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Enhancement of superconductivity at the onset of charge-density-wave order in a metal
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‘We analyze superconductivity in the cuprates near the onset of an incommensurate charge-density-wave (CDW)
order with momentum Q = (Q,0)/(0, Q), as observed in experiments. We first consider a semiphenomenological
charge-fermion model in which hot fermions, separated by Q, attract each other by exchanging soft CDW
fluctuations. We find that in a quantum-critical region near the CDW transition, 7, = Ag., where g. is charge-
fermion coupling and A is the prefactor, which we explicitly compute. We then consider the particular microscopic
scenario in which the CDW order parameter emerges as a composite field made of primary spin-density-wave
fields. We show that charge-fermion coupling g, is of the order of spin-fermion coupling g,. As a consequence,
superconducting 7. is substantially enhanced near the onset of CDW order. Finally, we analyze the effect of
an external magnetic field H. We show that, as H increases, the optimal 7, decreases and the superconducting
dome becomes progressively more confined to the CDW quantum-critical point. These results are consistent with

experiments.
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I. INTRODUCTION

An understanding of the nature of charge order in high-T7,
cuprates and of its effect on superconductivity is essential for
a full understanding of the complex physics in these materials.
Charge order was observed in the cuprates quite some time
ago [1,2] but was originally though to be present only in
La-based materials. The recent wave of discoveries of an
incommensurate charge-density-wave (CDW) order in Y-, Bi-,
and Hg- based cuprates [3—10] has demonstrated that charge
order is ubiquitous to all families of high-7, cuprates. A true
long-range CDW order has so far been observed only in a
finite magnetic field, but short-range static order (probably
pinned by impurities) exists already in zero field. In a phase
diagram, CDW order has been detected within the pseudogap
region, and its onset temperature is the highest around doping
level x ~ 0.12. The CDW has an incommensurate momentum
Q=0,=(0,0) or O, =(Q,0) and the order is likely
uniaxial; i.e., it develops, within a given domain, with only
0 or Q, [8].

The discovery of CDW order raised a number of questions
about its origin [11-21], a potential discrete symmetry break-
ing before a true CDW order sets in [4,14,22-28], and the
relation between CDW order (or its fluctuations) to pseudogap
behavior [14,18,20,27] and Fermi surface (FS) reconstruction
[29].

In this paper we discuss another issue related to CDW:
its effect on superconductivity. We take as inputs three
experimental facts. First, 7, as a function of doping, has a dip
or aplateau ataround x ~ 0.12, where the onset temperature of
CDW is the highest [30,31]. Second, when CDW is suppressed
by applying pressure [32], superconducting 7, increases.
Third, when a magnetic field is applied [33], the dip grows
and with a high enough field the superconducting dome splits
into two, and the one at higher dopings is centered at the same
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x at which CDW order develops at T = 0 [33]. In other words,
superconductivity forms a dome on top of the quantum-critical
point (QCP) for the onset of CDW order.

The first two results can be naturally understood if we
assume that CDW and d-wave superconductivity are just
competing orders; i.e., when one order is at its peak, the other
one is suppressed. The third observation, on the other hand,
requires one to go beyond a simple “competing order” scenario
because the presence of the dome of superconductivity on
top of CDW QCP indicates that superconductivity is at least
partly caused by soft fluctuations of CDW order which then
must develop at higher energies than the ones related to
superconductivity.

In our analysis we explore CDW-mediated superconductiv-
ity in some detail. We perform our analysis in two stages.
In the first stage we put aside the issue of what causes
CDW order, assume that this order develops below some
critical doping, and consider a semiphenomenological model
of fermions interacting by exchanging soft CDW fluctuations
with momenta Q. This model is quite similar to the spin-
fermion model, considered in earlier studies of spin-mediated
superconductivity for cuprates, Fe-pnictides, and other corre-
lated materials [34-39], and we dub this model the “charge-
fermion model.” The charge-fermion and spin-fermion models
are similar but differ in detail because of the difference between
the CDW momentum Q and the antiferromagnetic momentum
(r,m) and, also, because of the difference in the spin struc-
tures of charge-mediated and spin-mediated interactions (spin
Kronecker § functions vs spin Pauli matrices). One qualitative
consequence of these differences is that a charge-mediated
interaction gives rise to superconductivity with a full gap in
each region where the FS crosses the Brillouin-zone boundary
(antinodal regions in the cuprate terminology), but it does
not couple superconducting order parameters from different
regions, hence it alone cannot distinguish between s-wave and
d-wave pairing symmetries [40].

We perform a quantitative analysis of the pairing within the
charge-fermion model in the most interesting quantum-critical
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regime right above the QCP for CDW order. In this regime,
a charge-mediated interaction gives rise to the pairing but
also destroys the coherence of hot fermions (those at the
FS separated by Q). The superconducting 7" is determined
by the interplay between the strong tendency towards pairing
and the strong pair-breaking effects associated with the self-
energy. We compute the Landau damping of soft bosons
and fermionic self-energy and then obtain and solve the
linearized gap equation with renormalized fermionic and
bosonic propagators. We show that in the quantum-critical
region T, is finite and scales with the effective charge-fermion
coupling constant g,: TCCh = A.g., where A, ~ 0.0025.

In the second stage we consider the specific microscopic
scenario for CDW order: the one in which the CDW is a
composite order parameter made up of primary (;r,77) spin fluc-
tuations. Within this scenario, spin fluctuations are assumed
to develop first, at energies comparable to the bandwidth,
while CDW fluctuations develop at lower energies and do
not provide substantial feedback on spin fluctuations. This
composite order scenario requires fermion-fermion interaction
to be comparable to the bandwidth (otherwise spin fluctuations
do not develop at high energies) and inevitably is partly
phenomenological. We do not discuss a complementary,
renormalization-group-based, truly weak-coupling scenario in
which all fluctuations (spin, charge, superconducting) develop
simultaneously at a low energy and mutually affect each other
[41].

Various versions of magnetically induced charge bond
and site orders have been proposed over the last few years
[11-14,16-18,20,21,42,43], some focused on the CDW with
diagonal momentum (Q,Q) and others on the CDW with
momenta Q, = (Q,0) and Q, = (0,Q). Motivated by ex-
periments, we consider soft fluctuations of the CDW order
parameter with a momentum near the axial Q, or Q,. Previous
studies have found [44] that the axial CDW has a partner—an
incommensurate pair-density wave (PDW)—and fluctuations
in CDW and PDW channels develop simultaneously. To keep
the presentation focused, we concentrate on CDW and neglect
PDW fluctuations. The latter can, in principle, also mediate
pairing interactions but are unlikely to destructively interfere
with CDW fluctuations.

In an earlier work [14] we have shown that axial CDW order
develops in a paramagnet at a finite T4y, provided that the
magnetic correlation length & is large enough. As &; decreases,
T.qw also decreases and vanishes at some finite &; ., setting up
a CDW QCP at a finite distance from a magnetic QCP (the
one at £ = 00). Near & .;, CDW fluctuations become soft and
give rise to a singular pairing interaction mediated by these
fluctuations. We show the behavior of T4y, Vs & schematically
in Fig. 1.

Whether this additional pairing interaction substantially
affects the superconducting 7. depends on the interplay
between the charge-fermion coupling g. and the coupling
gs between fermions and primary spin fluctuations. The
argument is that spin-fluctuation exchange by itself gives rise
to superconducting pairing, and at large &; the corresponding
T.* scales with g,: T.¥ = A, g, where A, =~ 0.007 [46]. As &,
decreases, TP also decreases but remains finite. The two-dome
structure of 7T,.(x), observed in the cuprates in an applied
magnetic field, can be understood within this approach only
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FIG. 1. (Color online) Doping range where CDW order with mo-
mentum (Q,0) or (0, Q) emerges within the itinerant spin-fluctuation
scenario. The effective interaction in the CDW channel is made
up of two spin-fluctuation propagators. CDW order develops only
when the system is sufficiently close to a magnetic instability and
terminates at doping x¢h, differently from xcf for antiferromagnetism.
In the hatched region near x2, localization of electronic states (Mott
physics) becomes relevant [45], and the spin-fluctuation approach
needs to be modified. In this region, the onset temperature of CDW
order drops.

if near & = & o, TN > T.P. If this does not hold, i.e., TN is
smaller than 7", the contribution to superconductivity from
charge-mediated exchange is only subdominant to the one
from spin fluctuations. In this situation, the only effect on 7,
from the CDW is due to direct competition between CDW
and superconducting orders. This competition may give rise
to an additional reduction of 7, in a magnetic field, given the
experimental evidence that CDW order increases in a field.
However, it cannot give rise to a peak of 7, above CDW QCP.

We evaluate charge-fermion coupling g. within a random
phase approximation (RPA)-type analysis of charge fluctu-
ations near the CDW QCP, Uf(g) o U./(1 — U.I1.(q)) =
gc/(éc_2 + (g — Q)%), and show that g. is comparable to
the spin-fermion coupling g;. This result may look strange
because charge fluctuations, viewed as composite objects
made up of spin fluctuations, develop only in a narrow range
near the FS points separated by Q, or Q,, with the width
in momentum space of order A ~ £7!. As a consequence,
g. ~ U.£72. However, the “bare” interaction in the charge
channel, U,, is a composite object made up of two spin
fluctuation propagators and two fermionic Green’s functions
(see Fig. 8). This composite object behaves as g,&2. As a
consequence, Uc‘é}_z is not reduced by &, and g, differs from
g only by a numerical factor.

To properly calculate the ratio g./gs; one needs to do
full-scale dynamical calculations, even if one is restricted to
ladder series of diagrams, as in the RPA. In this work, we
use a simplification and approximate the bare interaction in
the charge channel U, by a constant within the momentum
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FIG. 2. (Color online) Schematic phase diagram for the interplay
between superconductivity mediated by spin and that mediated by
charge fluctuations. (a) Onset temperature 7P of spin-mediated
superconductivity, as a function of doping. We assume that impurities
kill superconductivity above a certain doping. (b) Onset temperature
T® of charge-mediated superconductivity near the onset of CDW
order. We compute 7" in this work. (c) Full phase diagram. The
nonmonotonic 7, (x) is obtained by combining the spin-mediated and
charge-mediated contributions to 7, from (a) and (b) (dashed lines).

range A ~ £! around proper FS points (hot spots) and set it
to O outside this range. We compute the polarization operator
I1.(q,2,,) and use the RPA to obtain charge-mediated effective
interactions within fermions. We use the condition for the
CDW QCP 1 =U.IT.(Q) to fix A and obtain the explicit
relation between g. and g,. Within this approach, we find
8c 2 8-

We argue, based on this analysis, that the enhancement
of superconductivity near a CDW QCP is substantial; i.e.,
superconductivity in the cuprates comes from both spin and
charge fluctuations. We present the phase schematic in Fig. 2.
This scenario explains the developments of two domes of 7, in
a high magnetic field: one, at a lower doping, is due to critical
spin fluctuations, and the other, at a higher doping, is due to
critical charge fluctuations.

1. Relation to earlier works

Pairing by charge fluctuations has been studied before.
In the context of the cuprates, DiCastro, Castellani, Grilli,
and their collaborators [40] analyzed in detail the pairing
mediated by axial CDW fluctuations near the onset of charge
order, which was assumed to develop on its own rather
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than being induced by spin-density-wave (SDW) fluctuations.
They found that a charge-mediated four-fermion interaction is
attractive in both d-wave and s-wave channels and does not
distinguish the two. They argued that some other mechanism,
e.g., antiferromagnetic spin fluctuations, lifts the degeneracy
in favor of the d wave. We obtain the same results in Sec. II.
The novel part of our analysis in that section is the calculation
of the charge-mediated 7, in the quantum-critical regime.

This pairing problem near the CDW QCP has certain
similarities to the pairing at the onset of a nematic order,
which has been extensively studied in recent years [47-50].
It has been argued that Q = 0 nematic fluctuations enhance
all partial components of the pairing susceptibility. The case
of QCP at small Q,/Q, is less unrestrictive in this respect,
but still, s-wave and d-wave channels are degenerate for CDW
fluctuations.

The analysis of the electron-mediated pairing near a
QCP for density-wave order is also quite interesting from a
general perspective, as it adds one important new element not
present for the pairing away from a QCP. Namely, the same
interaction which gives rise to strong attraction also destroys
fermionic coherence and prevents fermions from developing
supercurrents [51,52]. Superconductivity then may or may not
emerge, depending on the interplay between these two opposite
tendencies [47,53].

The rest of this paper is organized as follows. In Sec. II
we introduce and analyze the charge-fermion model of
itinerant electrons coupled to near-critical CDW fluctuations.
In Sec. IT A we derive bosonic and fermionic self-energies. In
Sec. II B we study the pairing problem and obtain 7" due to
charge-fluctuation exchange near a CDW QCP. We show that
Tfh scales with the charge-fermion coupling constant g.. In
Sec. III, we relate g, and the spin-fermion coupling g, within
the magnetic scenario for CDW. In this scenario, a CDW order
parameter field emerges as a composite object made up of two
spin-fluctuation propagators. We show that g. is comparable to
gs and may even exceed it. In Sec. IV we discuss in more detail
the superconducting dome around the CDW QCP. Finally, in
Sec. V we discuss the results and present our conclusions.

II. THE CHARGE-FERMION MODEL

We begin with a semiphenomenological analysis. We
assume, without specifying the reason, that CDW order with
momentum @, = (0, Q) and/or O, = (Q,0) develops at some
critical doping x.* and consider the model of two-dimensional
fermions interacting by exchanging near-critical, soft charge
fluctuations. We dub this the “charge-fermion model” by
analogy with the spin-fermion model, which was introduced
to describe a system near a magnetic QCP. As our goal
is to describe low-energy physics (energies well below the
bandwidth), we focus on momentum ranges around the CDW
“hot” spots on the FS, defined as points which are separated by
CDW momentum Q, or Q. For a generic Q there are 16 CDW
hot spots, 8 corresponding to Q, and another 8 corresponding
to Q,. For simplicity we consider the case where Q is such
that CDW hot spots are at or near the crossing between the
FS and symmetry lines in the Brillouin zon, k, £k, = £7.
Then hot spots from the Q, sector merge with hot spots from
the Q. sector, and the total number of hot spots becomes
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FIG. 3. (Color online) Fermi surface of a two-dimensional elec-
tronic system on a square lattice and location of hot spots for charge-
mediated interactions. CDW “hot” spots are defined as points on the
Fermi surface separated either by Q, = (0,Q) or by O, = (Q,0).In
a generic situation, there are eight hot spots for Q, and eight for Q,.
Motivated by experiments, we consider the case where hot spots for
Q, and for Q, merge. In this situation, CDW hot spots coincide with
hot spots for (;r,7m) magnetism, and there are eight of them on the
Fermi surface We label these hot spots 1-8 (5 = -2, 6 = —1, etc.).
The arrow shows the direction of the Fermi velocity at hot spot 1.
Fermi velocities at the other seven hot spots are related to this one
by symmetry. Near CDW instability hot fermions interact with each
other by exchanging CDW fluctuations with momenta Q. ,. Here and
in subsequent figures dashed lines represent charge fluctuations.

eight. We label these points 1-8 in Fig. 3. This approximation
works reasonably well for the values of Q extracted from
experiments [6].

We linearize the fermionic dispersion in the vicinity of hot
spoti as € ;= - k;, where v; is the Fermi velocity and k;
is the momentum deviation from hot spot i. We define the
Fermi velocity at hot spot 1 as vi = (v,,v,); the velocities at
other hot spots are related by symmetry. In cuprates, the FS in
the antinodal region is “flattened,”,and we have v, < v, (see
Fig. 3). We define a = v, /v, < 1.

The action of the charge-fermion model can be written as

S :/dl%cha(/;)(—iwm + Giz)Ci,a(lz)
+ / dixe @ Y Pu@d)@
a=x,y
te 3 / dRR ¢}, (Brci 1 (B0} E — F)

i=1,3,57
o
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+e Y, f / dkdk' c],(k)cis.0 (K )]k — K)
i=1,2,3,4;

+ H.c., ey

where c;, is a fermion field with i labeling hot spots and o
labeling spin projections. Hot spots i and i 4 1 are separated by
CDW momentum Q,, and hot spots i and i + 4 are separated
by O (see Fig. 3). The scalar field ¢, , is a CDW order
parameter field with a momentum near Q,/Q,. In Eq. (1) we
have used the shorthands & = (wm,f() and § = (2,,q), where
W (2),) are fermionic (bosonic) Matsubara frequencies. The
bosonic momentum ¢ is measured as the deviation from the
CDW momentum Q, or Q,, and the fermionic momentum
k is measured as the deviation from the corresponding hot
spot. The form factors f;q , determine the relative magnitude
and sign between CDW orders in different hot regions. In
general, CDW order has both d-wave and s-wave components.
A pure d-wave order would correspond to f1> = — fy3*7 =1
and fl? = —f34 =1.

We assume, as is done in the spin-fermion model, that
static charge susceptibility comes from fermions with ener-
gies higher than the one relevant to superconductivity and
approximate it by a simple Ornstein-Zernike form, x. =
X0c/(G2 + G* + £7%), where &. is the CDW correlation length.
The prefactors for §> and c]i may in general differ [54] because
O, and Q, are not along Brillouin-zone diagonals, but this
difference can be absorbed into the rescaling of § and does not
affect our analysis.

The coupling g, is a phenomenological charge-fermion
coupling constant. The corresponding charge-mediated four-
fermion interaction term in the Hamiltonian is (we setQ = Q,
for definiteness)

Hine = —USN@ Y el ych chgschrg pdapdys. ()
k.p
with

8c .
Ec_z + (q - Qy)2

The effective coupling g, = g2 xo., and the sign convention
is such that the interaction appears with a factor —1 in the
diagrammatic theory.

The charge-fermion model is defined self-consistently
when its fluctuations cannot modify the physics at lattice
energies, and this requires that g, must be small compared
to the fermionic bandwidth.

U (q) = g2x.(q) = A3)

A. Normal-state analysis

For the computation of superconducting 7", mediated
by charge fluctuations, we need to know the normal-state
properties. We use Eq. (1) and compute self-energies for
the bosonic fields ¢, and ¢, and for the fermionic field.
We show the corresponding diagrams in Fig. 4. We compute
the bosonic and fermionic self-energies in a self-consistent
fashion, as done in the earlier works on the spin-fermion
model [11,39,52]. Namely, we first evaluate the one-loop
bosonic self-energy (the bosonic polarization operator) using
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FIG. 4. One-loop diagrams for (a, b) the bosonic self-energy I1, ,
and (c) the fermionic self-energy %;.

free fermions and show that it has the form of Landau damping,
then use the full dynamical bosonic propagator to calculate the
one-loop fermionic self-energy and show that it is strong but
predominantly depends on the frequency, and then verify that
the frequency-dependent fermionic self-energy does not affect
the Landau damping. This self-consistent procedure becomes
exact if we neglect subleading terms in the self-energy, which
depend on the fermionic dispersion €. This can be rigorously
justified if we extend the model to M fermionic flavors and
take the limit M — oo (e.g., Ref. [11]) or extend the number of
pairs of hot spots from 4 to N and take the limit N — oo (e.g.,
Ref. [52]). We use the latter extension to justify our analysis.

1. Bosonic polarization operators

The bosonic polarization operator for ¢, is given by the
diagram in Fig. 4(a), and the expression for ¢, is related
by symmetry. The full polarization operator is the sum of
contributions from four pairs of hot fermions which are
separated by Q. These pairs are (1,2), (3,4), (5,6), and (7,8).
There are no Umklapp processes for incommensurate CDW
order, in distinction to the SDW case, in which Q = (7r,7r) and
Umklapp processes are allowed.

For the contribution to IT from fermion pair (1,2) we obtain

Q@) = —28.T Y G1(0n.K)Go(0n + QK + @),
o,k

“

where the factor 2 comes from summation over spin indices. To
simplify the notations we drop the tildes on momenta hereafter.
The Green’s functions are given by G2 = 1/(iwy, — €12)
and fermionic dispersions can be written as €, = vy - k.
We transform the momentum integral dk,dk, into de;de;
by adding the Jacobian J = 1/|v; x va| = 1/v% x (a? +

1)/(2a), where vy =

pendent of q, the polarization operator in this approximation is
a function of the frequency only. We subtract from IT;(£2,,) its
frequency-independent part I1;(0), which only renormalizes
the position of the CDW QCP and is not of interest to us.
The subtraction makes the integral over the internal frequency
convergent, and evaluating the integrals we obtain, at zero

/vi + vi. Because this Jacobian is inde-
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temperature,
g: a*+1

(L, =—
1(82) 471311% o

/da)mdeldez

1
x [(iwm — i (@ + D) — €]

1
(i — )iy — 62)]

;a4
= 862 o+ /dwm[sgn(wm)sgn(wm + Q,)—1]
dmvy «
2 2
8. o +1
=T a2 [€2 . 5)
dmvy o

This is a conventional Landau damping term. We do the
same calculation for hot spot pairs (3,4), (5,6), and (7,8).
Because the Jacobians 1/|vy X vo| = 1/|vz X v4| = 1/|vs X
Vel = 1/]v7 X vg| = 1/1)12F x (> + 1)/(2a), all contributions
are the same as (5). Therefore IT,(€2,,) = 4I1,(2,,). It is easy
to verify that for ¢, the self-energy is the same as for ¢,, i.e.,
I, =T1,.

Including the polarization operator into the propagators for
the ¢, and ¢, fields, we obtain

X0c

Xc(vaq) = T s (6)
& 2 +61,% +Q§ + Vel
where
45, a*+1
c = 7
v 4 v% o @

and we recall that g, = gf, Xoc- The overall factor of 4 in the
numerator of (7) is the number of pairs of hot fermions. To
extend the model to large N one just has to replace 4 with N.
We use this extension below.

The total dynamical interaction mediated by charge fluctu-
ations can then be written as

U (q. Q) = 82x(q) = 8 .
E7+(q— Qo2 + el il

2. Fermionic self-energy

®)

We now use Eq. (6) and evaluate the one-loop fermionic
self-energy. The corresponding diagram is presented in
Fig. 4(c). Observe that for any hot fermion, interactions
mediated by both bosonic fields, ¢, and ¢,, contribute to the
self-energy. For example, for a fermion at hot spot 1, ¢, and
¢, scatter it to hot spots 2 and 5, respectively.

The self-energy depends on the location of a fermion on
the FS and on the distance to the CDW QCP. Below we are
interested in superconductivity right at the CDW QCP, hence
we need the self-energy right at this point. Accordingly, we set
& ! = 0 in the charge fluctuation propagator.

For the self-energy contribution to a fermion at hot spot 1
from Q, scattering, we have

2y (kw,) =T Z Uk — K, 0, — 0},)Ga(w], k), (9)
w,, K

where Kk is the deviation from hot spot 1. We place k on the FS,
ie., set ky =V -k =0, which gives k, = —ak,. At T =0,
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we rewrite Eq. (9) as

PHYSICAL REVIEW B 92, 125108 (2015)

1

_g. [ de,dK,dK]
y(ky,om) = W/

ia);n - kal (EH - k|/|)2 + (];J_ - ki)Z + Yelwpn — a);n| '

(10)

where k| and k| are perpendicular and parallel components of k’ with respect to the FS at hot spot 2, i.e., kK, = ¥, -Kk/, and ky
and k, are components of external k, defined relative to the FS at the hot spot 2, i.e., ki =%, -k, where v, = (v,, — vy). Using

ky = —ak, we obtain

ki = 2aky/(a® + 1). (11

We integrate over k', first and complete the integration contour over the half-plane with only one pole. We obtain

ige dkdw,, sgn(w,,)

1

Ey(ky,om) =

12)

2 / 7 ’ 7, / ’ o ’
Brtvr Ty = K2 + velon — o), | J&y =KD+ elow — @), ] + (1), 1/vr + kL sgn(@],)]

We will see that typical internal frequencies ), are of the same order as external w,,. Then at low enough frequencies one can
safely neglect the |w), |/vF term in the denominator. With this simplification we obtain

Eksm:
y(kjj,@m) . ;

Plugging Eq. (11) into Eq. (13) we finally obtain

ig. / dk|dw), sgn(wy,)
(ky —k

H)Z + Vc|wm — | +Ei

ige —
= 8¢ sen(@m)ly/ Velwm| + &2 — [kL]1. (13)
TTVF Ve

Xk, 0n) =

igc ( ) | | i 20lk|| 2
Sg Wi, c|Wm -
2T VEYe & Y a? +1

Z(XkH
a?+1

2il)p o ZC(kH 2 20lk||
= m cl®m 1 TS5 4 14
N a2+1sgn(w)\/’/|w|+<a2+1 @+ 1 (14
The self-energy from Q. scattering is obtained in the same way:
2:Jc(kva)m) = _gcT Z XL'(wm - a):n,k - k/)G5((1);n,k,). (15)

K
), .k

As the Fermi velocities at hot spots 5 and 2 are antiparallel, we have Gs(w),.k') = G2(w),, — k’). Comparing Egs. (9) and (15),
we then immediately find that X, = X,. Combining the two we obtain

m’

E(k”,a)m) =

4iUF

Itis easy to verify that this result holds around all hot regions 1—
8, and in each region k is the deviation from the corresponding
hot spot along the FS. The functional form of the self-energy
as in Eq. (16) was first obtained for the spin-fermion model in
Ref. [52] (for « = 1) and Ref. [11] (for arbitrary o). Right at
a hot spot, the fermionic self-energy has a non-Fermi-liquid
(NFL) form,

2:(vam) =1 sgn(wm)\/ wOClwWI'? (]7)

where wy. = (4/N)g./m x a/(a?® + 1). Away from a hot spot,
at ki > yc|wn|, the self-energy X(wy.k)) retains a Fermi
liquid (FL) form at the smallest w,,; i.e., we have

iwpy

E(wmka) = m(

g a?+1
Tvr 4a

> + O0(wy).  (18)

. 2
ig. sen(@n,) o | + 20k
(O 'c|®Wm -
TVEY, £ v a?+1

a?+1

2akH ‘

002 ontom| et + (25L)
sgn(wy, c|Wm -
N o241 B Yel® a? +1

1
o2+ 1 (16)

ZOlkH ‘

(

One can easily verify that the inclusion of the fermionic self-
energy X (k,w,,) o i sgn(wy,,) will not change the polarization
operator; i.e., [1(€2,,) retains the same form even if we compute
it using dressed fermions.

To verify self-consistency of the calculations, we also
computed the self-energy away from the FS. We found
Y(k1,0) < (1/N)vpk, log(A/lvrky|), where A is the upper
cutoff in the momentum integration. The presence of the
logarithm implies that the Fermi velocity also acquires singular
renormalization at the CDW QCP [11,52]. This singularity
breaks the self-consistency of the one-loop calculation of the
fermionic and bosonic self-energies if we keep N finite, but
a self-consistent procedure still remains rigorously justified
at this loop order if we set N — oo. The situation gets more
complex at higher loop orders due to the special role of forward
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scattering and backscattering processes which give rise to the
dependence of X on k; without the factor 1/N [48,50,55,56].
How important are these effects is unclear, and in this work
we restrict ourselves to the one-loop self-energy.

B. The pairing problem

We now use the normal-state results as input for the analysis
of pairing mediated by CDW fluctuations with momenta
around Q. and Q,. To leading order in 1/N, the pairing
problem can be analyzed without vertex corrections, by
summing up the ladder series of diagrams in the particle-
particle channel [11,52].

We first focus on the momentum region where hot spots 1,
2,5 = —2,and 6 = —1 are located (see Fig. 3). We introduce
the superconducting order parameters ®; ~ (cics) = (c1c—1)
and @, ~ (cac5) = (cac—») and obtain in the standard way a
set of coupled gap equations for the two condensates. The
interactions with momentum transfer O, = (Q,0) and Q, =
(0, Q) connect hot spots 1 and 5 with 2 and 6 and hot spots 1 and
2 with 5 and 6, respectively. As a consequence, the interactions
relate @, to ®,, and vise versa. We show the equation for &
diagrammatically in Fig. 5. In analytical form, we have

Oi(k) =T Y Uk — k') x [Go(K)Gs(—K )Do(K')
k/

+ Go(—=k)Gs (k)P (—k)], 19)

where k = (w,,k) and k' = (w),,K’), and k and k' are mo-
mentum deviations from the corresponding hot spots. The
fermionic Green’s function is given by G;(k) = 1/[iw, —
€;(k) + X;(k)]. The equation for &, in terms of ®; has the
same form, and thus ®; and &, have the same magnitude.

Because the two kernels in Eq. (19) (the prefactors for @,
on the right-hand side) are both positive (we recall that U
is positive), the U(1) order parameters ®; and &, have the
same phase, i.e., ®; = $,. By the same token, the SC order
parameters in the momentum range near hot spots 3,4, 7, and 8,
namely, ®3 ~ (c3cg) = (c3c_3) and P4 ~ (csc7) = {c4c_4),
are also equal. The kernels of the gap equations in regions 1,
2,5,and 6 and 3,4, 7, and 8 are the same, hence the magnitudes
of & = ®, and ®; = P, are identical. However, there is no
specification of the relative phase between superconducting
order parameters in the two regions. Setting aside more exotic
possibilities of phase difference equal to a fraction of w, we
are left with two options for the pairing symmetry: an s wave,
for which the phases of ®; and ®3 are identical, and a d,>_»
wave, for which &3 = —®, (see Fig. 3).

D, + Py

6

FIG. 5. Diagrammatic representation of the coupled ladder equa-
tions for superconducting order parameters ®; and ®,, which involve
fermions in hot regions 1 and 2 in Fig. 1.
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When only CDW-mediated interaction is considered, the
two pairing states are degenerate. This has been noted before
[40], and it was argued that the degeneracy is lifted by other
interactions, e.g., antiferromagnetic spin fluctuations would
favor d waves.

We now proceed with the calculation of TCCh. We assume
and then verify that (k) = ®,(k) = P(k) are even functions
of the momentum k. The linearized gap equation, (19), whose
solution exists right at T = T, then becomes

D(k) =27 Y U (k — k)| G2 (K )Gs(—kK)D(K).  (20)
v
On the right-hand side of Eq. (20) we first integrate over the

momentum transverse to the FS. Neglecting terms small in
1/N, we obtain

g.T k| D).k
D mak = A
oy == Z/ 27 Jw), — i% (@) k)

1
X
kﬁ + k‘/‘z — Zﬂk“k‘/‘ + J/cl(,()m -

. 2D

]
where 8 = (1 — «?)/(1 4+ o?). This factor appears in the last
term in (21) because k; and kl’| are parallel components of
momenta in different segments of the FS, namely, near hot
spots 1 and 2, respectively.

A similar gap equation has been analyzed in the context
of spin-mediated pairing near the SDW QCP [11,46,52]. To
make this paper self-contained, we present some details of the
computation of 7" in our case.

It is usually more convenient not to solve Eq. (21) directly,
but to add to the right-hand side of the gap equation an
infinitesimal pairing condensate ®, and compute the pairing
susceptibility x,, = ®/®o. The transition temperature 7. is
the one at which the pairing susceptibility diverges. This
approach has the advantage that the pairing susceptibility can
be analyzed within perturbation theory.

The first iteration gives

T a?+1
(22)

l - 2
D(w,y, ~T,O):d>0(1+—log2 w—o), | = il ,
2

where, we remember, wo. ~ g. is the upper edge of NFL
behavior. We note that neither the coupling constant g, nor
1/N directly appears in Eq. (22); i.e., once the temperature
is expressed in units of wy., the renormalization of ®g is
fully universal. The presence of the log® term (i.e., one extra
power of log compared to BCS theory) is the consequence
of the singular dependence of the fermionic self-energy
on the momentum along the FS. The log? term comes
from the momentum range where X (w.,,k|) ~ iwy/1k;| [see
Eq. (18)]. At g./vr > |kl > /vclwo| the term 1/|w), —
iE(a);n,kl/l)l in Eq. (21) scales as |k;/w),|. To logarithmical
accuracy, the momentum integral over k"‘ in Eq. (21) yields
fn-lw,’,,\dkﬁ/ ki oc log |w),|, and the frequency integral over

w,, then yields [, (log|w},])/|w),|dw), o log*(1/T). For the
spin-fermion model, this result was first obtained in Ref. [11].

The log? T renormalization of the pairing vertex has been
found in other contexts [S7—60]. To see how it is relevant for

T, one has to go beyond one loop order. To gain insight, we
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first consider the “weak-coupling” limit by formally replacing
the actual coupling | = 2a/(a® 4+ 1) with an effective [, =
2ea/(a® + 1) and taking the limit € < 1. In this limit, the
series of log? renormalizations can be summed up explicitly,
and the result is ® = dgel/@Mog’ @e/T) We see that, at
the log? level, the pairing susceptibility does increase with
decreasing T, but it does not diverge at any finite 7. One
then has to go beyond the log? approximation and include
subleading O(log) terms. In the weak-coupling limit € < 1
this can be done rigorously, along the lines specified in
Ref. [46], and the result is that subleading O(log) terms do
give rise to the divergence of the pairing susceptibility at a
finite 7" given by

T ~ wy.e™ /. (23)

The exponential dependence is the same as in the BCS formula,
which is not accidental because in the limit € < 1 the main
contribution to superconductivity comes from fermions away
from the hot regions, where self-energy has the FL form.
However, in distinction to the BCS formula, the prefactor w.
is not the upper cutoff for the attraction but rather the scale
set by the coupling constant g.. The proportionality of 7" to
the coupling g. is the fingerprint of the pairing near a QCP
[47,61].

For the physical case e = 1, we expect from (23) Tfh ~ Wpe-
To obtain the exact relation we solved Eq. (21) directly,
using the finite-temperature form of the fermionic self-energy.
Typical internal momentum and typical internal frequency are
of order kﬁ ~ Yy ~ Ywo. and @ ~ wq.. In this situation,
fermions from both NFL and FL regions contribute to
pairing. For numerical evaluation of 7" we extracted the
fermionic dispersion in hot regions from ARPES data for
Bi,Sr,CaCu,0s4, [62] and obtained o = 0.074. Using this
value for o we obtained numerically

T = 0.00253,. (24)

For comparison, in the spin-fermion model the critical tem-
perature at the SDW QCP is [46] T:X = 0.00735, (T:F ~
140K for g, ~ 1.7eV). We see that 7. in spin-fermion
and charge-fermion models on top of the corresponding
QCP are comparable if g. > g,. If this is the case, then
CDW fluctuations give rise to substantial enhancement of
the superconducting 7, around the CDW QCP. One also
should keep in mind that the result we quoted for 7" due
to spin-fluctuation exchange is 7" right on top of the SDW
QCP. Near the CDW QCP, the magnetic & is finite and the
spin-mediated 7,” is reduced.

Away from the CDW QCP, charge-fluctuation exchange
preserves FL behavior and the charge-mediated 7, drops
and eventually follows the weak-coupling BCS formula. The
self-energy at a finite charge correlation length &, is modified
compared to Eq. (16) and is given by

lg 20(](” 2
c -2
TUrYe sgn(wy,) Yelwn| + <a2 i 1) + &

20[/(” 2 )
(Y e o5

z:(kll’a)m) =
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Now even right at a hot spot (at k; = 0) the self-energy has an
FL form,

2

S (0n0) = Acliwn) — i—2 (26)
4a)cf
where
_ _2 _
e BB g == 8 @ g
2nvr Ye o AnAila’+1

The dimensionless charge fermion coupling A, (the ratio of
g. to the typical fermionic energy vr& ') decreases when
&, decreases. Once A, < 1, the charge-relaxation scale wet
becomes the upper energy cutoff for the pairing, and 7, follows
the BCS-Eliashberg-McMillan formula [63]

I+he

T. ~ we™ . (28)

We present the numerical result for the behavior of 7" as a
function of &, in Fig. 11 [upper (red) line]. A similar reduction
in the charge-mediated 71 is expected on the other side of the
CDW QCEP, in the charge-ordered state.

III. CHARGE-FERMION COUPLING CONSTANT
FROM THE SPIN-FERMION MODEL

To compare the magnitudes of g. and g; we compute their
ratio within a particular microscopic model for charge order in
the cuprates. Namely, we assume, as in earlier works by several
groups including us [11,12,52,61,64—67], that spin fluctations
develop at higher energies than CDW (and superconducting)
fluctuations, and CDW order emerges due to spin-fluctuation
exchange, as a composite order.

To this end, we consider a two-dimensional itinerant
electron system in which the primary interaction between
fermions is mediated by soft collective spin fluctuations
at the antiferromagnetic momentum Q, = (7,7). Such an
interaction, shown as the wavy line in Fig. 6, scatters fermions
between hot spot 2 and hot spot 4, between hot spot 1 and
hot spot 3, etc., and is proportional to the dynamical spin
susceptibility,

7—{eff = —Ufﬁ‘((l, Qm) Z Cz,agaﬂck+q,ﬂc;;,a‘yzscpfq,é s (29)
k.p

where

U (9. 2m) = 8 25(6. )
_ 8s
57+ @ = Q) + %l
where y; is the corresponding Landau damping coefficient
and the scale g, sets the magnitude of 7..* for spin-mediated
superconductivity.

Except for special cases, there is no rigorously justified
procedure for obtaining Eq. (29) starting from a model of
fermions interacting with some short-range interaction U (r)
because the main contribution to the static part of UST
comes from fermions with high energies. One commonly used
approach is to treat the static part of a spin-mediated interaction
phenomenologically and just postulate the Ornstein-Zernike
form of the static x,(q,0) (this is the same procedure that
we used in the charge-fermion model). Once the model with

(30)
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FIG. 6. (Color online) Schematic of a spin-mediated interaction.
Near an antiferromagnetic quantum-critical point in a metal, hot
fermions scatter into each other by exchanging soft antiferromagnetic
spin fluctuations with momentum (7r,77) [wavy (red) lines].

a static spin-mediated interaction is established, one can
compute the dynamical part of x,(q,<2,,) (the Landau damping
term) within this model, as it comes from fermions with low
energies. Within this approach, one cannot relate g, to U(r),
but one can express the Landau damping coefficient y; via g;.
The relation is [52] y;, = 28[2/(7w v%)], where, for comparison
with the RPA below, we pulled out a factor of 2 due to spin
summation.

A complementary approach is to treat U as the
charge component of the fully renormalized vertex function
Loy p5(q,2,) at momentum transfer q near Q.. The vertex
function I' is the opposite of a physical antisymmetrized
interaction (a direct interaction minus one with outgoing
fermions interchanged). The vertex function can be obtained in
the RPA by summing up particular ladder and bubble diagrams
which form geometrical series (for details see Ref. [68]). The
approach is best understood when U (r) is approximated as the
on-site Hubbard interaction U. The RPA gives

U
5.8
1 — U2%(q, Q) 77
U

5,8

T T,
214+ UTI(q, Q)

U
+
2(1 - UTI(q,$2,,))

Fay,ﬂé(qa Qm) = -

aﬂ8y5

6aﬁ . 6-}/57 (31)

where, to split the vertex into spin and charge parts, we used
Oup - Oys = —8apdys + 28458p,. For a repulsive interaction
U > 0, when the interaction in the spin channel is enhanced
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and, at a large enough U, diverges at q, the static I1(q,0) > 0
is at its maximum. We assume that the maximum of I1(q,0) is
atq = Q.

Near I1(Q,,0) = 1/U, the interaction in the spin channel
well exceeds the one in the charge channel, and one can keep
only the spin component of the interaction, i.e., approximate
the dressed interaction by Eq. (29) with

U
21 = UI(q,2))

Expanding the polarization operator near antiferromagnetic
momentum and zero frequency, we obtain

UG - Gys = Gup - Oys- (32)

_ _ _ 2 _ 2|Qm|
I1(q,€2,) = T1(Q#,0) — Cx(q — Qx) =) (33)

(the last term comes from fermions near the FS and the
prefactor for €2, term is known exactly). Substituting this
form into (32) we obtain after simple manipulations the same
Ufff(q,Qm) as in Eq. (30), with

_ 1 o, 1 =UIIQ,,0) _ 2

8s = 2C7[, ‘i:s - UCT, ’ VS_2857TU%_'

(34)

We see that the expression for the Landau damping coefficient
is exactly the same as in the other (semiphenomenological)
approach; the only new element of the RPA is that g, =
1/(2C;) is related to the behavior of the static polarization
bubble. Formally, g, does not depend on U, but in reality, C,
is of the same order as I1(Q,,0) (in units where the lattice
constant a = 1), and the latter is approximately 1/U near an
SDW QCP. As aresult, g, in fact is of order U.

The interaction mediated by spin fluctuations gives rise to
d-wave superconductivity and to fermionic self-energy. In the
FL regime, ¥(w,,) & A;w,,, where Ay, = 33/(4m vpfs’l). This
self-energy gives rise to mass renormalization m™/m = 1 4 A
and to quasiparticleresidue 1/Z = 1/(1 + X;). We include this
renormalization in the calculations below.

We now proceed to construct the interaction in the CDW
channel. The CDW instability with the ordering momentum
0, =(0,0) and Q, = (0, Q) emerges in this approach as a
preliminary collective instability at a finite &;, due to spin-
fluctuation exchange.

A way to obtain the CDW instability is to intro-
duce an infinitesimal CDW field A,?, which couples to
the incommensurate component of the charge density as
Ach,i_Q /2.08aBCi+0/2,p, and compute the susceptibility with
respect to this field. This has been done [13,14,17] by summing
up ladder series of renormalizations due to spin-fluctuation
exchange. Each act of spin-fluctuation exchange transforms
hot fermions near, say, hot points 1 and 2 in Fig. 6 into
another set of hot fermions near hot points 3 and 4. The
set 3,4 is generally different from the set 1,2 (because the
directions of the Fermi velocities are different), so to obtain
the susceptibility one has to solve the set of two coupled
equations for the fully renormalized AkQ with the center-of-
mass momentum k either between point 1 and point 2 or
between point 3 and point 4.

There is no rigorous justification why one should be re-
stricted to ladder diagrams, even at large N. The first nonladder
diagram is small numerically, but not parametrically, compared
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to the ladder diagram of the same loop order. Accordingly,
there is no point in keeping N as an artificially large parameter,
and in this section we set the number of pairs of hot spots N
to their actual value, N = 4.

We present diagrammatic representations of this set of
equations in Figs. 7(a) and 7(b). The linear “gap” equation
for A,g has been analyzed in Ref. [14] and the outcome is
that the CDW susceptibility diverges at a finite 7.4, before
the system develops CDW order. The critical temperature 7,qy
decreases as & decreases and vanishes at a finite critical &;,
setting up a CDW QCP some distance away from the SDW
QCP [21] (see Fig. 1).

Alternatively, one can combine pairs of subsequent renor-
malizations of AkQ into a new effective interaction at small
momentum transfer [see Fig. 7(c)], which we label U,
and show graphically in Fig. 8. This composite effective
interaction is the convolution of two fermionic propagators
and two spin-fluctuation propagators. Explicit calculation
shows [21,69] that U, is numerically smaller than, but
parameter-wise of the same order as, a single spin-fluctuation
propagator: one extra power of g, in the numerator gets
canceled out by the Landau damping coefficient y; o g, in the
denominator. This effective interaction is repulsive (U, > 0)
because the polarization bubble in the particle-hole channel

FIG. 7. (Color online) Linearized “gap” equation for the CDW
order parameter AZ ~ (c,t +0/2Ck—0/2). We define the center-of-mass
momentum of hot spots 1 and 2 as k¢ and that of hot spots 3 and 4
as k. (a, b) Coupled gap equations for A,% and Agn, respectively.
(c) Gap equation for A,% only, obtained by combining (a) and (b).
We treat the composite object in the dashed frame as the effective
interaction U, (the prefactor —1 reflects that the interaction appears
in the diagram with a minus sign).

PHYSICAL REVIEW B 92, 125108 (2015)

1,835 4,6 Guy 1, 1
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FIG. 8. Diagrammatic representation of the composite effective
interaction U, [same as in the dashed frame in Fig. 7(c)]. This
effective interaction is a convolution of a particle-hole bubble and
two antiferromagnetic spin-fluctuation propagators.

is negative, as opposed to the bubble in the particle-particle
channel.
The corresponding term in the Hamiltonian is

4 9 I,
Hc = Uc'(cé,aclv)(c];.ucl,ﬁ)[Eaaﬂalw + Egaﬂ . O';,w:|’ (35)

where subindices 1 and 2 indicate that the corresponding
momenta are near hot spots 1 and 2, and the spin factors
originate from

(8yﬂ : &aﬁ)(aﬁy : &5U)

3 | I 3 1. .
= 580,’35],5 — EO'O(,S cOys 555),8#\, — EO'[;}, *Opy

9 1. -
= Esaﬂguv + anzﬂ *Opv- (36)

Only the first, 38,46, term is relevant to CDW instability as it

renormalizes A2, which acts between fermions near hot spots
1 and 2, with the same spin components (i.e., it is convoluted
with 84p), therefore we can drop the %60,,3 - 0,y component in
Eq. (35).

The composite interaction U, can be approximated as a
constant if the deviation of the fermionic momentum from
corresponding hot spots (e.g., regions 1 and 2 in Fig. 6)
is smaller than the inverse spin correlation length &', At
larger deviations from hot spots, U, becomes a function of the
momentum and decreases.

‘We now turn to the calculation of the fermionic self-energy
and pairing instability. At first glance, an interaction with a
positive (repulsive) U, cannot give rise to the pairing instability
with sign-preserving gap between region 1 and region 2. Upon
a more careful look, however, we note that the interaction in
Eq. (35) is the one at small momentum transfer (both incoming
and outgoing fermions are near the same hot spot), while to
analyze the CDW-mediated pairing (Fig. 5) and fermionic self-
energy [Fig. 4(c)] one needs a density-density interaction at
a momentum transfer approximately equal to the momentum
difference between hot spot 1 and hot spot 2; namely, Q, =
(0, Q). To obtain this interaction, we need to interchange one
creation and one annihilation fermionic operator. Then we
obtain from Eq. (35)

o, :
o= =2l e il o) D
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1,3 2,a 1 2 1
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FIG. 9. The vertex function with momentum transfer near Q, in two-loop order (two spin-fluctuation propagators). Other two-loop diagrams
(not shown) contain spin-fluctuation propagators with small momentum transfer and are irrelevant for our purposes. The charge component of
this vertex function is 9U, /2. The opposite of this charge component (i.e., —9U. /2) is the bare interaction in the charge channel at a momentum

transfer near Q, or Q,.

Viewed in this way, the effective interaction is attractive and
is capable of giving rise to pairing.

Another, more standard way to verify that the density-
density interaction with momentum transfer Q is attractive is
to again extract it from the vertex function Iy, ,(q,$2,). To
second order in the spin-fluctuation propagator, there are two
direct and two antisymmetrized diagrams for Iy, g,(q,$2,)
which contain spin propagators with momenta near Q,. We
show them in Fig. 9.

In evaluating these four diagrams, we additionally require
that both spin-fluctuation propagators carry the same mo-
mentu, as only then can one cancel the extra power of g. It is
easy to show that only the fourth diagram (the one from the
antisymmetrized part) satisfies these conditions. This diagram
is exactly the same as the one in Fig. 8, but there is an extra
minus sign in front of it. Evaluation of the diagram itself
gives —U, because the particle-hole bubble is negative. The
extra (—1) in front of this diagram cancels the overall minus
sign. As a result, the charge component of the vertex function
becomes

9U.
re = — 8800, (38)

ap, By 2
where the spin structure is obtained in the same way as in
Eq. (36).

Associating the charge component of the vertex function
with the effective density-density interaction, we reproduce
Eq. (37). The effective interaction —(9U,/2)c} jc1.ac] ,c2u
is the bare interaction at momentum transfer Q,, and in this
respect 9U. /2 plays the same role as the Hubbard U played
for our earlier derivation of a spin-mediated interaction within
the RPA. Just as we did for the spin case, we now address

the interaction by summing up a series of RPA diagrams (see
Fig. 10).

FIG. 10. RPA diagrams for the dressed effective charge inter-
action U™, Each double solid line is the “bare” U.: the charge
component of the vertex function at two-loop order. The dressed
interaction UST can be viewed as charge fluctuation exchange (see
text).

In this way we obtain a fully renormalized (within the RPA)
effective interaction in the charge channel

¢ 9U. 1
Ut = .
¢ 21— 9Uc|nc(qvgzm)|

Expanding the polarization operator I1. near, say, Q = Q,,
we obtain

(39)

s Qula?+1
|Hc(q’Qm)| = |H(an0)| - Cy(q - Q)) - JTU%; 2w
(40)

Substituting this form into (39) we obtain the effective charge-
mediated interaction in the same form as in Eq. (8) with

B 1 , 1-9U.11(0,,0) 1 o?+1
8c= ’ g:c = ) czl,gc 2 .
2C, oU.C, TV

(41)

To proceed further we approximate the dynamical spin
susceptibility x;(q,2,,) by its value at q = Q, and ©,, =0
and integrate over fermions within the momentum range of the
width A around hot spots. As we said above, the approximation
of U, by a constant is valid when momentum deviations from
a hot spot are, at most, of order £!, so A& is generally of
order 1. We also assume for simplicity that the CDW order
parameter has a pure d-wave form, i.e., set our parameter « to
be 1. Within this last approximation, the polarization operator
has the same form between point 1 and point 2 and between
point 3 and point 4. Evaluating the polarization operator IT,
we then find, near q = Q, [17],
2
[y —— [1 By
V27201 + ) A
where C, is of order 1 and we remember that A =
38,/(4mvpg ") is the mass renormalization due to spin-
fluctuation exchange. The variable C,, which we introduced
in (40), is related to C, as

}, (42)

1
Y 2m20p(1+ MDA

Within the same approximation the composite interaction U,
is given by

Cc,=C (43)

] ) AE
U, = (3,621, _2e3_ BhE 44
GEPIMLQI =88 s @)
such that
2
OULITLQy)| = (3g,6) — ) 45)

27402 (1 + A2
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Using the condition 9U.|I1.(Qy)| ~ 1, we eliminate the
unknown scale A and obtain

~ 33,62

C,=C,— =" 46
YT ol (14 A2 (46)

Hence

) 1 S 3rr (14N 1 1+
Be= =& (—) wzgw—(—). 7)
2C, 166, \ 2 C,\ A

We see that within this approximation the ratio g./g; depends
on the value of the dimensionless parameter C,. To obtain
this parameter one needs to know more precisely the system
behavior at energies comparable to A. Still, if C y(A/(1 +
A))? < 1, then 8. = 28, in which case the superconducting
T from the exchange of near-critical charge fluctuations well
may exceed the 7" from the spin-fluctuation exchange. This
is the central result of this section.

A more quantitative analysis requires extensive numerical
calculations and is beyond the scope of this work. We also
emphasize that there is no known controllable procedure
of the derivation of the effective interaction mediated by
near-critical collective bosonic fluctuations; the RPA which
we used is an uncontrollable approximation. And we also
recall that the composite interaction U, (the convolution
of two fermionic propagators and two spin propagators)
does depend on the external momentum and frequency, and
already the calculation of T4y requires one to solve an
integral equation for the momentum- and frequency-dependent
full A2

IV. SHRINKING OF A SUPERCONDUCTING DOME
IN A MAGNETIC FIELD

Finally, we discuss the issue of how TCCh, mediated by the
collective degrees of freedom, evolves in the presence of an
external magnetic field. For definiteness, we focus on the role
of near-critical charge fluctuations and neglect the contribution
to T, from spin fluctuations.

It has been found experimentally [33,70] that in the
presence of a magnetic field H, the superconducting 7, viewed
as a function of doping, splits into two domes, and the one at
a higher doping is centered at or very near the CDW QCP. As
H increases, the maximum of 7, in this dome is somewhat
reduced, but, most notably, the width of the dome shrinks; i.e.,
superconductivity is progressively confined to a CDW QCP.

We show that this behavior is reproduced within a
quantum-critical CDW pairing scenario. The argument is
rather straightforward: right at the CDW QCP, 7" is set
by the charge-fermion coupling ., and to reduce T "
one would need to apply a rather strong magnetic field
upH ~ g.. Away from the CDW QCP, in the FL regime,
T is reduced and eventually follows the BCS formula.
In the latter case, a much weaker ugH is needed to kill
superconductivity.

To see how this works in practice, we solved, for the
charge-mediated 7" at a finite charge, the correlation length
&, by assuming that the dominant effect of the field is Zeeman
splitting of fermionic energies in the particle-particle bubble.
Within this approximation, the linearized integral equation for
the pairing vertex function ®(w,,,k) (the one which has a
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solution at T = T) is
D(wm, k)
_ &T Z/ d_k"‘ ®(w,, k) sgn(wy,)
(o 2 w;n—iE(w,’ﬂ,k"‘)—i/uLBH
1
X 2 7 7 / -2
k|| + k|| - ZﬂkaH + Velom — w),| + &
2.T Z/ d_k"‘ <I>(a),’n,k"‘)|w;n — iE(w,’n,k"‘)|
vr 5= ) 27 o), — iX(w), k)P + (up H)?
1
X3 ) / ; -2’
k|| + k|| - zﬂkaH + Velwn — o), | + &

(48)

where the self-energy is given by Eq. (25).

In the FL regime, when A, = g./(2mvré <1, D(ky,wm)
can be, to logarithmical accuracy, approximated by a constant
@, and Eq. (48) reduces to

)"c 1 Wt ®
= O s
I+ h S(T2+ HYI

(49)

where we ~ g./A* has been introduced in (27). The supercon-
ducting TL.Ch becomes 0 at a critical A", given by

cr wC(lj
< Jog 2 — 1, 50
I+ 8 g ©0)

or, with logarithmical accuracy, at AS ~ 1/log(g./usH). At
a smaller A, i.e., at larger deviations from the CDW QCP,
there is no charge-mediated superconductivity.

We solved the gap equation numerically and obtained 7,
as a function of A, and upH. We plot the results in Fig. 11

1o H=5x10""Ep
- H=-0
2
Il
s
%
~ 10™ & =4.35 4
|
0 0.1 0.2 0.3 0.4 0.5
1/¢

FIG. 11. (Color online) Behavior of Tfh’s as a function of 1/,
with and without an external field H, obtained by explicitly solving
Eq. (48). Without a magnetic field 7" decreases as &, becomes finite
and, at a small enough &, crosses over from quantum-critical to
BCS-like behavior [see Eq. (28)]. At a finite field, 7" at & = oo
is somewhat reduced, but, most important, Tfh now vanishes at a
finite £ In numerical calculations we used g. = 0.75Er, a0 = 0.076,
and ugH =5 x 107*Er (for Er = 1 eV, this H is ~ 10 T). For
these parameters, £ = 4.35/ k. The critical £ " is well described by
Eq. (50): plugging & into this equation gives 1.2 on the right-hand
side, close enough to the actual 1.
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FIG. 12. (Color online) Variation of the onset temperature of
superconducting order mediated by near-critical charge fluctuations
in the presence of an external field H. As our numerical results
show (Fig. 11), the range of the superconducting dome shrinks as the
magnetic field increases.

and present the corresponding schematic phase diagram in
Fig. 12. We see that, indeed, the superconducting dome gets
sharper in the field; i.e., charge-mediated superconductivity
is progressively confined to the CDW QCP. We did not do
calculations on the other (ordered) side of the CDW QCP,
but by generic reason we expect a similar shrinking of the 7,
range. The shrinking of the 7. range with increasing field is
fully consistent with the experimental data [33,70].

V. CONCLUSION

Motivated by the observation of a static charge order in
the cuprates and the enhancement of 7, at its onset, we have
studied in this work the pairing mediated by charge fluctuations
around the QCP towards an incommensurate charge order with
momentum Q, = (Q,0)or Q, = (0, Q). Our main goal was to
understand whether charge-mediated pairing near a CDW QCP
yields a T, comparable to that obtained from spin-fluctuation
exchange.

We first considered a semiphenomenological charge-
fermion model in which hot fermions (those on the FS,
connected by O, or Q) interact by exchanging soft collective
excitations in the charge channel. We obtained bosonic and
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fermionic self-energies in the normal state and used them as
input for the analysis of the quantum-critical pairing problem.
We found, in agreement with earlier work [40], that the charge-
mediated pairing interaction is attractive in both d-wave and
s-wave channels. The d-wave pairing becomes more favorable
once we include other contributions to the pairing interaction
from, e.g., antiferromagnetic spin fluctuations. We found that
the critical temperature 7, scales with the charge-fermion
coupling constant g. and that fermions from the NFL regime
very near a hot spot and from an FL region farther away
from a hot spot contribute to the pairing. In this respect, the
pairing near a CDW QCP is similar to the pairing by spin
fluctuations near an SDW QCP. We obtained the value of
T"/g. numerically.

We next considered the microscopic model, in which spin
fluctuations emerge at higher energies than charge fluctuations
and are therefore the primary collective degrees of freedom.
Charge fluctuations emerge at lower energies as composite
fields, made up of pairs of spin fluctations. Within this model,
we were able to express the charge-fermion coupling g. via
the underlying spin-fermion coupling g, and relate the 7"
due to charge-fluctuations near a CDW QCP to the T,” due to
spin fluctuations. We found that, at least within the RPA, the
T*" due to charge fluctuations is comparable to the 7." due
to spin fluctations and may even exceed it; i.e., the supercon-
ducting 7, does get a substantial enhancement near a CDW
QCP.

Finally, we have analyzed the behavior of the charge-
mediated 7. in the presence of a magnetic field and
found that the dome of T" around a CDW QCP indeed
shrinks as the magnetic field increases, because a field
destroys superconductivity more rapidly in the noncritical
regime than in the quantum-critical regime and hence en-
hances the charge-fluctuation component of 7, near a CDW
QCP.

This result and the result that the contribution to 7,
from critical charge fluctuations can be larger than the
contribution from noncritical spin fluctuations, despite the fact
that charge fluctuations are by themselves made up of spin
fluctuations, may explain the experimental observation thatin a
magnetic field 7, is progressively confined to the doping range
around the doping at which charge order likely emerges at
T=0.
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