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Abstract
Superconducting instability can occur in three-dimensional quadratic band crossing semimetals only
at a finite coupling strength due to the vanishing of density of states at the quadratic band touching
point. Since realistic materials are always disordered to some extent, we study the effect of short-ranged-
correlated disorder on this superconducting quantum critical point using a controlled loop-expansion
applying dimensional regularization. The renormalization group (RG) scheme allows us to determine
the RG flows of the various interaction strengths and shows that disorder destroys the superconducting

quantum critical point. In fact, the system exhibits a runaway flow to strong disorder.
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I. INTRODUCTION

Three-dimensional isotropic systems with a quadratic band touching (QBT) point, supple-
mented by Coulomb interactions, were studied by Abrikosov back in 1971 with the renormalization
group (RG) technique in 4 — ¢ spatial dimensions [1]. It was argued that the long-ranged Coulomb
interactions may stabilize a non-Fermi liquid ground state [1, 2]. Such a system is then possibly
the simplest example of a non-Fermi liquid. Recently, there has been a revived interest in these
systems [2-6] motivated by their relevance to pyrochlore iridates Aslr,O7 , where A is a lanthanide
element [7, 8]. Furthermore, if the spin-orbit coupling is strong enough in three-dimensional gap-

less semiconductors, then it can cause the Fermi level to lie at a QBT point [9], and such a model
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is indeed relevant for gray tin (HgTe). These systems have been dubbed as “Luttinger semimetals”
[10], since the low-energy electronic degrees of freedom are captured by the Luttinger Hamiltonian
of inverted band gap semiconductors [11, 12]. The interplay of disorder and Coulomb interactions
at the QBT has been investigated in Ref. [13—-15], where the RG flows of the coupling strengths
show that disorder is a relevant perturbation to Abrikosov’s non-Fermi liquid fixed point, and that
the disordered problem undergoes a runaway flow to strong disorder [14, 15].

When the chemical potential is at the QBT point, an attractive four-fermion interaction can
lead to a superconducting instability only at a finite coupling strength due to the vanishing density
of states at QBT, leading to the possibility of a quantum critical point. Such a scenario for
a clean system and in the absence of Coulomb interactions has been studied in Ref. [10] and
a stable quantum critical point for s-wave superconductivity identified. Neglecting the Coulomb
interaction is justified if it is rendered sufficiently weak by a large dielectric constant of the material.
In this work, we examine the fate of this superconducting quantum critical point in the presence
of disorder. It is worth mentioning that in the context of two-dimensional systems, interplay of
superconducting critical points and disorder has been previously studied in Ref. [16, 17] for the
case of massless spinful Dirac fermions (relevant for graphene). The half-Heusler compound YPtBi
is a noncentrosymmetric multiband superconductor with QBT point and a promising candidate
for hosting topologically nontrivial superconducting states in three dimensions. The bulk and
surface states of two prototypical pairing states in YPtBi, one preserving time-reversal symmetry,
the other breaking it, have been studied in Ref. [18]. In Ref. [19], the authors have showed that
for a centrosymmetric superconductor with a QBT point and a broken time-reversal symmetry,
the low-energy excitation spectrum has two-dimensional Bogoliubov Fermi surfaces in the bulk
instead of point or line nodes. Furthermore, instabilities of various non-Fermi liquid scenarios [20]
towards superconductivity have been studied extensively in the literature [21, 22].

This paper is structured as follows: In Sec. II, we introduce the basic non-interacting model and
add the superconducting s-wave pairing channel. In Sec. [1], we revisit the existence of the infrared
stable superconducting quantum critical point using the minimal subtraction scheme of RG. In
Sec. IV, we study the interplay of superconductivity and disorder by the same RG scheme. We
show that the superconducting quantum critical point is destroyed, and the problem continues to
flow to strong disorder. We conclude with some discussion and overview in Sec. V. The appendices

contain technical results used in the computations.

II. MODEL

We consider a model for three-dimensional quadratic band crossings, where the low energy bands
form a four-dimensional representation of the lattice symmetry group [2]. Then the standard k- p

Hamiltonian for the non-interacting system, in the absence of disorder, can be written by using
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the five 4 x 4 Euclidean Dirac matrices T, as [3]:

5
Mo =) du(k) To+ &R, (2.1)
a=1

with the I', providing one of the (two possible) irreducible, four-dimensional Hermitian represen-
tations of the five-component Clifford algebra defined by the anticommutator { 'y, Ty} = 2d4. In
d = 3, the space of 4 x 4 Hermitian matrices is spanned by the identity matrix, the five 4 x 4
Gamma matrices I', and the ten distinct matrices I'y, = % [y, Ty]. The five anticommutating
gamma-matrices can always be chosen such that three are real and two are imaginary [23]. We
choose a representation in which (I';, 'y, I'3) are real and (I'y, I's) are imaginary. The five functions

d, (k) are the real ¢ = 2 spherical harmonics, with the following structure:

di(k) = V3ky k., dy(k) =V3kok., ds(k)=+V3k,k,,
3 (k2 — k2 2k2 — k2 — k2

dy(k) =
i = T j

(2.2)

The isotropic € k? term with no spinor structure introduces band-mass asymmetry to the band-

structure.

A. Interactions for generating superconductivity

In this subsection, we review the derivation of the effective action which can lead to a super-
conducting instability, as discussed in Ref. [10]. In order to generate Copper pairing, we add local

attractive interactions, such that the zero-temperature Euclidean action is given by:

Sl = [ drate[u! @, + Ho) v+ VTP, (23)

where 7 is the imaginary time, d is the number of spatial dimensions, V' < 0 is an attractive
coupling constant, and ¥ (7,x) = (1,2, s,44)T is the four-component Grassmann field. The
engineering dimension of V' is [V] = 2 — d, which means that it is an irrelevant coupling in d = 3.
As a result, the conventional BCS pairing for infinitesimally small attractive V' is not possible.
Physically, this is because the density of states vanishes at the QBT [24]. Nevertheless, there is a
possibility of quantum phase transition at a sufficiently large value of coupling, where the system
may lower its ground state energy by opening a gap at the Fermi level.

It was shown in Ref. [10] that there can be two competing superconducting orders: ¢ =
(T Ty ) and ¢ = (T Ty5 Ty 1)), corresponding to s-wave and d-wave components respectively.
It was also argued that s-wave ordering is energetically preferred as the gap is rotationally symmet-

ric. Therefore, we set gg = 0 and investigate only the case of s-wave superconducting instability.
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To capture the above physics, we can write the effective Lagrangian as:

L, ¢) = [0, +d(=1V) - T =V +¢* (yo, — 202 = V> +7) ¢ + (o]
+9 (o9 Tas ! + 9"  Tus ) . (2.4)
The tuning parameter 7, as usual, is proportional to (V' — V.), where V. < 0 is the critical value of
the attractive interaction. Hence, the quantum critical is located at » = 0. The complex bosonic
field ¢ is coupled to the fermions as a Majorana mass [25]. The fields and the time coordinate have

been rescaled such that the coefficients of the terms ¢t 0.1, [wT d(-iVv)-T w} and [—¢* V? ¢] are

unity. We set r = 0, assuming the theory to be close to its critical point.

B. Engineering dimensions

Let us determine the engineering dimensions of all the fields and coupling constants at the non-

interacting Gaussian fixed point (¢ = ¢ = 0) from the kinetic term with [x] = —1. Then, from the
fermion dispersion, we get [t] = —2, leading to [1(z)] = [¢(z)] = ¢ and [¢(P)] = [¢(P)] = —L2.
Finally, [(] = [y] = 0, [c] = -1, [g] = %3¢ and [(] = 2 — d. Hence, for d = 4, the coupling g is

marginal. Since ¢ and ( are irrelevant for any dimension d > 2, we drop them.
Therefore, we study the s-wave superconducting quantum critical point of the system by gen-
eralizing the theory to d = 4 — ¢ spatial dimensions (assuming 0 < ¢ < 1) in terms of the critical

(r = 0) effective action
So = /ded{p [¢T {87+da(—iV) r, —A3§V2}¢+¢* (y@T _ASVQ) s

gl (U Tas " + 6 6T Tas ) |
(2.5)

which includes all the relevant and marginal couplings at the Gaussian fixed point. A mass scale

it is introduced to make g dimensionless.

III. SELF-ENERGIES AND BETA FUNCTIONS FOR THE CLEAN CASE

In this section, we compute the self-energies of the fermions and complex bosons, generated
due to the interaction between them. We use these results in the minimal subtraction scheme to
determine the beta functions for the RG flows. Although similar calculations have already been
done in Ref. [10], we find it necessary to rederive those because our RG scheme is different from
Ref. [10], and also because the numerical factors obtained differ from the previous calculation.

We will consider the RG flow generated by changing A, which is the ultraviolet cut-off for the

spatial momenta, by requiring that low-energy observables are independent of it. This is equivalent
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FIG. 1. The one-loop (a) fermion and (b) boson self-energy diagrams.

to a coarse-graining procedure of integrating out high-energy modes . We note that for quadratic
dispersion, the ultraviolet cut-off for energy is v/A. When the loop-diagrams have a divergent
dependence on A, this turns into a pole in ¢ in the dimensional regularization scheme, where we
perform the energy and momentum integrals by integrating from —oo to oo setting d = 4 —¢. For

the angular integrals, we use the “Moon-scheme” described in Sec. B.

A. One-loop calculations

Let 1 and II; denote the one-loop corrections to the fermion and boson self-energies, respec-
tively, where we use the sign convention where the self-energy subtracts the bare action in the
_ 1 _ 1
dressed propagator as G(P) = RN and D(P) = BT (P T (P) Here we have used the
convention P = (p, po), and denoted the zeroth order boson and fermion propagators by:

- 1 = (ipo+&p?) iy +d(p)-T
Co) = T e Iy 1A T R+ (1) pt —2ip e (3.1)
and
Do(P) = ———— (3.2)
T iy +p? '

Note that we have generalized to N fermion components (flavors), where N is a multiple of four. In
the Feynman diagrams, we will represent the fermion and boson propagators by solid and dashed

lines respectively.



The explicit expressions for the one-loop self-energy corrections are ':

1 (P) = — g2t /Q Dy(Q + P)Tas GT(Q) T (3.5)
L(P) = g% /Q T [[s Go(Q) T G (P = Q)] | (3.6)

as can be seen in Fig. 1. Throughout the equations, we have denoted the integrals by:
dgo / / d’q
= | ——. 3.7
Ll L-T9 [~ >0
Using Eq. (A6), we get:

5 (P) = —gQ;f/QDo(Q + P) Go(Q)

(igo—&q¢*) 1y +d(q) T

S A ey iv @i t@rey Y
(P) = g% [ T [Go(@) Go(P ~ Q)] (3.9)
Q
Performing the trace in the numerator of II; yields
Tr [{igo+&q” —d(a) T} {i (m—a0) +¢ (p—a)* —d(p—q)-T}]
= V(=g €a*){ilw— o) ~ € (a =)’ | +dul@) dula — P)|
= N[(iw e iw-m) - c@-p b S{a-@-p) - L@-pr]. 310

where we have used Eq. (B3). Therefore,

HI(P)/[qg/ﬁN[(—qu—fq){Z’(CIo—po)—f(q p) } {q q-— p} ——q p)}

24+ (1—€)¢* —2iqéq? [(po—q0)’+(1-€)(p—a)' —2i(po—q0) & (p—a)’]
(3.11)

For the fermion self-energy, we expand in p to get the divergent terms after integrating over g,

1A sample contraction of terms leading to the fermion self-energy can be written as:

" (W' Tus9) ¢ (UJT Tyspt) = —¢f; [(F45)5”Y (GOT)%B (Tys)"™ Do} Pa - (3.3)

There are two such terms possible. Similarly, a sample contraction of terms leading to the boson self-energy can

be written as:
6" (67 Tus ¥) & (7 Tus 1) = 66" [tha (Tas) ™ 53] [07, (Tas)™ wT4]
=¢¢" {(F45)%5 (Gg)(;,a (Tu5) ™" (GO)B’Q:| : (3.4)

Again, there can be two such terms.



such that:

2 e 2 T—¢)(1+y—E&y—cos?b) }
ooy o O 1 p*{ (d(a) q
(P> /q[ipoy—l-q2(1+y—§y>+ limy+@(Q+y—¢cy) )
N92/f7r2/dqqd‘1 2 2p*{q* (1 +y—&y) } + 20T
2 @2m)d |ipoy+¢>(Q+y—Ey) lipmy+a@(1+y—£y) )

_ g p \ [, __3d®)T p?

where, in the second line, we have used the relation in Egs. (B3) and (B6).

For the boson self-energy, applying a similar expansion in p, we get the divergent parts as:

¢*N v N[ ipy  11p°
Hl(P):16(1—§2)s<\/m) [1—52_ 18 1 (3.13)

B. RG equations

The counterterm action is given by:

Ser = /P [W1(P) {A1po + Az da () T+ As €9} 6(P) + 6" (P) (Aaypo + A3 1) 6(P)|

+9N€/2/P/KA6 [(?(P)W(K)F%w*(P_K)+¢*<P)¢T(P_K)F45¢(K>] )

Zn
A, =1+2,, Z,="2L. (3.14)

En

Adding the counterterms to the original Sy, and denoting the bare quantities by the index “B”,

we obtain the renormalized action as:

Sren = / [W(PB) {poy + da (PB) Ta + a5} ¥(P) + ¢*(Ps) (ys oy + P3) ¢<PB)}
Pp
+ gB/ / [6(P5) ¥ (Kp) Tus " (Pp — Kg) + ¢"(Pp) ¥" (P — Kp) Tas ¥(Kp)] . (3.15)
PB KB
The bare and renormalized quantitites are related by the following convention:

(po)B=—-p0, Pr=P, ¥p(Ps)= Z}/2¢(P)7 ¢5(Pp) = Z;/2¢(P),

Z3 Zy [ Zo /f/2 Zs [ Za ? Z Zo
= = = — | = = | = 7 = Zy | == 7. =7 | =
gB ZQ § y  YB Z5 (Zl> Yy, 9B Z;)/Q Zw Zl g, P 2 Zl s ¢ 5 Zl s



Let us define:

_ Olnpy _, dln (%) 10z,

a ’ nw_?(‘?ln,u’

o 101HZ¢
Olnp Olnp

20y’

where z is the dynamical critical exponent, and 7, and 7, are the anomalous dimensions of the

fermion and boson respectively. Furthermore, they are related by:

1 07 1 0Z;

2Ny = — 2 — 2Ny = — 2—z. 3.18
T 2281nu+ Z LT Zs0ln - (3.18)
Since the bare quantitites do not depend on u, their total derivative with respect to u should
vanish. Therefore, ddhl“gB = 0 gives:
np
dg € 0ln Zg
- = B,= |5 —2ny—ns+2(2— ] 3.19
Sty = = 32 H 22— )+ (3.19)
To one-loop order, we have Z,, =1+ Z’;’l, where
g gy g 3g° g _ 9 (1=3y+3¢y)
VUem Ly — €2 T ent Ly =&y T B Ly £y
N 11 ¢°N
4,1 gNE Zsy = J Ze1 = 0. (3.20)

T 16m2(1— 2 o882 (1 £2)°

Using the expansions:

0 1 0 1
z:z(o)—l—sz(l), 77¢:771(¢,)+57715,)’ 7}¢=77((¢)+577§s)’
Be=B" +eBP, B,=B0+eBM, B,=p9 +epV, (3.21)

and comparing the powers of ¢ from the p-derivatives of Eqgs. (3.16), we get:

P{3-4y(Q+y—<¢y)}
6472 (1+y—&y)?®
P {B3-2y(l+y—<¢y)}
A (l4+y—&y)P

z2=2—

s 2N  9{3-4y(l+y—<¢y)}
e = 1152 72 [1—52 (1+y—¢&y)3 ] (3.22)
and the beta-functions:

g CE{B-12y(1-0)}
T rr(liy - cy)
. Sy [2N(1+186-116) 9{3-4y(1+y—¢y)}
! 576w (1-¢2)° (1+y—Ey)? ’
&g g 22 N 9{3—4y(l+y—<¢y)}
b= =5 T s (1— €2 (I+y—¢&y)p? ] (3:23)
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FIG. 2. The RG flow diagrams in the (a) g = \/%—plane, (b) & = 0-plane, and (c¢) y = O-plane.

C. Fixed points and their stability

The fixed points (£*,y*, g*) are given by:

247/
0,0,0) and (0,0, ——="VE ) 3.24
(0,0,0) an ( \/22N+27> (3:24)

To analyze the stability of the non-Gaussian fixed point, we write down the linearized flow

equations in its vicinity, which are:

(5 i¢
i oy ~M| oy |, (3.25)
dg ) '€ y*9) dg
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where [ = —Inp is the logarithmic length scale determining the RG flows towards the infrared,

and
-39 0 0
€
M=——— 0 —(22N-=27) 0O ) 3.26
22 N + 27 ( 5407 /2 ) ( )
JmNin L

The eigenvalues of M are given by:

( 39¢ (22N—27)5)’

_ o 2
2N 127 O 2N +27 (3.27)

which are all negative, since N is a multiple of four. This shows that the fixed point is stable in

the infrared. Some representative flow diagrams are shown in Fig. 2.

IV. EFFECT OF SHORT-RANGE-CORRELATED DISORDER

In this section, we consider the effect of adding disorder to the system of the form:

Hyis = / d'x [%(x) W'y), + Vi) Y (T Tawh) ++Va(z) Y (4 ram)T} , (4.1)

a a<b

where V,,(x)’s are produced by impurities or defects with and without spinor structure. We consider

the case of short-range-correlated disorder such that
<V04(I) Vo/(x/»avg =W, 6(I - $,) 6040/ . (42)

The parameter W, measures the strength of the disorder induced by the distribution of impurities.
We introduce n copies of the fields ¢ — 1; with i € [1,n], and average over the disorder using
Eq. (4.2). This is the standard treatment of disorder in the replica formalism, where the number

of replicas n — 0 at the end of the computation. The replica term in the action is then given by:
S == Worty / dr dr' d'a (6 ), (W) =W e 33 / dr dr' ' (3 Ty vr) (1 Ta )
i ij a

- W2 :ua Z Z / dr dT, ddx (¢1T Fab wz)f W]T 1—‘ab %’)7/ . (43)

ij a<b

The tree-level mass dimension is [W,] = 4 — d. Let us denote the corresponding matrices by M,,
such that

(M07 Mb MQ) = (1Nc7 Fm Fab) ) (44>
where N, is the dimensionality of the gamma matrices. For the current problem, N, = 5.
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FIG. 4. One-loop correction to (a) fermion-boson vertex from disorder, and (b) disorder from fermion-

boson vertex.
A. Fermion self-energy correction from disorder

The one-loop fermion self-energy correction from disorder, shown in Fig. 3, is given by the term

Y1a(P) = =2 [WO/GO q, o) +W1Z/F Go(q,po) I +WQZ/FQbGO qa,po) I ]

a<b

Nc(Nc_l) —ZQO—gq
. N,
“{W” Wit = }/ T 1) gl 2ip

Gﬁ%mWﬁNm+;kﬂ<u>f

42 (1-¢2)°e vV |pol

using Eqgs. (Al) and (A2).

2 A sample contraction of terms leading to this looks like:

(0F M) (61 M) = (] M7 005) (w3 MM700) = b, MO (Go)y MOt
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B. Fermion-boson vertex correction from disorder

Let us compute the one-loop fermion-boson vertex correction coming from the disorder vertices,

which involves loop integrals of the form *:

I(a) =2g9W, M%E / M, Go(k —q, ko —po) ['ys Gg(q,po) MaT
q

= / M, Go(k — q, ko — po) Go(a, po) Tas ML
q

—2gW, M/ Mo [i (po = ko) =€ (a—%)* +d(a—k)-T] [~ipo—£¢* +d (q) - T]Tys M7
: q[(po—k‘o)Z—i-(1—52)(q—k)4+22'(p0—]€0)f(q—k)z] [pg+(1—§2)q4—2ip0§q2]’
(4.6)

corresponding to the one-loop vertex correction figure shown in Fig. 4(a). We set k = ky = 0

without any loss of generality, as this will still allow us to extract the divergent part. Using
Eq. (A6), for a = (0,1), we get:
Malipo—€q*+d(a—) T] [—ipo—£q* +d(q) T] M,

I(a):—QgWauS;/ : : 45 -
a [PB+(1—€)a* +2ip& (a—K)°] [P+ (1-€2) ¢* — 2ipo € ¢?]
(4.7)
Using Eq. (A7), we get:
c M lipo—¢ (q—k)+d(q—k)-T| [—ipo— ¢ +d(q)-T] M
1(2)229W2M32/ 2lim—la-lyddla -l U potodla) TRy
[P+ (1= (a—K)" +2ipoé (a—k)°] [p§+ (1 - €2) q* — 2ipyé ¢?]
(4.8)
Let us now compute the integral
J- / [ipo—€q® +d(q)-T] [~ipo—€q° +d(q) - T (4.9)
P+ (1 =€) ¢* +2ipo £ q®] [P+ (1 =€) ¢* = 2ipo§* ]
Dropping the terms which do not contribute to vertex correction, we are left with:
J,E/—[ipo+§q2] ipo — €| +d%(a) _ (1+€%)|po| (4.10)
a [P+ (1—-€)q] +4pieq! 872 (1-€)e

3 A sample contraction of terms leading to this looks like:
¢* (VT Tusv) (VI M) (T M) = ¢* (wa (Dy5)™” ¢ﬂ) (0, MVSs) (67, M 4s,)
=¢"Ps [(Go>0w M7 (Ty5)™7 (Go)gx MM] Yo
=¢" s [(MT)M (GF)., o (Tas)™” (Go)g MA"’} Yo -
or
6 (VT4 ¢") (VT My) (VT My) = ¢ (7”& (Pas)™” Wﬁ) (01, M7045) (4 M*4),)
= gyl [M79 (Go)y o (i)™ (Go)yp MM 01,
= 0"l M7 o)y ()™ (6F),,, (7)™ w.
13



Hence, using Egs. (A1) and (A2) in Eqgs. (4.7) and (4.8), the divergent part of the fermion-boson

vertex correction from disorder is given by:
guz (L+€%) |Wo+ N Wy — _NC(NCQ_I)W2] ( L )E

47?'2(1—52)8 ’/|p0|

Ty = (4.11)

C. Correction to disorder vertex from fermion-boson vertex

Fig. 4(b) shows how the fermion-boson vertex can generate a one-loop correction for each

disorder vertex. The contributions will be given by integrals of the form * :

AW, g Mga/ Tys GHQ) MY Gi(a+k—€,q0) Tas Do (q+p +k — £, pg + q0)
Q

=4Wa92u26/ Go(Q) M, Go(a+k —2,q0) Do(q+p+k—1,po+ qo) , (4.12)
Q

using Eq. (A6). For extracting the divergent parts, we can set p =k = ¢ = 0.
Using Eqgs. (A1), (A2), (A3) and (B6), the contributions for scalar, vector and tensor disorders

reduce to:
(iqo+Eq>)* +¢°

JS:4W092/’1’2€/ D) . 27, ) (413>
Qlag+(1—=8)q* —2iq&¢? [iy(q +po) + ¢*
ian + € d? 2 (N.—2)¢*
JU=4W192/L25/ 5 o g.Q) T : (4.14)
Qlag+ (1 —=82)¢* —2iq& ¢ [iy(q + po) + ¢
iqo + € )" 4 Wethl
4:4%92#26/ : i +80) + 7, . (4.15)
@l +(1—8)q* —2iq&q* [iy(q + po) + ¢?]
On performing the integrals, we get:
2 £ €
g Wousy M
= : (4.16)
Am2(1+y—¢y)e (\/|p0|>
S Wi L2y = Ne(ty) = (Ne =D&yl [ p (4.17)
AN, (1+y—Ey)’e VIpol
QW 4 [2 — y (N, —4+2 )
g= S Wap 2 y( - O n | (4.18)
A N.(1+y—<&y) e Vol

for the scalar, vector and tensor disorder vertices respectively.

4 A sample contraction of terms leading to this looks like:
6" (67 Tus¥) & (47 Tas ) (01 M) (0 M) = 66" (6 (Das)™ 05) (15 (Tas) ™ 5 ) (5 MO7055) (w1 M )
= s [0 T3 (GF),,, (MT)7™ (), (Das) ™| s (v M w3).

There are eight such terms.
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D. RG equations

The counterterm action for the disorder part is given by:

S =— 1 Z/ /O(ﬁ/m> (2m)? 6 (p1 + Ps — P2 — Pa)

X [A7 Wo {?ﬂj(pl,po) %(pz,]?o)} {@ZJJT'(I)?,, ko) ¥ (P4, ko)}
+ As W4 Z {%T(pl,po) Ly %(PQ,po)} {’l/};:(p?)? ko) T'a ¥j(Pa, ko)}

+ Ag Wo Z {1/1;[(131,]70) Lap ¢i(P2,p0)} {Tﬂ;(p:&, ko) Tap i (Pas ko)} ] , (4.19)

a<b

where A, =1+ Z,, and Z,, = ZE"Tgl as before. Adding these counterterms, the disorder part of the
renormalized action is:

L)

X [WOB {%’B(PlBapOB)%’B(PzB,poB)} {djjTB(pSBa kOB) ij(p4Ba kOB)}

+Wip Z {%‘E(lepog) Ly %B(mg,poB)} {%’E(P?,B, koB) I, ?/JjB(p4B, kog)}

SdlS

ren 5d (plB + P3p — P2 — P4B)

+ Wap Z {%‘L(Pm,pog) Lap ¢iB(P2B,pOB)} {05 (3. ko) Dap Vi 5 (Pay Kop) }
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a<b
(4.20)
where, in addition to Eq. (3.16), we now have:
W Zy (Z,\° W Zs (Z\° 1 Zy (Zo\*
=" =\ W Wipn="—="[= W Wop=——(—=1| W,. 4.21
Zi (Zl) 0> 1B Zi (Zl> 1 2B Zi (Zl) 2 ( )
The disorder beta functions are now obtained from dl;llW“B = 0, which take the form:
InZ In Z57
—aWOE_ﬁwoz 0ln 7_8112W0
Olnp Olnp Olny |
an o . Oln Zg Oln ZQ_
_8ln,u__ﬁwo_ c olnp 8lnu_W1
(3W2 Oln Zg Oln Z2_
— = — = — i 4.22
Olnp By Olnp  Olnp | Ws (422)



We have found that:

7 >y +(1+€2){WO+NCW1+W} g 3g°
M6 (1 1y — €y)? 4n2(1— ¢2)’ LT M (ly — €y
g, — 9 -3y+3&y , __ gNE ___ UgN
MUAsT(1+y -y M T lem(1—e2? 28872 (1 — £2)%
7 __9(1+52){W0+NCW1—MN+1)W2} 7o gy Wy
o1 472 (1 — €2) L AR N (T y — €y
Zo = IWLt2y—Ne(ty) - Ne- D&y, g Wal2— y(Ne =4+ 20)]
&1 An2(1+y—Ey)? C AT N, (1+y—Ey)°
(4.23)
Finally, using the expansions in Eq. (4.24) and
Bwo = B+ B, B =By +€Br»  Bw, = Bys + B3y (4.24)
we get:
2_2_g2{3—4y(1+y—§y)}_(1+§2){WO+5(W1+2W2)}
- 6472 (1+y—Ey)? An? (1 -£%)? ’
e 3-2y(+y—¢y)} A+ {Wo+5W1 +2Ws)}
A TE TRt 87 (1 - &%) |
g | 22N 93-dy(l+y—¢&y)}|  (1+E){Wo+5(Wi+2Wa)} (4.25)
T s |1 ¢ (I+y—Eyp 72 (1— €2)? L

and the beta-functions:

_ge{13-12y(1-¢)}

e 19272 (14+y—£y)°
5 = g’y 2N(11+18§—11§2)_9{3—4y(1+y—£y)} Yy (1L +E){Wo+5 (W +2Wh)}
v 57672 (1-¢2) (1+y—&y)? 4 (1—¢2)°
_eyg g3 22 N 9{3—4y(l+y—<¢y)}
bo= =5+ 11502 (1_52)2+ (1+y—Ey)s ]
g1+ ) {(1+39) (Wo+5W1) +10W, (1 —3gWs)}
872 (1—-¢2)° 7

FPWo{3-32Woy(l+y—Ey)}
6472 (1+y—Ey)°
39° Wy
6412 (1+y—Ey)*’
PWe {154+32Wa (14+y—Ey) (2—y—2&y) }
32072 (1 4y —Ey)°

5W0 = —€W0 +

9

ﬂwl = —8W1 +

Bw, = —e Ws + : (4.26)
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E. Fixed points and their stability
The fixed points (£*,y*, g*, W, W}, W5) are given by:

24 8 1573
(0707070a070>7 <07077T—\/5707070) ) 070771-—\/5707077—6
V22 N + 27 V3 8

8w\ 88 Nr?e R
o —5W1,W1,0) (4.27)

in the perturbative region, to leading order in €. All these fixed points are unstable in the infrared.

and <o, 0,

This can be seen from the linearized flow equations in the vicinity of each fixed point, which can

be represented as:

o€ 0§
oy oy

% 5‘;% ~ M (;ii : (4.28)
O | H(er iy gm W Wi w) 0
(5W1 5W1
(5W2 5W2

where M are composed of the appropriate coefficients of the linearized equations. The eigenvalues

of M for the three non-Gaussian fixed points are:

( —39¢ 22N e 22N e 22Ne (22N —27) ¢ )

27T+ 22N 27T+22N 27T+ 22N 27 +22N’  27+22N
(—0.083974, 0.064456, —0.001662, —0.001438, 4 x 107°%, 4 x 107°)

for £=0.001, N=4
(0.000114 + 0.002781 ¢, 0.000114 4 0.002781 %, —0.001444, 0.001000, 0, 0)

for £=0.001, N=4, W;=0
(4.29)

respectively, which demonstrate the instability due to the presence of positive eigenvalues in each
set. In Fig. 5, we have illustrated the behavior of the RG flows in different planes, as indicated in
the labels.

Hence we conclude that the presence of disorder destroys the superconducting quantum critical

point and the the solutions show flows to strong disorder.

V. ANALYSIS AND DISCUSSION

We have analyzed the effect of short-range correlated disorder on the superconducting quantum
critical point in systems with quadratic band crossings in three dimensions. We have employed a

perturbative RG framework in the minimal subtraction scheme. The problem includes all types of
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FIG. 5. The RG flow diagrams in the presence of disorder.



disorder as well as band-mass asymmetry (due to the term £ k? in the Hamiltonian of Eq. (2.1)).
We have found that disorder disrupts any possibility of getting a non-trivial stable superconducting
quantum critical point at weak coupling, and simultaneously, exhibits a runaway flow to strong
disorder.

The possibility of the conventional BCS type of superconductivity is already ruled out for these
systems even in the clean limit, due to the vanishing density of states at the QBT point. Although
superconductivity can occur at a finite coupling strength leading to a quantum critical point in
the clean limit, presence of disorder completely destroys this as well.

We should remember that in our £ expansion, we have to put ¢ = 1 in the final results,
in the same spirit as for the case of the Wilson-Fisher fixed point. We have not done higher
loop calculations to check that the overall coefficients are significantly smaller than one-loop ones.
Hence, our conclusions are suggestive taken into account the above fact. Furthermore, we neglected
Coulomb interaction and it would be interesting to see the conclusions in presence of the Coulomb
interaction. Lastly, in future works one can study the effect of cubic anisotropy in the scenario

considered.
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Appendix A: Gamma matrix algebra

In this appendix, we list various identities which follow from the Clifford algebra. First, for V.

gamma matrices I', (a =1,2,..., N,), we have
S r.,=N.. (A1)

Other relations that have been used in various computations in the main text are:

Nc (Nc - 1)

> Taplap = ————, (A2)
a<b
[Tyl = (N, —4) Ty (A3)

In our representation, where I'; 5 3 are real and I'y 5 are imaginary, we have:

. 1 a=1,2,3
(I'y)" = ¢, Ty, where ¢, = ) is (A4)
— a = ,

19



which follows from I'l = I',. Furthermore,

L5 o = Ga T'a T'as, (AD)
following from the fact that I'y5 is proportional to the product of I'y and I's. Thus we have

Ty5 (To)t =Ty Tus, (A6)
and

Dys (Do D)t =Ty T T =Ty Tys TF =T Ty Tys. (A7)

Appendix B: d,-function algebra

We state some non-trivial relations for functions d,(p) derived in Ref. [10]. Firstly, we have:

1

;da(p) da(k) = 7= [dx (p-K)* = p* k. (B1)

For k = p we obtain:
> di(p) =p". (B2)
For d = 4, we get:

S dalp) da(k) = 5 [4(p 107~ 577 (B3)

Due to reasons explained in Ref. [14], we have used the regularization scheme developed by
Moon et al [2]. This involves continuing to four dimensions while keeping the angular and gamma

matrix structure the same as in d = 3. This translates into performing the radial momentum

p375dp
(271.)475 )

momentum integrals only over the two-sphere parametrized by the polar and azimuthal angles (0

integrals with respect to a d = 4 — ¢ dimensional measure [ but computing the angular
and ¢). Nevertheless, the overall angular integral of an angle-independent function is taken to be
2% (since this is the total solid angle in d = 4), and hence, the angular integrals are normalized

accordingly. Therefore, the angular integrations are performed with respect to the measure

/dS(...)Eg/OWdQ/O%dgosinQ(...), (B4)

where the 7/2 is inserted for the sake of normalization. We refer to this as the “Moon scheme”.

Defining d,(p) = p*d,(p), we have:

/ dSd,(p) =0, (B5)

. 27T25ab

[ s dutp) i) = 27 (B6)
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