and disorder in
two-dimensional systems. Our theoretical study, which investigates strong meso-
scopic fluctuations in disordered systems, is in qualitative agreement with their ex-
perimental observations. Specifically, our calculations demonstrate similar trends
in the emergent strong fluctuations of the local density of states (LDOS) and sug-
gest that fluctuations of spectral gap are rather small, see Eq. (6.1) of Conclusion.
It is also important to note that in this work, an epitaxial monolayer of lead is
believed to exhibit superconducting behavior in the weak-antilocalization regime,

which is directly relevant to the focus of this thesis.
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5 Beyond the Lowest Order in Interaction

As noted earlier, the approach presented in this work is limited to the lowest
order in disorder and small interaction constants. However, it is of interest to go
beyond the framework of lowest order perturbation theory (in small parameters

|75,t,c
this would enable us to estimate the interaction-induced inelastic scattering time

< 1) in order to address a number of important questions. For instance,

or verify the assumption that a fully self-consistent expression can be obtained
from (1.3) by replacing A with A, in E.. The latter would shed light on the
puzzle of whether Ay and T, could be parametrically different, given that they are
determined by different limiting equations. Among other factors, the motivation
for considering higher orders in v, . is also connected to the interest to understand
how the collective modes in a superconductor (see [62| for a detailed review)
influence the solutions of the self-consistency equation.

To obtain the one-loop renormalized equations in the higher order in inter-
action, one needs to account for fluctuations around the saddle point solution.
However, in this case, relying solely on the bare expression for the Cooperon is
insufficient and the renormalization of the Cooperon due to the interaction must
also be taken into account.

Appendix E provides detailed calculations that lead to the following expression

for the renormalized Cooperon in the second order of interaction

<(I)oz1oz2,(7"7j)(q)ci)asom,(”,j)(_q» _ <(I)oz1a27(7“7j)<q>q)a3a4,(7’7j)<_q)>(5b/1mrj + Oyamo;) =

61,—82,() —E3,€4,b/ 51,—52,b 84,—53717/
2 A _{]resezas
= 5(5b,1mrj + dp,2m0;) [[Ar,j(q)] ]8184,6263%, (0,1 + Oy 20;) (5.1)

where m,; = (6,23—0,3)(0j0—0,0) and the ®-fields are related to the perturbative
functions wgl,, = 37, s[w.; ()50, trj, see (A16), via
(0. T (3. T
M0 = ([woj-]iﬁg, [wu]?f)g,) . @) = ([w3j]§,ﬁs’7 [ij]§ﬂ€/> :
= ) 07 . — « — (07 T T (3,9 — o — o T
o700 = ([ww]_@,ga [wlj]—gf,s) , B = ([ng]_é,,g, [ng]ﬁ%) . (52)

~

The inverse operator [4, ;(¢)] " appearing in (5.1) is essentially the kernel of the
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fluctuations action,

(2) Z Z }: a1a2, 1 . Q1045003
Sﬂ [07W E1,— 527 A 7](q)]€1€4;5253;bb/
g;>0Y =03 bb'=12 {oy

" }3_0,1,2,3 o}

(5b/,1mrj + 5b/72m0j)q)a4a37(r,j)(_q). (53)

54;_€3ab/

[t is clear that the resolvent of flm(q) contains terms that arise due to the account-
ing of interactions between quasiparticles. In the first order, as I'y; ./Z,, — 0, one

can easily demonstrate that

[Arj(q)) TJocneaes = DI(iey, igg)d™ 4522 {56263651645%/

167T o "
T 5°12 DO (igy, iey) [(5j0Fs + 85200 Xy (€1, €5 €3,4)
27)28 . .
+ 90l ( b(b’)(gly52§53754) - %ng)(glu52)[%(,1)2(54753)] ) ] }

(5.4)

As expected, the first line corresponds to the bare value of the correlator,
which does not take into account the interaction between quasiparticles. While
the expressions in the second and third lines correct this value and make it de-
pendent on the interaction constants. Here, the functions Xb(g,’j ), ng), and YO(’Z)
are introduced that depend on the Matsubara energies. The exact expressions for
them can be found in the appendix E. We also note that the last term in Eq.
(5.4) is negligible due to its small magnitude, which is inversely proportional to
the size of the system (1/V).

5.1 The Modified Usadel Equation

Knowing the expression for the renormalized Cooperon (5.1), we can now
write down the effective action and derive the renormalized Usadel equation up
to second order in the interaction constants. The latter is obtained by varying the
effective action with respect to the spectral angle.

After some calculations, details of which can be found in App. F, we get the
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following lengthy expressions for the modified gap and Finkel’stein frequency Z.

2rNTT . .
Ag) = TM/ZSHME/D((IO)(ZE,%') [H()(8+€ q) +11¢ (|5 —¢l,q)]

7¢'>0

2 TT s
T 7/Z:smﬁl) ie,ie") [T (e + &, q) + T¥)(|¢' — €[, q)]

1e>0
4 TFC .
u/251n95/2) )(26 25)[1_[()(64—6 q)+H (’8 ) q)]
Te>0
87T s . c C
_WTV/ZCOS@:/D(SO)(ZE,LS’) [Hfél)(é‘—i—g”q) _i_Hil)('gl —5|,Q) sgn(s’ —E)}

7¢>0

(5.5)

Here, the superscript «2» indicates that it is an expression for the second order in
interaction constants. Preceding orders are not explicitly indicated here and are

detailed in Eq. (1.2). The Finskel’stein frequency renormalizes as

2rNTT
eZ? = 2mNTT oy / 3" cos 0D (ie, ie") [MD (e + &, q) — TV (|e' — &, )]
9 Te>0
21T gy o
Gy /Z oS 0512)50)(25, i) [T (e + €, q) — TT¥(|e' — €], q)]
9 1¢>0
4 TFC & . C C
e /ZCOSG D (ie, ic") [H‘(‘ e+¢e,q) — H|(| (| - el, q)]
Te>0
8 TFC S & C
oM e /Z sin 0. D" (ie, ic) [H;)(a +e,q) =Yl — ], q) sgn(e’ — e)]

9e>0

(5.6)

Here we have introduced some convenient notations I1**)(w, ¢) and Hi)” 1w, q),
the details of which can be found in Appendix F.

A few remarks are in order here. First, we point out that the new expression
for the spectral gap A, has a much more complex structure in energies € and &’
This suggests that while it is tempting to assume that one can simply substitute
A with A, in Eq. (1.3), this calculation prohibits this simple trick.

It is also important to note that there was no impact from the renormalization

of the Z. frequency in the first order. However, as we can clearly see from the
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second order, this is no longer the case and can potentially lead to interesting
solutions to be obtained in the future. We would like to remind that Z. corresponds
to the renormalization of some physical parameters, such as heat capacity. We
would also like to remind the reader that the formal solution to the homogeneous
Usadel equation is actually dependent on the ratio of A, to Z., rather than on

A, alone. Indeed, it can be written as

A/ Z.
\/52 + (A:/Z:)?

Finally, we would like to note that our second-order calculation coincides, in

sinf, =

the relevant order, with the most general answers obtained independently by P.

Nosov, and the author is thankful for sharing his work.

5.2 Limiting Condition: T" Near T,

In the vicinity of the critical temperature, we can linearize the renormalized
Usadel equation, bearing in mind that as the temperature approaches T, spec-
tral angles 6. vanish. This allows us to neglect the superconducting part in dif-

fusons and set E, = w everywhere in Déo)(ig,z'e’ ). In what follows, I denote

D,(ig i)' =¢* + (e +¢€')/D.
Knowing the structure of the operators in Eq. (5.5), see Egs. (F.6) - (F.10),

we can readily find

A, = 27TTZ(95/ ( — Y. + QM /@q(is,ie’)—
q

e'>0 g

(s 27, Di(ie, ie" e D2 (e, ic"
_ g2l TN V)Z/M—f—STrTV,‘Y Z/M |
q

g D 9 =o’d

e">0

where I have kept only the logarithmically divergent terms. Let’s discuss each of
the contributions briefly. The first line of equation (5.7) consists of two contribu-
tions. The first term represents the non-renormalized interaction constant, while
the second term corresponds to the renormalization in the lowest order in vy ;.
[t’s worth noting that this is equivalent to equation (1.2).

The first term in the second line arises from differentiating the Cooperon with
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respect to the spectral angle. It corresponds to taking the derivative of the first
line of equations (F.2) - (F.4). Finally, the last term arises as a consequence of
the mixing of spin-zero modes from the singlet and Cooper channels.

By carefully evaluating the sums and integrals in equation (5.7), we find that
in the vicinity of the critical temperature, the expression within the parentheses

simplifies to a running interaction constant. This can be compared with Egs.
(18)-(21) in [31],

s c\ s — _20
(s =N g,y 26l = Ny = 29)
m™qg g

This suggests that the critical temperature is determined by the behavior of

—dy. = dy. (5.8)

the renormalized interaction constants in the normal state.

35



6 Conclusion

In summary, we have developed a theory for the multifractally-enhanced su-
perconducting state in thin films with spin-orbit coupling. Our theory is based
on the assumption of weak short-ranged electron-electron interaction. We consid-
ered two cases: Ising spin-orbit coupling (N = 1), where the renormalization of
the normal state resistance is negligible, and strong spin-orbit coupling (N = 0),
where the renormalization of ¢ is dominated by weak-antilocalization correction.
In addition to these cases, we also studied the case without spin-orbit coupling
(N = 3), which was previously discussed in Ref. [37]. With these three cases, we
now have a theory that covers all possible behaviors of the normal state resistance
with respect to the system size: increasing, decreasing, and constant.

Following the approach of Ref. [37|, we considered fluctuations around the
mean-field spatially homogeneous saddle-point and derived modified Usadel and
self-consistency equations that capture the interplay of disorder and interactions
at high energies. These derived equations enable us to accurately determine the
superconducting transition temperature. Interestingly, even in the presence of
disorder, the transition temperature is enhanced compared to the BCS result
in the absence of disorder, including for the case of strong spin-orbit coupling
(N = 0). Solving the modified Usadel and self-consistency equations yields T,
which is parametrically consistent with the estimate obtained from the Cooper-
channel instability in the renormalization group equations for the normal phase. It
is worth comparing the multifractally increased critical temperatures for different
numbers of triplet modes. In the absence of spin-orbit coupling, as discussed in Ref.
[37], the superconducting phase is expected to exist for temperatures lower than
TN=3 ~ 77 Vexp(—2/ty). In contrast, our predictions for N' = 1 and N’ = 0 are
TN=Y ~ 77 exp(—(2/to) In(to/(1.4|%0]))) and TN= ~ 77 exp(—3.1/1/]0lt0),
respectively. Therefore, the critical temperature increases with the number of
triplet diffusive modes: TN=3 > TN=1 » TN=0,

The presence of disorder induces an energy dependence in the effective attrac-
tion, which in turn affects the energy dependence of the spectral gap function.
The specific form of this energy dependence is influenced by the number of triplet
modes, denoted as V. In the case of N' =1, as well as N’ = 3, the energy depen-
dence of the spectral gap is concave, as depicted in Fig. 3. Conversely, for N = 0,

the spectral gap function A. becomes a convex function of €. The interplay be-
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tween disorder and interactions leads to a parametric enhancement of the spectral
gap function at low energies compared to its magnitude at energies on the order
of 1/7.

In spite of the strong deviation from the BCS theory, where the spectral gap
function is energy-independent, the fundamental aspects of the BCS model re-
main valid for weakly disordered films. This includes the behavior of the gap just
below T, and at low temperatures T' < T,.. Hence, the temperature dependence
of the spectral gap in such films can still be described using the BCS theory.
In the presence of spin-orbit coupling, we have observed significant mesoscopic
fluctuations in the local density of states within the superconducting state. These
fluctuations persist up to the length scale determined by the dephasing length.
The presence of spin-orbit coupling leads to a reduction in the amplitude of the
variance of the local density of states by a factor of 2 (for N' = 1) and by a
factor of 4 (for N' = 0). The energy dependence of the variance is sensitive to
the number of massless triplet modes, owing to the different energy dependencies
of the gap function for different A values. The most pronounced differences are
expected to occur near the coherence peak at £ ~ +£A,. However, it is important
to note that this region falls beyond the accuracy of our calculations.

It is instructive to compare the fluctuations of the local density of states with
the fluctuations of the superconducting order parameter. While our approach
assumes a spatially constant order parameter, it is still possible to investigate
its mesoscopic fluctuations. In the presence of spin-orbit coupling, we have found

that
<(5A)2> N (1 + N)to In L,

A2 2 14
We would like to emphasize the close similarity between Eqs. (4.7) and (6.1).

(6.1)

However, there is a crucial difference: the mesoscopic fluctuations of the super-
conducting order parameter are governed by the coherence length L, in the
infrared regime. Since L(E?) > La,, we expect ((6p)2)/(p)* > ((§A)?)/A% For
N =1 (N = 0), we can estimate ((6A)%)/A? to be on the order of In(tg/|7o!)
(v/to/|0]), respectively.

Also, we have developed a theory that goes beyond the lowest order in in-
teraction. We have demonstrated that in the second order, the structure of the
modified Usadel equation becomes more complex, making it no longer amenable

to a straightforward replacement of the kernel with an analogous expression from
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renormalization group equations in the normal state. However, in the limiting case
of temperatures near the critical temperature, the behavior of the spectral gap
and T is determined by a running constant 7.(L).

The results presented in this thesis can be generalized in several directions.
With the developments of P. Nosov for an arbitrary interaction force at our dis-
posal, it becomes intriguing to investigate the influence of collective modes on
superconductivity. By employing these new results, one can determine the value
of Ag up to a numerical factor, enabling a comparison with the expression for
T,.. This ongoing work holds promise for further progress in our understanding of
interplay of disorder and superconductivity. On the other hand, our theory can
further be extended to include the Coulomb interaction. Additionally, it would
be interesting to go beyond weak-coupling for superconductivity and to study
multifractal effects at the BCS — BEC crossover [63, 64]. Also our work can be
extended to consider systems with singular dynamical interaction between elec-
trons, see Refs. [65, 66, 67, 68, 69, 70], in the presence of disorder. This can be
achieved along the approaches of Refs. |71, 72].

Finally, we mention that our theory ignores phase fluctuations of the order
parameter. The latter are known to be responsible for the Berezinskii- Kosterlitz-
Thouless transition in superconducting films. Such fluctuations can be taken into
account in the way similar to the one in Refs. [73, 74]. However, for weakly disor-
dered superconducting films effects related with phase fluctuations are expected
to be weak |75, 73|.
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Appendices

A Details of the Finkel’stein Nonlinear Sigma Model For-

malism

In this Appendix we present details of the Finkel’stein nonlinear sigma model
formalism.
The action of an electron liquid in a disordered metal with spin-orbit coupling

is given by
S S + Snt + Slnt + Slnt + SSO? (Al)

where the first term comes from non-interacting fermions. The next three terms

correspond to electron-electron interactions in the particle-hole singlet channel,

S(P)

int 1 and in the particle-particle channel

in the particle-hole triplet channel, sl

1nt )

Sl(nt) The last term appears due to spin-orbit coupling. The above mentioned

contributions reads (see Refs. |78, 2, 79] for review)

S, — — 3—2 TH(VQ)? + 27, / Tr2Q (A.20)

S = r SN / T I9t,0Q Tr I, toQ (A.2b)
r=0,3 a,n

e —I‘t S / Tr I9,,Q Tr I°,£,,Q (A.2¢)
Jr 1(,)2?3 o

S F >y / Trt,0L2Q Trt,0L2Q (A.2d)
r=1,2 a,n

so :77” Z /TI‘ toj (AQG)

j=1,23 TSO

In what is written above g is the total Drude conductivity (in units e?/h and
including spin). The parameter Z,, describes the renormalization of the frequency
term [78]. Its bare value is given as wv /4. Interaction amplitudes in the singlet,
the triplet, and the particle-particle channels are designated as I'y, I'y, and I',
respectively. It is convenient to introduce the dimensionless interaction parameters

Ysite = Uste)/ 20 1/ Ts(g) stands for the spin-orbit scattering rate in the channel j.
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The matrix field Q(r) and the trace Tr operate in the replica (a, 3), Mat-
subara (n,m), spin (j = 0,1,2,3), and particle-hole (r = 0,1, 2, 3) spaces. The
matrix field Q(7) obeys the nonlinear constraint, as well as the charge-conjugation

symmetry relation

Q*=1, TrQ=0, Q=Q"'=-CQ"C, (A.3)

where C = it and the matrix ¢,; is
tyj=7,®s;, rj=0,123. (A4)

In the expression above r and j subscripts correspond to particle-hole and spin

spaces, respectively. 7. and s; denote standard Pauli matrices,

10 01
TO/SO = (O 1) ) 71/81 = (1 0) )
0 —1 1 0
7'2/82 = (z O) , 7'3/83 = (0 1> . (A5)

Taking constraints (A.3) into account, we use the following parametrization for
the matrix field Q(r)

Q=U'AU, U'=U"" cvur=vu"'C,
AP = sgne,d. . 0%ty (A.6)

The constant matrices in the action (A.1) are given by the following expressions
(w = 2nTk):

raff of
Enm = 6n65n;5m5 too?

(113)351 = 6E7L_5m7wk60[/65a7t007 (A.7)
(LZ)grﬁn = eptemun 076 o

Following Ref. [37], we employ the above technique to describe the low-energy
physics in the broken symmetry superconducting state. In order to do so one
needs to single out the static term with n = 0 in the particle-particle channel,
see Eq. (A.2d), and introduce two decoupling fields A%(r) with » = 1,2. Upon
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Hubbard—-Stratonovich transformation one finds

-3 [|or

2 [AY(r)]E 4+ 2Z,A%(r) TrtTOLg‘Q— r > (TrtnLiQ)”
n#0

Ty,
(A.8)

Variation of the total action with respect to Q(7) and A%(r) give rise to the
Usadel equation and the self-consistency relations for A%(r), r = 1,2. In turn,
these equations may generate many spatially dependent solutions. In order to
account for them we assume 1/g < 1 and exploit the renormalization group tech-
nique by treating the spatially dependent solutions Q(r) as fluctuations around
some spatially independent solution Q.

This program can be performed as follows. At first, we distinguish spatially
independent and spatially dependent components of the fields A%(r), r = 1,2,
they read

A%(r) = A 4+ 6A%(r / SA%(r) = 0. (A.9)

We point out that fluctuations of the order parameter are now contained in
A (7). On the other hand, one can perform a formally exact integration over the
fields A% (7) in the action. The latter transfers information about fluctuations of

the order parameter entirely onto the field Q(7). Accordingly, we get

S =22V DY {A“ Trt o [Aﬂz} +8¢, (A0
a r=1,2
where V' is the volume of a superconductor,
Q= [ am (A1
v/ : ,

and

1rft - F Z Z / TrtrOL Qn . (A12)

a,n r=1,2

Where Q,, = Q) — @5,%0.

The described above procedure leads to a new saddle-point equation for Q(r)
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and self-consistency equations for A7,

V(QVQ) - [E+A,Ql + Z

a,n

Z ’Yc T‘OL

r=1,2

3
x Tr trOLan + Z Z Y []fntrj, Q] Tr IStTJQ

r=0,3 j=0

T —
AY = %|%| TrioLgQ, r=1,2. (A.13)

Now, one can investigate solutions of the latter equations. In the mean-field de-
scription one ignores fluctuations, seeking a spatially independent solution solely.
This solution can be conveniently parametrized with the so-called spectral angle,
0., , which is function of Matsubara energies €,,. In terms of the spectral angle the
saddle-point solution reads

0

Q = R 'AR, RY =5 sgn &, sin ?} 5P

8’I’L 7€m

cos 7 —ty0c, —c,,

ty = cos ¢ t1g + sin ¢ Lo, AT = Acos ¢, AY = Asin ¢. (A.14)

Substituting the expressions for @ and A from (A.14) into the Usadel and

self-consistent equations, we find

D
EVQH% — |en|sinf., + Acosb., =0, (A.15a)
A =7T|y.| Z sinf., . (A.15b)

En

The spatially independent solution of Eq. (A.15a) reduces Eq. (A.15b) to the
usual self-consistent equation of the BCS theory. Thus 7, becomes insensitive to
disorder in accordance with the "Anderson theorem".

However, we are interested in more intricate picture, when fluctuations of
Q(7) around the saddle-point solution @ are taken into consideration. The latter
corresponds to the interaction of the diffusive modes. We use the square-root
parametrization of the matrix field to get the perturbative expansion of Q(r)

field around the saddle-point solution,

w 0

Q= Rl<W+Am)R, W = (E w> : (A.16)
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Here W-field satisfies the charge-conjugation constraints:
w=—-Cuw'C, w=—Cw"C. (A.17)

Before delving into fluctuations, it is necessary to determine the propagators
for the diffusive modes. In this analysis, we consider the lowest order in residual
electron-electron interactions, corresponding to small values of the bare interaction

parameters |vs0.0.0] < 1. Within this approximation, we obtain

(o) (~p)liz) = géamaﬁ%nl75,1365,127%419;,0)(z’sm,z‘em),
1

D) €0, 1En, ) = :
( 1 2) p2 + E€n1/D + E’enz/D

p

(A.18)

Here, we would like to remind that E. = |e,|cosf. + Asinf. . It is crucial to
keep in mind that the result in Eq. (A.18) disregards the spin-orbit term in the
action, Sg,. This omission results in the appearance of an additional mass term
(proportional to 1/7% which is a combination of 1/75(5), 1/75(3), and 1/75(5)) in the
denominator of the diffusive propagators in Equation (A.18). As a consequence,
these propagators will be suppressed in the diffusive limit. In other words, the
index j in the above equations exclusively accounts for the gapless modes. For
N =0,7=0,and for N =1, j = 0,3. The precise expression for the correlators,
incorporating the spin scattering times TS(O Y% on the right-hand side, can be
found, for instance, in the referenced work [80].

Hereby, we are ready to examine how the fluctuations of () renormalize the
action of the NLSM. To the lowest order in disorder, we approximate () as () ~
Q + R-'WR. Taking this approximation into account, we obtain the following
correction to the action arising from the interaction part (in the particle-hole

channel):

Si -+ — — %/Z > Ty(Tr[RISt; R W] Te[RI® bR W]).
03
(A.19)

Here and in subsequent calculations, we perform summation over 5 = 0 for
N = 0 and over j = 0,3 for N' = 1. Using the expression for the propagators

(A.18), we can evaluate the following expressions (for a more detailed derivation,
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refer to Ref. [37]):

o 327 TN,V : . : :
Si(npt) + Si(nt) - WT(FS — NT}) Z sin 6. sin 0. /Déo)(zz-:, —ie') | (A.20)
g

€,e’>0

where [ = [d*q/(2m)?. In turn, the interaction in the Cooper channel undergoes

renormalization as follows:

Ale 32 TFCNT . . .
Si(nt) 2 e Z Déoz)o(zs, —ig) sin? 0. (A.21)
g

e>0

Together Eqgs. (A.20) and (A.21) contribute to the following modified action

A? .
S[Q] — 167rTZwNTV{ T + ; [5 cos . + Asin (95}

21T (s — : : : :
+ 0 = Ny Z sin 6, sm@g'/D(gO)(@Ea —%J)} : (A.22)
9 q

g,e'>0

Finally, variation of Eq. (A.22) with respect to 6. and A, leads to Egs. (1.1) and
(1.2), accordingly.

B The Critical Temperature: Renormalization Group Ap-

proach

In this appendix, we employ the renormalization group equations to estimate
the critical temperature by considering the renormalization of resistivity and in-
teractions in the normal phase. The complete set of one-loop (lowest order in
disorder) renormalization group equations has been derived using the background
field renormalization of the Finkel’stein nonlinear sigma model. The correspond-

ing equations can be found in Eqgs. (47)-(51) of Ref. [31]. By expanding these
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equations in the regime of |7, .| < 1 and selecting N’ = 1, we obtain

dt _

0 —t* (s + Y + 27.]) /2, (B.1a)
s 1 1 2 . 0
d (7 ¢ K
Ve I -1 0 Ye 272

Eq. (B.1a) implies that dimensionless resistance ¢ remains constant and equals to
its bare value ty. Projecting Eqs. (B.1b) onto the BCS line —y, = v = 7. = 7 we

obtain

j—; =ty =% Y0 = (30 — V50 + 270) /4 < 0. (B-2)
Upon solving the above equation, we observe that the renormalization group flow
diverges at y. = t5 In(1 + to/||). In the regime where |yy| < ty < 1, this
divergence leads to a significant enhancement of superconductivity, with T, ~
(1/7)e 2%, as shown in Eq. (2.4). It is worth noting that for |yg| < 9 < 1, the
attractive interaction y reaches the value of ¢y at the length-scale y. — In 2, after
which it rapidly diverges.

Next, we address the case of N' = 0 using the same approach. Strong spin-
orbit coupling completely suppresses all triplet modes, and the equations for the

remaining interactions 7s, 7., and the resistivity ¢ are given by:

dt )
— = —17/2 B.
=t/ (B.32)

d s _ 1 2 Ys\ 0
O

Projection of the latter system onto the BCS line —v; = 7. = 7 gives

dy

qy (t/2)y = (4/3)7%, 0 = (270 — 750)/3 < 0. (B.4)
Similarly to the case discussed above, in the regime |y)| < top < 1 |y| grows
with increase of y and reaches t. After this happen, |y| very quickly diverges at
the length-scale y. ~ 1/+/|7l|to. The latter corresponds to the following critical

temperature T, ~ (1/7)e %% cf. Eq. (3.4) .
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C The Critical Temperature: Exact Numerical Diagonal-
1zation

In this appendix, we provide additional details regarding the numerical solu-
tion for the critical temperature. To accomplish this, we utilize techniques such
as power iteration and dimensional fitting.

As mentioned in the main text, the linearized self-consistency equation in
Eq. (2.5) can be viewed as an eigenvalue problem. However, from a numerical
standpoint, the challenge arises due to the fact that the matrices defined in Eqs.
(2.6) and (3.6) are significantly large in size. In fact, npax ~ 1/2777, leads to
Nmax < (to/]70])%0 > 1 for N' = 1 and npyay o< exp(4/t. — 4/to) > 1 for N = 0.
In the following, we address each case separately.

When considering Ising spin-orbit coupling, we fit the leading eigenvector using
the following expression:

Ay = ¢1/tg + co, (C.1)

where ¢; and co are the fitting parameters. This formula is justified by the following

analytical estimate,

Ug

Nmax An//AO 2
- = . 2
Au n;} (0 + D)or2(n + 1/2) t f( )+ =cfty+ e (C.2)

Uoo

This allows us to determine the functional dependence of the leading eigenvalue
Ay on the parameter ty < 1. In the expression above, we have employed the
asymptotic form of the right eigenvector r,, as r, = f(u,) and replaced (n+n'+1)
with max{(n + 1/2)%/2 (n’ + 1/2)%/2} which holds due to the smallness of the
parameter ¢y, and introduces a correction of the order of O(ty). By fitting the
numerical results with the analytical expression (C.1), we find ¢; ~ 1.38 and
co ~ 1.50, yielding the result stated in Eq. (2.7).

It worth be pointed out that Ay =~ 1.38/ty lies within the boundary of the

Perron—Frobenius inequality,

n
max 2
< ;Y —, .
Ay < m’?xn,z: M, i (C.3)
Next, we consider the case of A/ = 0, corresponding to strong spin-orbit
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coupling characterized by the matrix M, (In ny.y). To determine the functional
dependence of \j; on the matrix size ny.., we can make use of an approximation

In(n+n'+1) = In(maxn + 1/2,n’ 4+ 1/2). This approximation unveils

U
Nmax 0

In(npax) — In(n" + 1) Ay
= ~ In npax. 4
Ay nZ;O W12 A, /duuf(u) +colnn (C.4)

Uoco

With the help of Eqgs. (3.9) and (3.12) and using 72/ (|70|to) = In® nyayx, we find

the following dimensional fitting,
A = 1 In? ey + o 1N Moy (C.5)

Using the aforementioned expression to fit the numerical data, we find that ¢; ~
0.406 and ¢y ~ 1.57. It is worth noting that ¢; = 0.406 satisfies the Perron-

Frobenius inequality, as one can verify:

nmax

Ay < max Z M (In Ny ) =~
n’=0

In? Nmax

; (C.6)

D The Local Density of States

In this appendix, we delve into the details of the calculation of the disorder-
averaged pair correlation function of the local density of states. In our approach,
the mesoscopic fluctuations of the local density of states can be described using

()-matrices, as outlined in previous works |76, 77],

KQ(EvE/7r) - <5p(E,T‘)(5p(E,,T)> - <p(E,’l°)p(E/,’l°)> - <p(E,T‘)><p(E/,T')>

2
= = Re [P (i1, ies) — Pyisy (iea, iea)].

Here a1 # ay are some fixed replica indices and analytical continuation, ic,, —
E+i0, ig,, — E'+i0, ig,, — E'—i0, is assumed. Py} *(i€y, i€,y ) is the irreducible

2.4rr

part of bilinear in () operator,

Py = (sp Qpi™ sp Qi — 28p Qi Qi) (D.1)
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To find mesoscopic fluctuations of the local density of states, we approximate

a1 (- .
Pyt (ign, iey) as

Pyio2 ~ —2sp((R'WR)M (R™'WR)p2). (D.2)

24rr

Using Eq. (A.18), we find the following expression

Py(ig,ie') = —

32(1 +/\/)[ £ g
= T —
9 Vel + A2Ve? + A

« / q D (D.3)
27)2 Dg? + 22 + A2+ 2 L AY '

that works for all signs of ¢ and &'. We point out that this expression is only

valid under the assumption (4.3), when energy dependence of the spectral gap
function A. can be neglected. Then for Ky(F, E',r), where E, E' > A, we find

the following lengthy expression,

2(1 EFE
K2=”(—+N)Zs(1+ s >
g ~ \/E2—A2\/E'2 — A2
X R / D
e )
¢ D@? +ivVE? — A2 —isVE? — A2

Clearly, when E = E’, we obtain Eq. (4.4).

We now turn to the analysis of mesoscopic fluctuations in the local density of

(D.4)

states at different energies E # E’. It is important to note that when the ener-
gies E and E’ are close to each other, the pair correlation function Ky(E, E', 7)
only exhibits slight differences compared to the case where the energies coincide,
Ky(E, E,r). Therefore, our focus is on energies that are well-separated from each
other. Let’s consider the case where E' = E' 4+ w, with w being significantly larger
than F. By expanding Equation (D.4) in terms of the small argument F/w < 1
and performing the integration with respect to momentum q, we obtain Equation
(4.7).

E  The One-Loop Action for Fluctuastions

To determine the renormalized propagator, we begin by deriving an expression

for quadratic fluctuations around the saddle point solution in various channels.
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This can be done conveniently using the approach described in App. A. Only this
time, one needs to take into account the inclusion of quartic terms as well. After

some algebra, the answer can be succinctly written as follows

s =0 2 XY [Iopie ) e ) 82 (—g),

r=0,3 af £,>0
Jj= 123

S

72 — _AxTT, ZZ / > X[ (e, e) @gj;(;;m(q)

a,n r= 03 q€1,€2>0

< 3 XU ey, 5] - 800 (—g),

€3,64>0

e = a7, 3% / S XD (e, ) - 2200 (g)

an r= 03 q€1€2>0

j 12,3
X 3 XU (e 25)) - B (—g),
€3,64>0
St = —4nTr. Y > / ( ) S Y (1, ) - B2V (g)
a,n r=0,3 €1,69>0
= aa,(r,0
< S Y ey -<1>*54E€3><—q>. (E.1)
€3,64>0

Here the vector fields read as
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O-+mp;0.
(07]) A COS 2 . (moj(;wn e+e’ + 5_Wn75+5 )
X&) = . om0 ; (E.2)
S 2J (m0]5—w E— €’+5w E— 6)
0-+mo;0,
(3.7) / cos Tw/(m%&wm&ﬁ’ + 0, ')
Xn 7 (675) - . . B.—myg;0 ) (ES)
i sin =" (M0, c—e + Oy e—e’)
0. i 0 0. . O
COS £ SIN Z£0_, c1er — COS = SIN 50y, el
Y9, ) =2 92 2 e T PR (E.4)
COS =5~ COS 50y, oo — SIN 5 SIN 50y oo

0.1 0

Y;l(?’)(s, 8,) _ 9 (—z (3089 5 sin 755_%’5%/ — 1 COS > sin O (5% 5+g> . (EB)

COS =5~ COS 6—255%75_5/ + sin 025 sin % 5_w el

Finally, fields associated with W are defined in the main text, see (5.2).
The inverse of the operator A, ;(¢) defined in Eq. (5.3) can be found using
perturbation theory. Indeed, for two invertible operators such that their sum is

also an invertible operator, as a tends to 0, we can estimate

A

(A+aB) ' AV — A 'BA '+ ..., a—0. (E.6)

This brings us to Eq. (5.4), where we have defined

Xég;j)(€1,€2;€3,€4 ZX 61,62 1(1b’)(€47€3)] , (E?)

?1)55)(51,82;83,84 Zan £1,€9)| (b)’(€4783>] ' (E.8)

F' The Modified Usadel Equation

To find the renormalized equations for A, and Z., one must obtain the effective

action by averaging the fluctuation correction. This is done like the follows,

Sl = —1In / DW exp(—Sal6, W]). (F.1)

Since we have already found the expression for the correlation of fields @,

further computations are, although extensive, pretty straightforward. They yield
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327N,
g

(S =

int

NT, Z (sind,, sinf., + 1) /Déo)(isl, ieg)+

€1,69>0 q

<87rTFt> ;O:g/z Z DO (iey,ica)

£;>0b,b/=
J#O

XDéO)(ig?ni&l)[Xéb/ Ner,en85, )" X7 (1, €183, 24) (F.2)

for the triplet channel. For the singlet we find

327T N, o
(Sﬁ1t ) = n I Z (sinf., sinf., — 1)/DC(]0)(151,252)+
9 £1,69>0 q
7T A (r
< ) ) Z /Z Z D (i€1, i€2) D( )(2537254)[Xz§b;0)(51;52;53,54)]*
r=0,3 5>0bb’
- (7 2 2(5 r .
TR e i) + T (Ybé/)(sl, eviene) - SR DY )Y e ) |

(F.3)

Finally, the Cooper channel reads

g 320 TN, | 9 — sin26.
(SH;EQ)> =T < /ZD (i1, ie9) Z%Dq )0(26 zs)) -

g 9 ey,e9
<87TT> Z /Z Z D (ie1,ie9) D( (ie3, ic4)
r=0,3"4 ;>0 b b=
(3 enenenen - %Yé?(a, DWHenel)
[FSngg;O)(&,éz; 83,54) + 1. (n(b/)(glv‘g?vg&g ) B w}/&g)(&’ 82)[%(’22(84783)]*>] .

(F.4)

By differentiating these expressions with respect to the spectral angle 6. and
setting the result equal to zero, we obtain equations (5.5) and (5.6). We note that

A, and Z. correspond to the solutions of the Usadel equation in the form
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—le|Z.sinf. + A, cosf. = 0. (F.5)

To complete the picture, we provide the exact expressions for the functions
introduced in Egs. (5.5), (5.6).

167T .
O (|wnl, q) = Z Déo)(zgl, i€9) [551+52,wn|(1 + cos(f — b))

9 £1,69>0
+01e,— s | (1 — cOs(61 + 92))] (F.6)
1O (|wa|, ¢) = 16;TT > DIiey, iey) [5El+€2,|wn|(1 + cos(f; + 65))
£1,62>0
+0c, ey Juwn| (1 — cOS(01 — 92))] (F.7)
Il 0) = 200 3 Die1ie0) ey (1 ol — )
€1,e2>0
401, ey o (1 + cO8(0) + 92))] (F.8)

. 167T o . .
Hi)(‘wnL q) = Z D((ZO)(Z&, i€9) [551+€2,|wn| + 5|E1—827|wn|] sin 0., sin 0,

g 61,€2>0
(F.9)
8T :
(\wn| q) Z D V(ig1, ey [5€1+52,wn sin(f., + 0-,)
€1,69>0
—0)2,— ey wn| SID O, SN O, sgN(E1 — 52)] (F.10)
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