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The extended dynamical mean field theory has played an important role in the study of quantum
phase transitions in heavy fermion systems. In order to incorporate the physics of unconventional
superconductivity, we develop a cluster version of the extended dynamical mean field theory. In this
approach, we show how magnetic order and superconductivity develop as a result of inter-site spin
exchange interactions, and analyze in some detail the form of correlation functions. We also discuss
the methods that can be used to solve the dynamical equations associated with this approach.
Finally, we consider different settings in which our approach can be applied, including the periodic

Anderson model for heavy fermion systems.

PACS numbers: 71.10.Hf, 71.27.4+a, 75.20.Hr

I. INTRODUCTION

Unconventional superconductivity in heavy fermion
metals often develops in the vicinity of antiferromagnetic
(AF) order! 3. Its understanding is intimately connected
with that of the AF quantum critical points (QCPs)?.
Traditional descriptions of heavy fermion quantum crit-
icality are based on those for purely itinerant mag-
netism, in terms of the fluctuations of the spin-density-
wave (SDW) order parameter® ’. Studies in the recent
past have emphasized the “beyond Landau” physics of
Kondo destruction® 1%, In these studies, considerable
progress has been made based on the extended dynam-
ical mean field theory (EDMFT) solution of Kondo lat-
tice models'. One of the important questions along this
direction concerns the implications of these theoretical
studies on the understanding of superconductivity.

The EDMFT approach builds on the dynamical mean
field theory (DMFT)!2, which was developed through
the infinite dimensional limit of the Hubbard model'3.
DMFT maps an interacting lattice problem to a sin-
gle quantum impurity model coupled to a self consis-
tent Weiss field. The latter captures the environment
as seen at the single-particle level, and is represented by
a fermionic bath. DMFT has made significant contribu-
tions to a variety of strongly correlated problems'?, and
has in particular provided significant new insights on the
Mott transition.

The EDMFT approach treats inter-site density-density
or spin-spin interactions, leading to a single impurity
model coupled to self consistent fermionic and bosonic
baths!'4 16, Tt has been extensively applied to the study
of AF quantum critical heavy fermion metals'’"'729. For
a Kondo lattice, the EDMFT approach yields a Bose-
Fermi Kondo model (BFKM) with self consistent bosonic

*Present Address: Condensed Matter Theory Center and Joint
Quantum Institute, Department of Physics, University of Mary-
land, College Park, Maryland 20742-4111, USA

and fermionic baths. Kondo destruction arises from this
approach. This may be seen already at the level of the
BFKM in the absence of self consistency. The coupling
of the local moment to the bosonic bath competes with
the Kondo effect, i.e. the tendency of singlet formation
due to the AF exchange coupling between the local mo-
ment and the fermionic bath. When the spectrum of
the bosonic bath is sufficiently soft, corresponding to
the spectral function being “sub-ohmic”, this competi-
tion gives rise to the destruction of the Kondo effect,
in a way that is associated with the criticality of the
BFKM?2!. Studying this type of criticality in a variety
of quantum impurity models has led to a number of new
insights regarding Kondo destruction QCPs. For the lat-
tice case, through the EDMFT equations, the bosonic
spectrum is particularly soft near the AF QCP due to
the critical slowing down, and one consistent solution
is that the Kondo destruction occurs at the AF QCP.
There is by now extensive experimental evidence for this
type of beyond-Landau QCP from experiments in heavy
fermion metals, both in terms of a unusual scaling of
the dynamical spin susceptibility in the quantum critical
regime and a sudden jump of the Fermi surface across
the QCP?22° 25 However, in order to study the impor-
tant problem of the interplay between this unconven-
tional quantum criticality and superconductivity, a clus-
ter generalization of the EDMFT is called for. In this
manuscript, we develop such a formalism.

In DMFT based approaches, incorporating real space
correlations beyond a single site have naturally been done
with the development of quantum cluster theories?. In
this case, strongly correlated problems can be mapped to
a quantum cluster model with self consistent fermionic
baths and the interactions within the cluster are treated
exactly. Importantly, dynamical cluster theories incor-
porate non-perturbative corrections to DMFT without
introducing a non-causal self energy?®. This can be
formulated in real space which leads to cluster DMFT
(CDMFT)?", or in momentum space which is known as
the dynamical cluster approximation (DCA)?®; there are
other cluster embedding schemes possible such as the



variational cluster approximation (VCA)?°. When the
Weiss fields are neglected these cluster schemes are no
longer self consistent and reduce to cluster perturbation
theory (CPT), which approximates lattice quantities by
expanding about the isolated cluster limit3°. A main
advantage of dynamical cluster theories is the ability to
account for various types of order not possible within
DMFT?3!, For example, a four site cluster can treat a d-
wave superconducting order parameter as well as stripe
charge or spin order. Such a pairing mechanism is ex-
pected to be appropriate for, e.g., the cuprates and heavy
fermion materials. In this case, any superconducting
ground state will have cooper pairs formed between sites
which can lead to a variety of different pairing symme-
tries, such as extended s-wave, p-wave or d-wave.

In this manuscript, we present a cluster extended
dynamical mean field theory scheme that we dub C-
EDMFT. We derive the equations by generalizing ref. 15
to the cluster case using a locator expansion about a
dressed cluster limit. We formulate the equations in both
real and momentum space. We introduce magnetic order
in the same fashion as EDMFT in refs. 18-20 distinct
from DMFT, and then generalize this approach to in-
clude superconductivity as well. We also construct the
pairing correlation functions induced by magnetic inter-
actions in the normal state within this approach. Lastly,
we use the formalism to derive effective impurity models
associated with strongly correlated problems of central
interest.

We note that cluster generalizations of the EDMFT
have been carried out in various forms in the past32-34.
Where there is overlap, our approach is consistent with
these formulations. We will make the specific compar-
isons as we go through the derivation of our approach.
In short, the C-EDMFT formalism developed here brings
out two new aspects (for definiteness, we will describe
these with Eq. (1) in mind). First, it is the inter-site .J;;
interactions which underlie both the magnetic and super-
conducting orders. Such orders develop through decou-
pling the J;; interaction term into the appropriate chan-
nels. Second, the approach avoids double-counting the
inter-site interaction by suppressing the induced inter-
site interactions associated with the polarization of the
fermonic bath by the order parameter. As a result, the
g-dependence of the dynamical spin susceptibility arises
through the J;; interaction term, instead of the bare
particle-hole bubble at the “special-q” (as opposed to the
“generic-q”, see section IIT). These two aspects are in the
same spirit as discussed for the case of the EDMFT?7.

A. Development of Cluster EDMFT

For illustration purposes, we consider a one band Hub-
bard model with two body inter-site interactions on a

generic lattice.
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where ¢;, destroys an electron of spin o at site 7, n; =
ZU Nis, and nj, = ¢;,Ciz. The index o runs over
0,1,2,3, where for « = 1,2,3 (or for « = x,y,z) the

operator Sj* = cf

11(011,/2)civ, 1s the spin operator, where
%, is the a-Pauli matrix for o = z,y, 2. In addition
we consider the charge channel with o = 0, where the
operator SY =: n; : denotes the normal ordered density
: ;= n; — (n;). We denote nearest neighbors by (i, j)
and only consider nearest neighbor hopping ¢;; and two
body exchange interaction Ji7. For J7 = 0, the model
reduces to the standard Hubbard model with an onsite
Coulomb repulsion of strength U. It is natural to extend
these techniques to multi-band models and longer range
interactions.

A main focus of this work is a self consistent solu-
tion of the single particle Greens function G;j, (1) =
—(chig(r)cjg> as well as the spin and charge suscep-
tibilities x§;(7) = (T : S7*(7) =+ S§ :). In general, for the
single particle Greens function, a perturbative expansion
about the non-interacting limit yields the Dyson equation

1
Gk, iw,) = , 2
(k, dwn) twp, — o — te — Ziag(k, iwy,) (2)

where tx is the Fourier transform of ¢;;=
/NS, ey is the chemical potential,
Ylat(k, iwy, ) is the single particle self energy, and we de-
note fermionic Matsubara frequencies as w,. Analogous
to the single particle Greens function, we introduce a
spin and charge self energy M2, (q,iv) which is defined
in terms of each susceptibility as

1
B Mg (a,ivy) + Jé“

X(qivn) (3)
where Jg‘ is the Fourier transform of Jio‘j and v, is a
bosonic Matsubara frequency. The spin/charge self en-
ergies specify how much their corresponding susceptibil-
ities differ from a Gaussian model where x{: oc 1/J5%(
ref. 34). In the following we will derive a self consistent
C-EDMFT approach to approximate the lattice quanti-
ties Xjay (K, iwy,) and M, (q,iv) and in turn the single
particle Greens function and spin/charge susceptibilities.

The remainder of the paper is organized as follows. We
focus on the C-EDMFT equations in the absence of any
order in section II, and those in the presence of magnetic
order in section III. We then apply the approach to su-
perconducting order and correlations in section IV. We
use the formalism to derive an effective cluster model
in section V. Finally, we outline the relevant solution
methods in section VI, discuss several pertinent points
in section VII, before concluding the paper in section
VIII.



II. NORMAL STATE IN THE ABSENCE OF
BROKEN SYMMETRY

We begin by dividing the lattice of N sites into clusters
of size N., where each lattice site is now labeled by x =
r + R, where r labels the cluster and R labels the sites
within the cluster (see figure 1). In the following we
will use upper case latin letters to denote cluster indices
(i.e. indices within the cluster) and lower case letters to
label each cluster. This is then Fourier transformed to
k = k+ K, where K is the intra cluster momentum and k
the inter cluster momentum. With this notation ¢;; and
J§% can be written as Ar,R; (ri —r;) = A(r; —r;), where
the bold A denotes a matrix in cluster indices. We then
separate t;; and Ji7 into intra and inter cluster parts

t(I‘i — I‘j) = tcéri,rj + 61](1‘1‘ - I‘j)7
Je (ri - rj) = Jgéri,rj + 5Ja(ri - rj)v (4)
where t. and J¢ are the interactions within the cluster,

whereas 0t and 0J* are the interactions between clusters,
note that by construction dt(0) and 6J*(0) vanish.

FIG. 1: (Color online) Division of the lattice into N/N¢ clus-
ters, of size N, = L%, where d. is the dimensionality of the
cluster. The vector r labels each cluster, while sites within
the cluster are labelled by R. Interactions are divided into
within the cluster J. and between clusters §.J, (which is also
done for the hopping elements ¢. and 6t.) We have omitted
the channel index « for clarity.

A. Real Space Formulation

We will first derive the equations in real space. We
first focus on a ground state with no broken sym-
metry, and will then generalize the equations to the
case of magnetic order and superconductivity in sec-
tions III and IV. We perform a locator expansion in
5t and 6. about the cluster limit?®. The isolated clus-
ter single particle Greens function and susceptibilities
are defined by C&(X,Y;r,7) = _<TTCrXU(T)CIYU>HC

and CYa (X,Y;r,7) = (T5 S8, (7)S% 4 ) 1. Tespectively,
where H, is the isolated cluster Hamiltonian at cluster r.
In the following we consider problems that have trans-
lational invariance between clusters which implies each

cluster correlation function is identical and we can drop
the label r.

We now generalize the effective cumulant expansion of
Metzner3® for the Greens function and Smith and Si'® for
the susceptibilities from a single site to a cluster, which
leads to matrix quantities. Along these lines, we intro-
duce the effective cluster Greens function Cg(X,Y;7)
and spin/charge susceptibilities Cyo (X,Y’;7) which are
defined as the isolated cluster Greens function and sus-
ceptibility (in the a channel) with all local decorations
that are irreducible by cutting a single it and dJ¢ line re-
spectively (see figure 2). The effective cluster correlation
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FIG. 2: (Color online) (a) Real space diagrammatic repre-
sentation of the effective cluster spin susceptibility C (solid
square), as an expansion in bare cumulants C (empty square)
with all local decorations that are completely irreducible by
cutting a single ¢J line. (b) Diagrammatic representation of
the spin susceptibility in equation (6), expanding about the
effective cluster limit. Each term is for a specific two body
interaction channel index o, (with the index omitted for clar-

ity).
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functions can be regarded as “dressed” cluster correla-
tion function, generalizing the dressed atom picture®® to
the cluster case. Retaining this class of diagrams can
be formally justified in the large dimensional limit after
rescaling 0t and §J% by the square root of the coordina-
tion raised to the manhattan distance between clusters
while keeping the dimension and number of sites in the
cluster fixed?”. Performing the locator expansion about
the effective cluster correlation functions we arrive at the



following Dyson like equations
Grirj (an) = CG(iwn)(sl‘i,l‘j
Caliwn) Y 0t(r) — 1;)Grpr, (iwn)  (5)

r;

)61‘1',1‘]'
Z 6'] rl - r])xrlr] (ZVH) (6)

r

_|_

X?irj (ZVn) = Cyo (v (

We note that these are matrix equations and we are
using a bold notation to denote matrices in cluster in-
dices. Fourier transforming equations (5) and (6) to

inter-cluster momentum k and q we arrive at for the
Greens function

G(k,iw,) = Cgliwn) + Cq(iw,)dt(k)G(k, iw,) (7)
~ 71—1
= [Caliwn) ™ - st(k)] (8)
and for the susceptibility

x*(q,ivn)(9)
(10)

o (ivy)0dg

Xa((la iVn) = Cx“ (ZVn) - Cx
—1

— [Cyaliva) ™" +632]

Rewriting the Dyson equations for G and x® in equations
(2) and (3) in real space cluster indices we find the self
energy and spin/charge self energies are k and q indepen-
dent respectively, and only depend on cluster indices. We
arrive at the following equations for the effective cluster
correlation functions

Celiwn) ! = g%%iwn) ™t — Z(iwn)
Cya(ivy) ™t = J¢ + M*(iv,),

where the free isolated cluster Greens function is
g%(>iw,) ™! = (iwn +p)1 —t, and 1 is the identity matrix
in cluster indices. ~

The fact that both self energies are k and q indepen-
dent implies they can be calculated by an effective clus-
ter model. The effective cluster model can be obtained
through a generalized cavity method?”, by expanding the
partition function in terms of ot and §J% about a par-
ticular cluster o and effectively integrating out all other
degrees of freedom. This leads to the cluster action

B
Sc :S%—/ drdr’ Z C};(U(T)Q(S(Y(T ey (77)
0 X,Y,o
1
a2 [arn Y st erl -850, 03)
XY,

We have dropped the cluster label o, defined the isolated
cluster action as

S = /5dTU > nxr(r)nxy(r)
0 XeC
2

(X,Y),a

exySx (T)SY(7),

and introduced the effective Weiss fields Q(I ;(Y and
Xao}, vy that are related to lattice quantities by

951(iwn) = 8¢ (an

= > Otor, GLO), (iwn)dtr,o (15)

r;,r;

Z 5']01' Xr r ZV")(SJ?';O'

r;,r;

Xoa (ivn) = (16)

Where G(©) and x*(©) are the Greens function and spin
susceptibility of the lattice with the cluster o removed,
and we have taken the cluster o to be at the origin. Gen-
eralizing the arguments of ref. 15 to the case of matrix
cluster quantities we can relate G© and x®(© to the
full Greens function and spin/charge susceptibilities to
obtain (omitting the frequency labels)

GE-?[)‘J - Grirj _Grio(Goo)_lGorj (17)
Xrl(xt-)]) - Xf‘tirj _Xffio(xgo)_lxgr]" (18)

With these relations, equations (5) and (6), as well as the
self consistency conditions

. Nc T
Gioc(iwy,) = WZG(k’ZW")’

N, e
N E X ((LWn),
q

the Weiss fields are completely determined by the self
energies and the local correlation functions where

(19)
Xioc(n) = (20)

Gyl (iwn) = B(iwn) + Gioc(iwn) ™,
XEJ(iVn) = M%(iv,) +J¢ — Xﬁ)c(i’/n)_l

(21)
(22)

We have used equations (5) and (6) to eliminate the de-
pendence on the effective cumulants and use the subscript
“loc” denote averages calculated with the effective cluster
action in equation (13), which also corresponds to the lat-
tice quantities within the cluster as enforced via the self
consistent equations (19) and (20). One can generalize
the arguments of refs. 27,28 to prove that the approach
here has manifestly causal self energies for both 3 and
M«.

It is useful to consider a few limiting cases of the
above equations. First, we note that setting Gy ' (iwy, ) =
g% (iw,) ™ and xg.(iv,) = 0 implies the effective clus-
ter correlation functions reduce to the isolated cluster
quantities, and the self energies are then completely de-
termined by solving the isolated cluster problem. There-
fore, in the absence of Weiss fields this approach reduces
to CPT for both G;; and x{; and is no longer self con-
sistent. This clarifies the meaning of keeping all local
decorations for C¢ and Cy« and is necessary to prop-
erly introduce the dynamical Weiss fields. In the limit of
one site in the cluster N. = 1, the equations reduce to
EDMFT; this underscores the fact that the cluster theo-
ries incorporate spatial fluctuations beyond standard dy-
namical mean field theories. Lastly, in the limit of large



cluster sizes, N. — oo the theory becomes exact. In this
sense, extended dynamical cluster theories interpolates
between the EDMFT and the exact answer as the clus-
ter size is increased.

After self consistency has been reached it is possible to
restore translational invariance to the self energies and
thereby the correlation functions by interpolating the
cluster quantities. Since the self energies are only de-
fined for sites within the cluster (or cluster momentum)
the interpolation scheme must respect the symmetry of
the original lattice. Following ref. 26, after the self consis-
tent solution has been reached we interpolate the cluster
self energies to obtain the lattice quantities with the es-
timation

1

Siac(l iwn) = 7= > e EIRXK Y i), (23)
‘XY
1 _

Miy(aive) = = > e T E MK, Y ivn). (24)
‘XY

We then use these to determine the lattice Greens func-
tion and spin susceptibility in equations (2) and (3).
Other interpolation schemes are possible as described in
ref. 36, where each scheme preserves the symmetry of the
lattice.

Our equations without restoring the translational in-
variance have some similarities with those of ref. 33,
which invoked a different procedure. Namely, a Hubbard-
Stratonovich transformation decouples the inter site two
body interaction term, and the Hubbard-Stratonovich
field becomes a self consistent dynamic bosonic Weiss
field in the cluster limit. We also note that, in the ab-
sence of conduction electrons similar equations for the
self consistent bosonic bath appeared in the construction
for spin only models in ref. 34.

B. Momentum Space Formulation

The momentum space construction parallels the DCA
formulation, which restores translation symmetry by giv-
ing the cluster periodic boundary conditions?®. This is
achieved by modifying the cluster Fourier transform to

[JSCA(Q)]Xi-,Xj = Ja(q)xi-,xje_iQ(Xi_Xj) (25)

1 Q- (X; —Xj) 7o
= 2 CYITIG, (20)
‘Q

In the following we will refer to this as the DCA Fourier
transform. This leads to periodic boundary conditions
in the cluster and a coarse graining of the cluster quan-
tities ik = NC/.N >kt k and J.(Obi, = Ne/N Y 578q
and in turn, the inter-cluster quantities become 0t o =
tiyx —tx and 6J§ q = Jg,q — J§- Applying the DCA
Fourier transform to equations (5) and (6) leads to matrix
equations that are diagonal in momentum space. Here we
specify the equations for the spin susceptibility, with the

equations for the Greens function being identical in form
to those of DCA. We have a Dyson like equation

1

“(a+Q,ivm) = . . (27
X =@ i, &Y

with an effective spin cumulant
1/Cye (Q,ivy) = M*(Q,ivy) + J§. (28)

The Weiss field is specified by
Xo_o} (Qivn) = M*(Q,ivn) + j(% - 1/Xﬁ)c(Qa ivn), (29)

with the self consistent equation
a : Ne o~ :
Xloc(va/n) = WZX (q+Q7“/n)' (30)
q

Lastly, the cluster action is now diagonal in cluster mo-
mentum, which leads to

B
Sc = Sg - / drdr’ Z C%U(T)goik (1 — 7" eko (77)
0 K,o

B
_ % / drdr’ 3" S (T xol o (T — )% (r)(31)

0 Qo
where the isolated cluster action [in equation
(14)] is written in cluster momentum Sg =

Jy 471U g nar(Tn—au (1) + Yq 0 7355(r) 8% ().
These equations are similar to those of ref. 32, where
the EDMFT approach was adopted through a Hubbard-
Stratonovich transformation that decouples the inter-site
interaction terms, and then the DCA approach is applied.

C. Momentum dependence of the lattice
susceptibility

In both the real space and momentum space formula-
tions, it is seen that the momentum dependence of the
dynamical lattice spin susceptibility reflects the momen-
tum dependence associated with the inter-site interac-
tion J;;. This feature is similar to what happens in the
EDMFT! 1637 with the advantage that the inter-site
interactions that give rise to the momentum dependence
of the dynamical susceptibility also appear in the self-
consistent dynamical equations.

It is useful to stress that the momentum dependence of
the lattice susceptibility in the paramagnetic phase does
not reflect that of the bare particle-hole bubble3”. This
is to be contrasted with the standard DMFT and cluster
generalizations, where the bare particle-hole bubble is
responsible for the momentum dependence of the lattice
susceptibility, which we discuss in detail in the following
section.



IIT. MAGNETIC ORDER

Before we discuss the cluster generalization of symme-
try broken phases within EDMFT, we find it very useful
to review the different schemes used to introduce mag-
netic order in the single site case. In the context of the
EDMFT, there are two ways to introduce magnetic or-
der into the system, namely whether or not the magnetic
order parameter polarizes the single particle Weiss field
Go.o (see ref. 37 for details). It has been shown® that

allowing G ; to polarize amounts to keeping the particle

hole bubble contribution, [xpn(q,w)]™ = [Xph,1oc(w)] ™,

to the spin susceptibility'? (where the particle hole bub-
bles are constructed using the full lattice and local
Greens function respectively obtained with DMFT and
the brackets [...] denote a matrix form!®). Within the
context of DMFT, such a term will exist due to the dis-
tinction between “normal” and “special” q’s; cf. ref. 12.
However, due to promoting J;; to the same level as t;;
within the EDMFT, there are no special q’s allowed,
since this would make J(q) ~ O(v/d) which would di-
verge in the large d limit. The absence of any special q’s
implies [xpn(q,w)]™! = [Xph1oc(w)] ™!, and the particle
hole bubble contribution vanishes!®. Keeping the parti-
cle hole bubble within the EDMFT amounts to double

counting contributions from the spin-spin interaction®”.

In the following section, we focus on the cluster
EDMFT case. This is to be contrasted with DCA,
which parallels DMFT and therefore retains the distinc-
tion between special and generic q’s and a similar par-
ticle hole contribution to the spin susceptibility, namely
[Xpn (@, w)] ™! = [Xphloc(w)] 7! (here the particle hole bub-
ble is constructed with the full single particle lattice
and local cluster Greens function respectively, obtained
within DCA and the bold denotes matrices in cluster
momentum)?®. As in EDMFT, the cluster EDMFT pro-
motes dJ to the same level as dt. Generalizing the
EDMFT argument!® to the cluster case we conclude that
there should only be generic q’s. This amounts to not al-
lowing the single particle Weiss field gggl to polarize (i.e.
is o independent), and is equivalent to the suppression
of the particle hole bubble contribution.

We now consider magnetic order with an ordering wave
vector q = Qor = Qor + Qor within the channel a = A
with A # 0. The cluster chosen must be large enough
to accommodate the type of magnetic order under con-
sideration, for example a four site cluster can describe
the collinear AF order with q,, = (0,7) whereas a two
site cluster can only treat either ferro- or AF order. This
then implies that the order pattern within each cluster
must be the same and therefore qo, = 0.

We will consider the equations in real space and mo-
mentum space consecutively. After separating Ji; into
inter- and intra-cluster parts we treat the cluster in-
teractions exactly and normal order the interaction be-
tween clusters, via S5 =:5%: +(S;*). All of the pre-
vious steps apply, but now we perform the locator ex-

pansion in the normal ordered interaction between clus-
ters 0J%y (ri —rj) : Sfy = Sty i This corresponds to
adding an additional term to the cluster action

B
Se — S¢ — / dr Y " his.Sx(r) (32)
0 X

and the local magnetic field is determined self consis-
tently from

hiSe = = 30 [0y (@or = 0) + Xy (v = 0)] My,

Y
(33)
where My = (S3)c and the average is over the cluster
action.
In momentum space, this approach amounts to adding
to the action

B
Sc — Sc — / dr hieeS2 g (7). (34)
0

Now the local field is given by
hoe = — [5J$or + X(;)}(Qoraiyn = O)} M (35)

where M = (SéQ Yo and in this case the inter-cluster

or

interaction is (5‘](301r = Jéor - jéor where we have coarse
grained the cluster interaction as described previously.
It is useful to note that, in the limit of no dynamical
Weiss field, the mean field equations for the self consis-
tent field hjo. reduce to that of cluster Weiss mean field
theory. Here, the dynamical Weiss field renormalizes the
static field due to the dynamical interactions mediated

by Xox-

A. Alternate Derivation of Spin Susceptibility

In the following section, we use the self consistent
equations that incorporate magnetic order to provide an
alternative way of deriving the lattice spin susceptibil-
ity at an ordering wave vector Q.,, which we define as
X*(Qor, iVn) = Xor(ivy). This approach will also provide
insight into the way a superconducting long range order
can be incorporated in C-EDMFT. In order to treat an
ordering wave vector more naturally, we will consider the
momentum space formalism.

In order to ease the notation in the following subsection
we use a subscript to denote each Matsubara frequency,
e.g. ¢, (iv,) = Sf,,. First we observe that if we include
a dynamic source field for each Matsubara frequency iv;,,
we must normal order every frequency modes instead of
the static mode only, by writing S, =: S, : +(S¢,), as
a result equation (34) will become’ ) )

1
SC — SC - E Z hloc,nSiQor,—na (36)

with hieen = — [6J4.. + Xox (Qor: ivn)] (S§.. n)-



We introduce an additional term, Sr, to the lattice
action which couples the A = z component of the spin
operators at wave vector £Q,, to a dynamic source field

Z

—Qor, 7" Cl Qor,n + thUT 'n,Sq— Qors— )
(37)

Mapping this into the cluster action, and assuming that
the Weiss fields cannot be polarized (due to the absence
of any special q’s), we end up adding only one extra term
Sy to equation (34), namely

1 )Nc z z
Sl — _E W ; (h*Qom*"SQorvn + thrv"S—Qor;_n)

(38)
, which is defined in the cluster, need to be dis-
_» which is deﬁned on the lattice,

S0V Sy s Dexs
a.nd Sa=qu. = (1/VN)S cL+QOra(ag5/2)ck5 respec-
tively.

The self consistency between the lattice and the cluster
quantities implies the following.

Here Sg
tmgulshed from Sg_

since we have S =
Qor

Ne

(G, mle =/ 37 (39)

a=Qor,n) L
Here (...)¢ and (...); denote averaging over clus-
ter action of equation (36) and the lattice action with
the additional source field term S; and S; respec-
tively. To stress that the expectation value (Sg_ ,.)c
is calculated self consistently we define (S§ ,)c =
fn(<Séor,n>cathr-,nah*Qor,fn)'

Differentiating both sides of equation (39) with respect
to hq,,,n at h+q,,,+n = 0, the right-hand side gives the
lattice correlation function,

d<SZ(q = QoraiVn»L - l< S*
- * 2 =Qor,
dhQu,,n B

= Xor (“/n)

B 3%
(40)

Whereas the left-hand side gives the cluster correlation
function, using

thor,n 8<560 7n>c thorﬂl 6hQ0r,n
and,
Ofn N1, . .
8thr n N N ﬁ< S_Qor’_" SQ0r7n '>C
[ Ne .
= WXloc,or(ZVn) (42)
8fn dhloc n 8fn

= : 43
6<Sonr-,n> d<SéOhn>C ahloc,n ( )

- [6Jé}or + Xa)\l(Qoru “/n)] Xloc,or(il/n)

where we have defined x7.(Qor, iVn) = Xioc,or(iVn) as
the local spin susceptibility in the ordering channel Q.
We also have d(S§, ,.)c/dhqu..n = \/ Ne/NXor(ivn) be-
cause of eq. (39) and eq. (40). Finally, we can solve for
Xor(iVy) by combining eq.(39) through eq.(44)

1/Xor(iVn) = Xazl (Qora iv,) + 6J60r + 1/X10070r(i’/n)'(44)

We immediately recognize this result as the C-EDMFT
self-consistent equation for the spin susceptibility at the
ordering wave vector Qo and spin component z. Most
importantly, this result indicates that a non-polarized
Weiss field is consistent with the C-EDMFT treatment.
We will show in the appendix how the additional particle
hole bubble contribution to the expression for x,,., for-
bidden by the absence of special q’s, is introduced if we
allow the Weiss field to be polarized. These considera-
tions have important implications for the incorporation
of superconductivity into the formalism, which we turn
to in the following section.

IV. SUPERCONDUCTIVITY

We now apply the approach to the study of supercon-
ductivity, with the pairing driven by the spin-spin inter-
action in equation (1). We first focus on an AF Ising
interaction with J75 = J;; > 0 and set the other Jf
to zero. The AF interaction .J;; favors pairing of elec-
trons with opposite spins; a parallel consideration can be
made for the case of ferromagnetic interactions, which
favors pairing between electrons of the same spins. We
then discuss the case of a full AF Heisenberg interaction,
where J; = I;; > 0 are the same for a = 1,2,3.

Following the discussion of magnetic order in section
III, in the context of pairing, the absence of special
q’s implies we should not include a contribution from
the particle particle bubble in the susceptibility. This
amounts to not allowing the conduction electron band
to become “polarized” by a finite superconducting order
parameter. In the appendix, we also discuss what hap-
pens when the conduction electrons are allowed to be
pair-polarized.

A. Ising Spin Interaction

Conceptually, we would like to keep the strong inter
site interactions (that give rise to the dynamic bosonic
bath) while promoting a single mode in the static pairing
channel in order to give it the chance to condense. We
do so, by singling out the static, attractive pairing in-
teraction between the paring operators Ajgj 5 and Ay js
[defined as AIUJU( ) = cja(T)c;&(T)]. We rewrite the



spin-spin interaction as

B
/0 dr Z J357(7) 53 (7)
Z Z Azcr]cr ZU jo (’LW)

+ 253 > TJ — Ga)cly (iw) — iw)

w,w1,W2

X oa5cip(iwr) ;V(zwg + iw)o’ scjs(iwz) (45)

(iw =0)

- = Z U Aja’ga’ w = O)Ai0j5

+ZZ

w,wi,wW2

- w17—w250¢7’7)cza(iw1 - iw)

X 0a5Ci8 (zwl)c;v(zwz + iw)o’ scjs(iws), (46)

where the repeated indices «, 3,7,d are summed over.
Here in the first step we separated out the pairing inter-
action, and then further separated out the static mode of
the pairing interaction in the second step. We then intro-
duce a Hubbard-Stratonovich transformation to decouple
the attractive interaction in the pairing channel.

Jii ] . '
exp Z _JAZUjE' (iw = 0)Aivjs (iw = 0)
(i,4),0

4ﬂ|Azo,j6’|2

= /D[A,A]exp(— Z [ J;j

(i,4),0

B _ .
+ /0 dTAimUAIUJU( )+ Aio,jaAidjd(T)}>'(47)

We note that if we choose to decouple the first term
of equation (45) — instead of that of equation (46) —
and then make the approximation that the Hubbard-
Stratonovich field is constant as a function of 7 (i.e. keep-
ing only the static mode of the Hubbard-Stratonovich
field), we would arrive at exactly the RHS of equation
(47). Thus we see that by separating out the static mode
before rather than after the Hubbard-Stratonovich de-
coupling, the non-static modes of the pairing interaction
will be absorbed in the second term in equation (46).
This term is interpreted as the remaining spin-spin inter-
action.

Now we take the saddle point approximation of A and
follow the steps in section IT A to carry out a generalized
cavity construction. Up to additive constants, we obtain

the effective cluster action,

0
Scr =98¢

B
- T / dr (AxovsBlyy,(7) +hie.)

(X.Y).0

- / drdr’ >k (1)Gy ky (7 = )evo ()
0 X,Y,o

- / deTZsX o xy (T =) (7)

+ 688 (48)

The saddle point equation leads to an additional self con-
sistent equation for the superconducting order parameter

B

IS x. .
2 dr(Ax,ox,5(7))c,

SQGX]-& = 4ﬁ

0

where the average is taken with respect to the effective
cluster model in equation (48). The additional term in
the action, 05 represents all the modifications in the ef-
fective action caused by separating the zero frequency
pairing interaction. The exact expression of §S can be
found in the Appendix B. We see from the expression
there that all terms in 65 are suppressed by factors of
1/(JB); therefore, at sufficiently low temperatures in-
cluding the quantum critical regime, §5 can be safely
neglected. In the following we only consider the low tem-
perature limit and make the approximation that 65 ~ 0.
Working in this approximation, the self consistence con-
ditions for both G5 }(Y and X ;Y remain the same as in
the previous sections.

It is useful to note that this approach can also be for-
mulated in momentum space. Using the DCA Fourier
transform defined in equation (25) amounts to replac-
ing Jij by JEN = No/N Y q e[, (@))%, x,
in the spin channel. In order to treat the pairing channel
on the same footing, we use Ji? CA starting in equation
(46). This then amounts to replacing J, x in equation
(49) with [J{ o alx, x;, which is the coarse grained inter-
action in cluster momentum (Jq) that is Fourier trans-
formed back to real space cluster variables (see ref. 26)
[Jhoalx.x; = 1/Ne Y g e’ @ Fi=%5) Jq. In addition, this
leads to periodic boundary condition on the cluster in real
space.

B. Heisenberg Spin Interaction

We now consider the case of an AF Heisenberg spin
spin interaction I;;. The derivation proceeds in parallel
with the previous Ising case. Here, we separate out the



singlet term with an attractive interaction3®

/ dr Y 1;Si(r) - S(7)

(4,9)

= —Z lj/ dTldTQA 7'1)Aij(7'2)

(1,9)
+ Z 463 Mﬂgsu - 50017*&12 (25#5551/ - 25#557,,))
00
x el (iwy —iw)eig(iwn)el (iwg +iw)ejy (iws),  (49)

we have defined the singlet creation operator between
sites ¢ and j as

Af = L (g bt 50

AN AN A A A (50)

and its hermitian conjugate A;; = (¢j cit — ¢jrciy) /V2.
As Dbefore, we then introduce a static Hubbard-

Stratonovich field to decouple the singlet interaction
AL—AU, the saddle point equation for A;; now becomes

Lx.x, % .
s e L
0

with an effective action,

xx (e (51)

0
SC,H = SC,H

p .
_ Z /0 dr (AxyATXY(T) + hC)
(X.Y)

B
- / drdr’ Z CE(U(T)QOT;Y(T ey (77)
0 X,Y,0
1 / a /
) ; deT S (T XOa XY( TSy (7).
a;éO
(52)

Again, we have not allowed the single particle Weiss field
to become polarized from the finite superconducting or-
der parameter. The Heisenberg isolated cluster action
S& p» is equation (14) with J¢ = 0 for @ =0 and J& = 1.
for @« = 1,2,3. We have also ignored the additional part
of the action 0.5y that is suppressed by a factor of 1/(J )
(see the appendix for a discussion of the Ising case). We
remark that it is possible to use this formalism to describe
states that have both magnetic order and superconduc-
tivity by including a finite hjo. as described in section III.

C. Pairing Susceptibility

In this section we derive the zero momentum lattice

pairing susceptibility xsc(ivy,) = le‘*;r( = 0,iv,) de-

fined as

xsc(ivn) =

2/2 Z Z fdfklgaag)\)\

(,4),0 (K1),

s .
X /0 dr(Ty : Nigjs (T) :: ALM Nen T
(53)

where N(z/2) is the number of bonds in the lattice, with
z being the number of nearest neighbors, and f; ;, g; ; are
the pairing symmetry factors 39 in real and spin space
respectively. We will focus on the case of an Ising spin
interaction .J;; but this can be easily generalized to the
case of a Heisenberg interaction. We first project the
superconducting gap onto a particular symmetry channel
assuming the gap amplitude A is uniform across each
bond, i.e. Ax,yvs = fxy9gosQo (and complex conjugate
ANovs = [Xv9isA5), where the phase factor in real
space is given by fxy and that in spin space is g,5, and
they have the property |fxy|? |gos]? = 1 (see ref. 39).
The procedure is similar to that described in section 11T A
for magnetism, although here we have to project into
a particular symmetry channel (through f;;,g05). We
arrive at the following expression for the zero momentum
lattice pairing susceptibility.

1
1/x9% (ivn) — Jsc’

where we have defined the effective pairing interaction
1/Jsc = Nib DX X;)0 1/J%,x, and the cluster pairing

xsc(ivn) = (54)

susceptibility Xg)acir(iyn) X})Oaclr(Q =0, ivy,), where

X (ivn) = Nb S > Fx vy gieon
(

X, X"),0 (Y,Y'),\

B . .
X / dT<T-,— : AXUX’&( ) A])L/AY/A '>C€ZV"T
0
(55)

where Nj, = Z< X,y) is the number of individual bonds in
the cluster. Previous treatments of two particle response
functions in various cluster theories demands much more
computational effort because it involves the inversion of
the Bethe-Salpeter equation, which is in principle a ma-
trix equation of infinite dimension in the space of three
wave vectors and frequencies. In our approach, the clus-
ter susceptibilities completely determine the correspond-
ing lattice quantities.

We note that this can also be formulated in momentum
space after the symmetry factors are first coarse grained
in momentum space f(K) = N./N > i f(k+K) (where
f(k) is the Fourier transform of f;;) and then Fourier
transformed to real cluster space fx, x; = [fpcalx,x; =
1/N. Y g B Xi=X3) i In this case, the coarse gralned
symmetry factors no longer have to satlsfy |fx.x, > =1,
and as a result the effective palrlng interaction becomes

1/JSC:Nin<X X5) |fX¢XJ| /JXX



In the appendix, we contrast this expression with the
result of allowing the single particle Weiss field to acquire
anomalous terms. In this case, we find additional con-
tributions, corresponding to the particle particle bubble
which only contributes if special q’s exist.

V. EFFECTIVE CLUSTER MODELS

The formalism we have discussed so far also applies to
a variety of strongly correlated problems aside from the
Hamiltonian we have been considering in equation (1).
One such example is a two band model, namely the An-
derson lattice Hamiltonian appropriate for the descrip-
tion of heavy fermion materials*. The model describes a
band of conduction electrons hybridized with a band of
localized, highly correlated f-electrons and is defined as

D tijelycio + ) £ (epnygi + Ungirnyiy)

(i,4),0

+ 3 (Velofio +he) + 3 TS5 (56)
i (&)

Hpy, =

As usual, we have explicitly included an Ising RKKY
interaction between the f-electron spins. The RKKY
and Kondo interactions compete, and tuning their ratio
can lead to a quantum phase transition between a heavy
Fermi liquid and an antiferromagnet. In certain cases,
the QCP is of the SDW type, where the heavy quasi-
particles remain intact across the transition and undergo
a SDW transition. In other cases, the SDW description
fails, and the physics of critical Kondo destruction comes
into play.

Focusing on the normal state properties, applying the
extended dynamical cluster theory of section IIB in mo-
mentum space we arrive at the effective cluster action

8
S&* —/0 dr Y Unjsqi(t)ng—qu(r) + esnsq(r) (57)
Q

B -
+ /OdeQ:JQS?Q(T)S?Q(T)
B
- / drdr' 3" f, (NGo k(7 —7) fico ()
K.,o

1 ﬂ z — z
— 5/0 deT'ZSfQ(T)XOb(T—T’)SJ;Q(T/).
Q

For the case of 2-d AF exchange fluctuations, the di-
vergence of the spin susceptibility at the ordering wave
vector implies [through the self consistent equation (30)]
that the local spin susceptibility with cluster momentum
Q. is also (logarithmically) divergent!”. This leads to a
spin Weiss field associated with the critical momentum
channel x0(Qar, iv,) that develops a sub-ohmic spectral
density Imyo(Qar,w + 07) ~ w®. Based on universal-
ity, we can regard the effective cluster model in equation
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(58) with a sub-ohmic density of states for the ordered
channel, as an effective model that contains both Kondo
destruction and pairing correlations induced from AF ex-
change interactions. For the simplest case of N, = 2, and
keeping only the critical degrees of freedom [i.e. only the
Weiss field in the ordered channel xo(Qar,iv,)] we ar-
rive at a simplified model to study pairing correlations
near a Kondo destroyed QCP. This model was proposed
and solved in ref. 40 using a combination of continuous
time quantum Monte Carlo and the numerical renormal-
ization group. It was shown that the cluster pairing sus-
ceptibility xg’;ir is enhanced at the Kondo destruction
QCP. It will be important to consider the full self consis-
tent solution and determine if local quantum criticality
with Kondo destruction survives finite size cluster cor-
rections and if so, how large xsc is near the local QCP.

Another strongly correlated problem of central interest
is the extended Hubbard model, which adds to the stan-
dard Hubbard model an inter-site density-density inter-
action. We note in passing that incorporating a spin or-
bit coupling can lead to topologically non-trivial ground
states in the presence of interactions*!*2. The extended
Hubbard model is thought to be the appropriate model to
describe certain types of organic superconductors, stripe
charge order in the cuprates and different types of Mott
transitions. In addition, when the inter-site interaction
is attractive (V;; < 0), the model may also feature inter-
site pairing and, in the presence of a spin-orbit coupling,
topological superconductivity®3. It is defined as

H = Y t(clcjg+hc) + U ninyy
i,5,0,8 Z
+ Z Vij ingiing e, (58)
(i,7)

where we have generalized the tight-binding hopping
terms to a spin dependent hopping matrix t?j ; this form
is sufficiently general to allow for a spin orbit coupling
term and keep ¢, j that are not necessarily nearest neigh-
bors. Tuning the ratio of U/V can lead to a variety
of quantum phase transitions between a Fermi liquid, a
band insulator, and a Mott insulator. Whereas tuning
the strength of the spin orbit coupling can lead to topo-
logical transitions between a band and topological insu-
lator. Applying the formalism of section IT A leads to the



effective cluster action

B
SEH :/ dTZ U?’LXT(T)TLXJ,(T)

0 XeC

B
+ / dr Z Ve inx(7) iny (1) :
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B
— / drdr’
0

1 ? _
_ _/ drdr’ Z snx (1) : XOci xy (T — ) iy (1)
2.Jo XY 7

(59)

> e, (MGo xy (T — Tevu()

XY, p,v

Studying the different types of quantum phase transi-
tions in the effective cluster model alone [i.e., without
implementing the self-consistency| can lead to significant
new insights regarding behavior of the QCPs in the lat-
tice problem. In other words, the effective cluster model
of equation (59) serves as a simplified model that can
provide insights into different types of Mott transitions,
superconductivity and even interacting topological phase
transitions.

VI. C-EDMFT SOLUTION METHODS

The self consistent cluster dynamical mean field equa-
tions form a set of highly non-linear equations. Their
solution requires an accurate and reliable solution of the
cluster impurity model, which is iteratively solved. There
are analytical tools and computational methods that are
suitable for studying the cluster impurity models. From a
computational perspective, solving the cluster impurity
models represents the most extensive efforts of solving
the self consistent equations. In the presence of a phase
transition, the number of iterations necessary to solve the
equations can become quite large due to a “critical slow-
ing down”. In this case, it is very useful to use mixing
techniques that are well known in the context of den-
sity functional theory, in order to reduce the number of
iterations that are needed to achieve self consistency®’.

The cluster model can be solved using, for example
the exact diagonalization (ED), the numerical renormal-
ization group (NRG), the density matrix renormalization
group (DMRG) and quantum Monte Carlo methods.

Including bosonic baths in diagonalization based tech-
niques can be done, but it requires a truncation of the
infinite bosonic Hilbert space. In addition, the presence
of numerous bosonic baths can make such an approach
quite computationally demanding. However, this does
not rule out ED and NRG techniques, provided there is
some physical intuition of which bosonic bath is going
to drive the system through a quantum phase transition.
Then retaining this single bosonic bath is necessary to
capture the critical universal properties, while the other
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baths serve to renormalize the effective model parame-
ters.

The recently developed continuous time quantum
Monte Carlo (CT-QMC) has the advantage that the
bosons are traced out and the algorithm is numeri-
cally exact. These methods have been adapted to treat
scalar bosonic baths that interact with the impurities
charge®** or spin?647 degrees of freedom. The case of a
vector bosonic bath*® has also been studied.

Recently, the CT-QMC has been generalized to a two
impurity*® model in the presence of a single bosonic
bath. As the additional bosonic baths that arise in
the C-EDMFT treatment commute with each other, the
method in Ref. 40 can naturally be used to solve the C-
EDMFT equations to high accuracy. Generalizations to
larger cluster is still possible within such a framework,
provided the algorithm doesn’t suffer from a sign prob-
lem arising from the fermionic degrees of freedom. As
described in section V, for the minimal case of the two-
impurity C-EDMFT approach to the periodic Anderson
model, in the vicinity of an antiferromagnetic QCP, it
would be adequate to keep only a single bosonic bath
that is coupled to the staggered combination of the local-
moment spins in the cluster. The method of Ref. 40 then
makes it feasible to study the quantum critical behavior
of the periodic Anderson model.

VII. DISCUSSION

In this work we have derived a cluster EDMFT for-
mulation by a locator expansion about a dressed cluster
limit. An alternative derivation can also be done using a
Baym-Kadanoff functional?®34. In this case the generat-
ing functional of the grand potential is (focusing on one
of the two particle channels)

Iek[G,x] = Trllog(G)] - Tr [G(Gy" — G™1)]

- %TY log(x)] + Tr [x(xo ' —x )]
+ 9[G, x], (60)

with the stationary conditions éT'/6G = éT'/dx = 0.
The self energies are then given by §®[G, x]/0G = X,
0P[G, x]/0x = M. Within the cluster approximation,
the self energies are calculated from an effective cluster
model. Therefore, the approximation that the functional
® is only a functional of Gy and xioc leads to the cluster
EDMFT equations. Therefore, analogous to the EDMFT
approach!'*'? the C-EDMFT approach is also conserv-
ing®?.

As we have discussed in the introduction, a main suc-
cess of EDMFT compared to DMFT has been in its so-
lution to the Kondo lattice Hamiltonian and the theory
of local quantum criticality ®1117 2037 This rests on
treating the RKKY interactions between the local mo-
ments in a dynamical fashion, through the self-consistent
bosonic bath. The self-consistent solution yields an un-
conventional QCP with a dynamical spin susceptibility



satisfying £//T scaling and anomalous dynamical critical
exponent, similar to what has been observed in quantum-
critical heavy-fermion metals?? 25, For this result, it is
important that the mapped Bose-Fermi Kondo model it-
self contains a Kondo-destruction QCP 247, Studies of
the two impurity Bose-Fermi Anderson model in Ref. 40
have shown that a Kondo-destruction QCP persists, with
similar scaling properties for the staggered dynamical
spin susceptibility. This raises the prospect that the C-
EDMFT approach discussed here will be able to study
the interplay between the unconventional quantum crit-
ical normal state and superconductivity. As discussed
earlier in the paper, such an interplay is important to the
understanding of heavy fermion superconductivity. We
note that the dynamical treatment of the RKKY interac-
tions differentiates EDMFT and C-EDMFT from DMFT,
which does not treat the RKKY interactions beyond a
static mean field approximation, as well as the cluster-
DMFT®!, which treats the RKKY interactions within the
cluster in a dynamical fashion, but does not do so for
those interactions outside of a chosen cluster.

VIII. CONCLUSIONS

In this manuscript we have presented a new cluster
extended dynamical mean field approach. We have de-
veloped the equations in both real and momentum space,
incorporating magnetic order and superconductivity. We
have also determined the form of the superconducting
correlation functions in the normal state. We have then
used the formalism to derive effective cluster models that
are relevant to heavy fermion metals and Mott-Hubbard
systems. In particular, this formulation for unconven-
tional superconductivity is expected to play a central role
to the study of quantum critical heavy fermion metals.
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IX. APPENDIX A

In this appendix we derive the expression for 4.5, de-
fined in equation (48). We use the generalized cavity
approach to derive the effective action S¢,

oo

1 (o
SC - SO - Z E«_AS) >£ol)nnected

n=0

(61)

We have defined AS as the part of the action that con-
nects cluster o to its neighbors. The expectation value
(...)®) is taken with respect to the action S(®), which
is defined as the action with cluster o removed, and S,
corresponds to the action of the isolated cluster o. Sim-
ilar to DMFT, after rescaling 0t and 0.J, in the limit of
large coordination, only the n = 1 and n = 2 terms
contribute. In the remainder of this appendix, we omit
the “connected” label and take cluster o to be equal to
rop = O.
We separate AS into three pieces

B
AS:/ dr Z 5J(ro—ri)XYSfox(T) fiY(T)
0

I‘i,XY

B
+ / dridry Y
0

ri,X,Y,o

5J(I‘0 — I'Z')Xy

4p

X CIOXU(ﬁ)croxg(TQ)CLY(—,(ﬁ)criw(Tz)
B
+ /0 dr Z CIOXU(T)ét(ro —1)Cr,ve(T)

= AS] + ASy + AS3, (62)

Since there is no interference between the one particle
sector and two particle sector in the expansion, we can
ignore AS3 in the calculation of 5. We first note that
(AS;)(®) vanishes, since we are considering a case with
no magnetic order. The expectation value (A(S;)?)()
gives the standard expression for the spin Weiss field (see
equation (16) of the main text). The rest of the terms
combined give 05.

58 = (AS)(®) — (A5 ASy)®) — %<(A52)2>(0) (63)

The expression for each term is listed below,

0J(rg —r; 0J(rg —1; B .
(A5 A5)© = S Y T rdxydd (e Zx)zw / drydradrs 7, ()el . (72)ceo 20 (73)
0

4p

ri,r; X,Y,ZW o,«

(Trel y o (M)eeva(m)el o (T2)ee,we (7)) ©0%,  (65)
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The effect of (AS5)(®) is to modify the one particle Weiss
field. The other two terms modify the interactions by
generating a general two particle interaction which is
nonlocal in time. In contrast to the standard Weiss fields
[as in equation (13)], each term contains an additional
factor of 1/, and the last term carries a factor of 1/32.
This implies each term is suppressed by at least a fac-
tor of 1/(JpB) relative to the standard Weiss fields, and
1/(Jp) can serve as a small parameter for sufficiently low
temperatures. In the zero temperature limit, all three
terms vanish and do not affect any of the quantum criti-
cal properties.

X. APPENDIX B

Here we discuss when happens when the single particle
Weiss fields become polarized by a finite magnetic or su-
perconducting order parameter. In the following, we fo-
cus on the momentum space formulation. We show that
the additional terms (particle hole or particle particle
bubble contributions) come from a polarized single par-
ticle Weiss field. Our considerations here parallel those
for EDMFT discussed in ref. 37.

A. Magnetism

We first discuss the case of magnetic order, with an
order parameter finite in the z-direction. Allowing the
magnetic order parameter to polarize the single particle
Weiss field we obtain an effective cluster action

B
Sc ZSg—/ dThlocsaor(T)
0

B
- / drdr’ Z CI(U (T)go_)ll(a(T — 1 eko (77)
0 K.,o

1 /P a —1 a
- /O deTf;stXOa,Q(T—r’)s,Qv’), (67)

where now the single particle Weiss field G- Il<g is differ-
ent for different spin components and hj,. is given by
equation (35). As a result, the expression for the lattice
spin susceptibility has changed, focusing on the static
spin susceptibility we obtain

1461,
1/Xor(ivy, =0) — 01

X(Qoru Wy = 0) = (68)

B
)ZW ‘/0 dTldT2dT3d/T4CIOXa(Tl)CFOXQ(TQ)CIOZB (7-3)01'02,8 (T4)

(66)

where 01, is

B
5Ly — / drdr' S (Tyele, (Fexs (7). )o
0 K,o
0

oM
In addition, we have defined 01}, which is equivalent to
0In, with M replaced with \/N./Nhq,, n=0 and the
derivative is evaluated at hq,, = 0.

We can compare our result to that of DCA2%, and con-
clude that the additional contribution 61 comes from the
particle hole contribution associated with the special q’s.

X Goreo (T = T Xtoc(iv = 0)] 71 (69)

B. Superconductivity

We now consider allowing the finite superconducting
order parameter to “polarize” the single particle Weiss
fields, i.e. introduce anomalous terms. We take the sad-
dle point approximation of A and carry out a generalized
cavity construction . Up to additional constants, we ob-
tain the effective cluster action

B
Ser = 88,1—/ drdr' U ()G g (T — 7)¥(7)
0

1 /B
-3 / drdr’ Z S% (T)Xo_é(y (1 =785 (1)
0
XY
+ 48 (70)

where the Ising isolated cluster action S¢ ; is defined in
equation (14) with J* = 0 for o # z. We have defined
the Nambu spinor ¥ = (cj;(l,r, ...CE(NCT,CXIJ,, ...,CXNCJ,),
and we adopt the Nambu-Gorkov formalism: Ggioc(7) =
—(T,W(7)¥T). We use the subscript ¥ to label a 2x2
matrix in Nambu space where each element is a matrix
in cluster indices. Now the single particle Weiss field has
additional anomalous terms

1. —1y.
Gobon) = 0 [ Fo e )y
Fo liwn) —Go o (—iwn)
The spin Weiss field x,, Yy (T—7') assumes the same form
as equation (16) when expressed in terms of the cavity
correlation function. As we have discussed in the main
text, the additional term in the action, S represents
all the modifications in the effective action caused by
separating the zero frequency pairing interaction. Again,



in the following, we only consider the low temperature
limit and make the approximation that §.5 = 0.

To determine the one particle Weiss field ggq}, we
perform a cumulant expansion in inter cluster interac-
tions. Similar to the inter-site interactions, we begin by
separating Ajs j» also into intra and inter cluster parts
Ags(ri —15) = Acoslr,r; + 0Ags(r; — r;). This natu-
rally arises from a locator expansion in §J after we rescale
dA,5(r; —r;) by 6J(r; —r;), which leads to a single par-
ticle Greens function in Nambu space

-1

Gy(k,iw,) = |Cgl (iwn) —0Tw(k)| . (72)

The single particle cumulant is now
Ca\lp (iwp) = (iwp, + )13 @ 1 — Tog — By (iwy,)  (73)

where 73 is the z-Pauli matrix in Nambu space, together
with the following definition for the generalized intra
cluster hopping matrix

t. —A,
Tey = ( _AC\LT —tf\L ) ) (74)

and the inter cluster hopping matrix

(0 GtR) —6A(K)
6T\1,(k)—(_5AH(l~() st (k) ) (75)

Now the generalized one particle Weiss field takes the
form

Gouiwn) = Bu(iwn) + Gyoc(iwn) (76)
and the self consistency condition becomes
Gutoclivn) = 30 Gu(kiw,).  (T0)
Vloc(WWn ) = N Z v K, 1wy ).
k
The superconducting order parameter is then determined
self consistently from the saddle point value:

JC,X.LX]‘

48 Jo

In principle, for a real space cluster scheme such as
CDMEFT, the translation invariance inside the cluster

B .
ACX»L(TX]'& = dT<ACXiUXj6(T)>C (78)

14

is broken since the couplings on the boundary are now
treated different than those inside the cluster. Thus, the
order parameter A x,» X, may in principle take different
value on different bonds. We could obtain an estimate
of the pairing amplitude Ag by averaging Acx,sx,5 over
each bond (note that the 2 x 2 is a special case where
the four sites are indeed equivalent, and such a proce-
dure is unnecessary). After that 6A,5(r; — r;) is then
constructed using the translation invariance of the lat-
tice. Two major differences between these self consistent
equations and those in CDMFT?3! are the explicit ap-
pearance of the order parameter and the fact that the
inter-site magnetic interaction is driving the supercon-
ducting pairing.
C. Pairing Susceptibility

Considering the case of an Ising interaction and fol-
lowing section IV C, we focus on the momentum con-
struction, but we write all of the terms in real cluster
space to make the connection to our previous discussions
more explicit. Focusing on the static pairing suscepti-
bility, allowing the single particle Weiss field to acquire
anomalous terms, we find an additional contribution to
the paring susceptibility,

1+ 6th

1/Xsc(il/n = 0) — JSC(SFAO ’
(79)

Xpair(q - 05 iljn = O) =

Here, the additional contribution is

1 /P
5PA0 = E/ dTldngT3 Z Z
0 (X,Y)

o XY’
X Fiv9is(Trexs(m)eye(m)ckn (m2)ch (1)) e

0 X% (i = 0 (80)

Y

‘/—"(leyl(TQ -

where again 6y, is 0I'a,,, with Ag replaced with h,,, and
the derivative is evaluated at h, = 0, where h,, is a source
field that couples to the pairing operators. We can re-
late our result to that using the Bethe-Salpeter equation
within DCA and conclude that this additional contribu-
tion is related to the particle particle bubble contribution
which only arises if there are both special and normal q’s.
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