PHYSICAL REVIEW B 109, 165111 (2024)

Two-particle self-consistent approach for multiorbital models: Application to the Emery model
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The Emery model, or three-band Hubbard model, is a Hamiltonian that is thought to contain much of the
physics of cuprate superconductors. This model includes two noninteracting p orbitals and one interacting d
orbital per unit cell. Few methods that can solve multiorbital interacting Hamiltonians reliably and efficiently
exist. Here, we introduce an application of the two-particle self-consistent (TPSC) approach to the Emery model.
We construct this method within the framework of the TPSC 4+ DMFT method, which can be seen as a way
to introduce nonlocal corrections to dynamical mean-field theory (DMFT). We show that interacting orbital
densities, rather than the noninteracting ones, must be used in the calculations. For the Emery model, we find
that at constant bare interaction U, the vertex for spin fluctuations, Uy,, decreases rapidly with filling. This
may be one of the factors that contributes to electron-doped cuprates appearing less correlated than hole-doped
ones. More generally, our work opens the road to the application of the TPSC approach to spin fluctuations in

multiorbital models.
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I. INTRODUCTION

The one-band Hubbard model is one of the most widely
used model Hamiltonians for the study of strongly correlated
systems. A typical example is the cuprate superconductors,
which have been modeled extensively with the Hubbard
model [1]. The one-band Hubbard model is still a challenging
problem despite its apparent simplicity. The development of
multiple approximate numerical approaches has been moti-
vated by this model [2,3].

However, multiorbital interactions that are beyond the
scope of the Hubbard model need to be taken into account
in order to capture the physics of many systems of interest.
This is thought to be the case in unconventional supercon-
ductors such as the nickelates [4], strontium ruthenate [5,6],
iron-based superconductors [7-9], and heavy-fermion super-
conductors [10].

The Emery model, also called three-band Hubbard model
or Emery-VSA (Varma, Schmitt-Rink, Abrahams) model, is a
multiorbital Hamiltonian that was introduced for the study of
superconductivity in the cuprates [11,12]. Since then, numer-
ous aspects of the model were studied by different numerical
and theoretical techniques. For instance, superconductivity
in the model was studied with multiple techniques [13-20].
Moreover, general studies of the phase diagram [21,22], an-
tiferromagnetism [13], pseudogap [15,16] and Mott insulator
[23] were realized. The Emery model enabled the study of
electronic correlations in the cuprates [24-26] and of the
asymmetry between the hole- and electron-doped cuprates
[25,27]. Multiorbital Hamiltonians such as the Emery model
are even more difficult to solve numerically than the one-band
Hubbard model. However, their physical relevance makes the
development of reliable, computationally inexpensive meth-
ods of high interest.
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The two-particle self-consistent approach (TPSC) is a
many-body method that was first developed for the one-band
Hubbard model [28-30]. The TPSC approach for the one-
band Hubbard model is a nonperturbative method that satisfies
the Pauli principle, the Mermin-Wagner theorem, local charge
and spin sum rules, and conservation laws. This method is
valid in the weak to intermediate interaction regime of the
Hubbard model. It cannot describe the Mott transition, but its
self-energy can reflect fluctuation-induced pseudogaps. It was
benchmarked extensively against exact quantum and diagram-
matic Monte Carlo simulations [3,28-36]. This approach is
reliable in its regime of validity and is numerically efficient.
Because of these reasons, the method has been extended to
multisite [37-40] and multiorbital [27,41-43] Hamiltonians.
Moreover, a recent improvement of TPSC for the one-band
Hubbard model, the TPSC + DMFT approach [35], has also
been applied to multiorbital Hamiltonians [44].

In this paper, we revisit the development of the multiorbital
TPSC approach with a specific focus in mind: its application
to the Emery model, which is relevant to the study of the
cuprate superconductors. The Emery model is an “extreme”
case in the sense that the two types of orbitals it describes are
highly nondegenerate. Although the extension of TPSC to the
multiorbital model presented in Ref. [41] has been applied to
the Emery model [27], here, we present a specific formulation
of the method within the TPSC + DMFT framework. This
problem highlights a specific difficulty in extending the TPSC
approach to multiorbital models that was not considered in
previous works. More specifically, we find that the densities
that enter the calculation of the sum rules for the spin and
charge susceptibilities must be calculated at the interacting
level when dealing with Hamiltonians where the orbitals are
not degenerate. This aspect of the TPSC approach for multior-
bital models has not been considered before and is important
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for further applications of the method to more generalized
Hamiltonians, including Hund’s interaction, for example.

After introducing the formalism for a generic Hamiltonian
with density-density interactions in the following section, we
apply the general formalism to the Emery model in Sec. III.
The specific TPSC + DMFT approach to that model is de-
scribed in Sec. IV. While the derivations in these sections may
seem daunting, the equations to be solved are rather simple
and intuitive. The methodology with reference to the appropri-
ate equations is summarized in Sec. IV D. Finally, in Sec. V,
we apply the method to a specific realization of the Emery
model to investigate the impacts of the choice of input orbital
densities on the results.

II. GENERIC MULTIORBITAL MODEL

We first introduce a generic Hamiltonian with density-
density interactions in Sec. Il A. We provide exact equa-
tions for its self-energy, susceptibilities and vertices in the
source field framework developed by Schwinger and Martin
[45,46] in Secs. IIB and IIC. We provide a complete, de-
tailed calculation of all the results shown in this section in
Appendix A.

A. Hamiltonian with density-density interactions

We consider a simple multiorbital Hamiltonian of the form

H = Z Z Z tijvaﬁcjaacjﬂﬂ + Z Uaﬁniaﬁniﬂ@ (1)
ij

o af iap

where o and 8 are orbital indices, i and j are site indices,
1;j o 1s a hopping parameter from orbital 8 on site j to orbital
o on site i, cl(;gr is the annihilation (creation) operator for an
electron of spin o on site i and orbital «, n;,, is the number
operator for electrons of spin o on site i and orbital v, and U, g
is the on-site Hubbard interaction strength between orbitals «
and B. As we discuss later, the Emery model corresponds to
the specific case with three orbitals denoted by the indices d,
Dx» and p,, and where only the d orbitals are correlated.

B. Functional derivatives for the self-energy

In this section, we calculate the Green’s function in the
presence of a source field ¢. We introduce the partition func-
tion in the presence of a source field ¢,

Z[¢] = (T, expl—cLs (Daps (1. 2cge D). (2)
from which we also define
S[e] = exp[—cls (Daps (1. 2)cp5 (2)]. 3)

We use the notation (ry, t;) = (1), where 7; is an imaginary
time. Moreover, the bars above symbols denote sums and
integrals over all the degrees of freedom concerned: @ = ),
1=, foﬂ dt;. Then, the Green’s function in the presence
of the source field ¢ is defined as

dIn(Z
G120 = 35 B )
= —(Trcao (1)), (2))g, 5)

where the average of an operator O(ty, ..
ence of the source field is defined as

., Ty) in the pres-

1
S = (T 0(7y, ..

T, O(ty, .. =
T0m Z1¢]

L w)Slel). (6)

We calculate the equations of motion for the Green’s
function by computing its imaginary time derivative
0Gapo(1,2)y/07;. As detailed in Appendix A, the self-energy
is obtained from the commutator of the annihilation operator
Cao (T1) that appears in the Green’s function with the inter-
action term of the Hamiltonian. From Eq. (A23), we hence
define the self-energy as

Ea)‘/a(l s 3)¢gf/ﬁa (3, 2)¢
= —Uay (Trc}_, (17)c5 o (Newo ()ch, D)y (7)

This result is not unique: we can consider the same ap-
proach but perform the derivative with respect to t, instead
of 7;. In that case, the self-energy is obtained from the com-
mutator of the creation operator c;U (1) that appears in the
Green’s function with the interaction term of the Hamiltonian.
From Eq. (A28), the resulting second equation for the self-
energy is

Gayo(1,3)6 555 (3,2)g
= —Upp(Trc) o (27)e7 -6 (2)cas ()ch, (2))g.  (8)
Both implicit expressions for the self-energy, Egs. (7) and
(8), should be satisfied simultaneously.

The interacting Green’s function is calculated from the
self-energy using the Dyson equation

Gupo(1,2)," = G50, (1,2)7" = bupo (1, 2) — Zupo (1, 2)y.
©)

C. Susceptibilities and vertices

We now turn to the calculation of the susceptibilities. The
calculations done in this section should be valid for a general
multiorbital model.

We first define generalized density and spin operators as

nags (1,2) = ¢}, (2)cao (1), (10)
nep(1,2) = nepgs(1, 2) +ngp, (1, 2), (11
Siﬁ(l,Z) = npy(1,2) —ngp, (1, 2). (12)

Next, we define generalized susceptibilities as

Xapys(1 2:3,4)p = (Tnap(1, 2)ny5(3,4))g
— (Tenap(1, 2))p(Teny 53, 4))g,
(13)
Xapys (1. 2:3.4)p =(T:8,5(1,2)875(3.4))
= (T:835(1. 2)) (725,53, 4)),.
(14)
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The noninteracting susceptibility can be written from the
Green’s functions as

Xo(f%)yé(l’ 2;3,4), = —2Gus0 (1, 4)¢gyﬁg(3, 2)4. (15)

The generalized susceptibilities can also be written as func-
tional derivatives of the Green’s function:

agaﬁa(l ’ 2)¢

+ . _
Xaﬂy5(1929374)¢ = - E m, (16)
— ,agaﬁa(lv 2)¢
Xaﬁy5(1,2§374)¢ =— E o0 m. (17)

[oxen

Using the Dyson equation (9), the identity

Sgaﬁa(L 2)¢
8¢5y (4,3)

_ 8G.:,(5,6);!
= —Guno (1, 5), 8”5 0

mgéﬂo(6v 2)g, (18)

and recalling that the dependence of the self-energy on ¢
occurs only through the functional dependence of the Green’s
function on ¢, we can rewrite the generalized susceptibilities
as follows:

Kagys (15 233,80 = x5 (1,233, 8 F 3x( e (1,26, 3)y

x F;ﬁﬁﬂ(é’ 5.7, g)¢X§wa(7» 8,3, 4)p,

where the vertices F;ﬁm(é, 5,7,8), are defined as

) 0%, 5.6)5 | 81 (5.6)
¢ 8Gun(1,8)s ~ 8Ga1(7,8)y

r 6,5,7,8

(20)

+
éﬁﬁa(

III. APPLICATION TO THE EMERY MODEL

In Sec. I A we discuss the noninteracting part of the
Hamiltonian. The choice of interaction and its consequence
on the self-energy is in Sec. III B while the effective one-band
model that can be obtained by tracing out the oxygen orbitals
isin Sec. III C.

A. Hamiltonian

In the Emery model, we consider a bidimensional square
lattice where each unit cell (noted with the index i below)
contains three distinct orbitals: one correlated d orbital, and

two noninteracting orbitals p, and p,. The associated annihi-

lation (creation) operators will be noted dg), pf:i)a, and p(yTi)U

in real space, with o a spin index. In reciprocal space, the unit
cell index i is replaced with a momentum index k so that the
Hamiltonian becomes

H=>Y G h®)Co +Us Y nanna, (1)
k,o i

where Gy = (dio - Prko Pyko) [Cly =l Pl s Pl )] s
a vector of annihilation (creation) operators, ny;, is the num-
ber operator for orbital & on unit cell i, and h® (k) isa 3 x 3
matrix. This noninteracting part of the Hamiltonian is, in units

(19) where the lattice spacing is a = 1 [15,18]"
|
€4 lpd(l — €7ik'*) lpd(l — eiik")
hO®) = [ a1 =€) €+ 2y c08(k)  1(1 —e®)(A1 —e ™) |, (22)

tha(1 — ethr)

where 1,; is the hopping amplitude between a d and
a p orbital, t,, is the hopping amplitude between a p, and
a p, orbital, #,, is a hopping amplitude between two p, or
two p,, orbitals across a copper, €, is the on-site energy of d
orbitals, and ¢, is the on-site energy of p orbitals. In Fig. 1,
we show a schematic representation of the Emery model and
of its various parameters including the gauge choice.

J

tpp(1 — e )(1 — etv)

€p + 2ty cos(ky)

(
B. Interaction and self-energy for the Emery model

In the Emery model, the on-site interaction takes the form
Uyp = Ugbaabag. (23)

Using this in equations (7) and (8) for the self-energy, we
obtain

Zazo(1,3)6Gp0 3, 2)p = —Uabaadaz (T, (17)e5 o (o (1)ej, (2))g, (24)
= Zupo(1,2)p = —Uabaa(Tec)_,(1)ca—o(Deao (1)ch, (3))$Grpo (3. 2), (25)
Gayo (1, 3)pZ5p5 (3. 2)p = —Uabapday (Trch o (2M)cy—o(2)cas (1)ch, (2)) g, (26)
= Bupo(1,2)p = —UabupGus (1, 3, {Trc)_, (27 )ca—o (2)cyo R)ch, (2))g- 27)

iky /2 iky /2

!The gauge transformation p, — —ie*/*p,, p, — ie

py on this complex Hermitian Hamiltonian leads to the real Hamiltonian in Ref. 25.
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FIG. 1. Schematic representation of the Emery model in position
space. The orbitals are real and the signs of their lobes is indicated by
the color. This is the gauge chosen for our basis states. The unit cell
is the square delimited by dashed lines. 7, is the hopping amplitude
between a d and a p orbital, 1, is the hopping amplitude between a
p. and a p, orbital, #,, is a hopping amplitude between two p, or
two p, orbitals across a copper, €4 is the on-site energy of d orbitals,
and €, is the on-site energy of p orbitals. The on-site interaction Uy
is on the copper only.

Since equations (25) and (27) should be satisfied at the same
time, our first result for the Emery model is that the only
nonzero element of the self-energy matrix is the one corre-
sponding to the d orbitals

Zaﬂa(la 2) 0.8 (Saﬁgad- (28)

The vertices hence become

_ 0%5,65,6)

53,5, 6)
(Sgﬁl_)’]‘ (71 g)¢ ,

5% (3. 6)¢> "
8gﬁ1‘)?(7’ g)lb . ( )

Y 8%qay(5,6)y
TN 8G01 (7.8

C. Effective one-band problem

Since only the d orbitals are correlated in the Emery model,
it is possible to cast it into an effective one-band model.
Detailed calculations can be found in Appendix B. We first
note that, to simplify the notation, we use the following matrix

notation in orbital space, dropping spin indices

Aga  Aap,  Adp,

A= \Apa App. Apxp,v ’ (30)
Apyd A[’ypx A/’,\*Py
Ag Ay
= . 31
( AL A 31)

In matrix form, where the matrix elements are orbital com-
ponents, the Dyson equation is

Gl =GV — =), (32

where we use the notation (k) = (K, ik, ), with ik, a fermionic
Matsubara frequency. The noninteracting Green’s function
matrix is

GO = (ik, + 1)1 — WO (k). (33)

As seen previously, the self-energy in the Emery model
is nonzero only for the d orbital elements: [X(k)]op =
2a(k)8uadpa-

We obtain the following expression for the Green’s func-
tion of the d orbitals

Gath) = ik, + o = B () = Za (k) = Daplk, ik)]
(34)
where Ay, is a hybridization function between the p and d
orbitals, defined as

Aap(k) = W[ ik, + 1 —hO )] WO k). (35)

Hence, the Emery model can be cast as an effective
one-band problem. In principle, it can be solved by usual
many-body methods for the Hubbard model, provided that the
hybridization function is included in the calculation.

IV. TPSC + DMFT APPROACH FOR THE EMERY MODEL

In TPSC, there are two steps (or levels of approxima-
tion). The calculation of the spin and charge susceptibilities
and corresponding vertices are obtained first, as discussed in
Sec. IV A. The frequency-dependent self-energy is obtained
at the second level of approximation in Sec. IV B. The cal-
culations are done at constant total density at all stages, as
explained in Sec. IV C. The method and equations to be solved
are summarized in Sec. IV D.

A. First level of approximation for the self-energy
and TPSC ansatz

Following the original formulation of the TPSC approach,
we start by recalling the form of the self-energy within the
Emery model. We first consider the self-energy obtained by
the equation of motion with 7;, Eq. (24). We obtain the first
level of approximation by postulating a Hartree-Fock-like de-
coupling in Eq. (24):

Te0s (130600, (3.2 # 1)y

=AY 84u Gl (1,1)5G00, (1.2)g,  (36)
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where the superscript (1) denotes the first level of approxima-
tion and A% is to be determined below by first relating it to
the spin vertex and then using the Migdal-Galitskii relation
(51) of G to double occupancy. We obtain an expression for
the self-energy by multiplying each side by an inverse Green’s
function:

>

afo

(1,2)p = A 840Gl

aa—o

(1, 17)8,58(1 —=2).  (37)

We can now evaluate the vertex I' 5, 5y with this first approxi-
mation of the self-energy:

[ sy (2. 15.3.4)
1 1

52;g6(1,2)¢ 52(5;[,(1 2)s

ag;;),g(3,4)¢ 8Gy,) (3,4

= A3 8,505,8(3 — D84 — 1Sapd(1 = 2)8s0.  (38)

In the original TPSC approach, the functional derivatives
ofA *b \with respect to g§‘>_a(3, 4), and to g;;i,(& 4), cancel
each other out. We find that here also, this vertex is local and
that its only nonzero component is for the d orbital. We obtain
an expression for the spin vertex by setting the source field to

Zero:
sy (2. 11,3, 4)
= UP84084p8a, 845533 — D84 — DS — 1), (39)

The exact same result can be obtained using the self-energy
defined from the derivative with respect to 7, [Eq. (8)] instead
of 7; [Eq. (7)].

Following the original TPSC approach for the one-band
Hubbard model, we obtain the value of the spin vertex U,"
by enforcing the local spin susceptibility sum rule. To do so,
we return to the susceptibilities x* introduced in Sec. I1C
and evaluate them with the first level of approximation for the
Green’s function, self-energy and vertices. We assume that
the charge vertex is also local. In that case, Eq. (19) for the
generalized susceptibilities becomes

Ky (1,233, 4) = x5 (1,233, 4 F 1x 1,215, 5%)

ch,sp _ +

x Fg;]ﬂ\jxuvyé

(5,5%:3,4). (40)

In that equation and in the following, we use the notation
%D to specify that the Green’s functions used in the calcula-
tion of this bubble susceptibility are evaluated at the first level
of approximation:

X s(1,2:3,4) = =260 (1,467 3,2). (41

ado yBo

The spin and charge susceptibilities are obtained by tak-
ing the limits 2 — 17 and 4 — 37 in the general RPA-like
equation Eq. (40). Moreover, we simplify the notation with
the following definitions:

Koy, (1,17:2,27) = xS0 (1,2), (42)
Xy (1 17:2,2%) = x (s (1,2). (43)

Hence, the spin and charge susceptibilities are

h, 1 ! 0Sp o ch
Xapsy (1 2)_Xo(z/3)5}/(1 F 2X() (3T e Xy 3- 2)-
(44)

Performing a Fourier transform to momentum and Matsub-
ara frequency space, using the notation ¢ = (q, ig,), leads to

h,s
Xagon @) = Xy (@ F 53X gea @O xisn (@) (45)

Since the self-energy is only for the d orbital, we assume,
as in the spin case, that the charge vertex acts only on d
orbitals so that the susceptibilities obey

h,s ch,s ch,s
Xapon (@) = XS, (D F 3 Xepua@Us " Xgasn (@) (46)

The charge and spin susceptibilities of the d orbitals are
hence fully decoupled from the other matrix elements

1
xS () = 1@ F Ex;”(qw;“ PPy, (@)

x(@)
11Uy P(g)

= x"P(g) = (48)

We obtain the local spin and charge sum rules for the d-
orbital susceptibilities from this last equation. Enforcing the
Pauli princip]e, these sum rules are

”(q)
i Z —Iy® (1)(q) = (nq) — 2(narnay), (49)
1)
_ Z % (na) + 2{ngynqy) — na)2. (50)

We can use these sum rules to compute the values of the spin
and charge vertices U,” and US".

The first option to do so is to use the original TPSC ansatz
to enforce that the exact Migdal-Galitskii result

Eut)'/o(la 3)g)7ao(3v ]+) = Ud(Sda<Ttnaafa(])naaa(1)) (51)

is satisfied by the Hartree-like decoupling of the first-level
self-energy Eq. (36) evaluated at equal times (7, = 7;"). For
this equation to be satisfied, the spin vertex must take the form

(nayngy)

Uy = :
d (nay){nay)

(52)

A solution for the spin vertex and the double occupancy
is then obtained in a self-consistent way by solving si-
multaneously the ansatz (52) and the sum rule for the
spin susceptibility. We note that Eq. (52) does not satisfy
particle-hole symmetry. In the one-band case, even when the
Hamiltonian itself does not satisfy particle-hole symmetry, the
most reliable way to obtain the spin vertex when the density is
larger than 1 (electron doping) is to use a symmetrical ansatz
of the form

(nyny)
(np)(ny)”

(d=np)(A=ny))
(A=np))(A=ny))’

n<l
U® = (53)

n>1.

We use the same symmetrical ansatz (53) for the Emery
model, with the d-orbital densities 7,4, .

The second option is to use the TPSC + DMFT approach
introduced in Ref. [35] for the one-band Hubbard model. In
this approach, the values of the spin and charge vertices are
still obtained by satisfying the sum rules. However, instead
of using the ansatz (52), the double occupancy used for the
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computation of the sum rules is obtained by a DMFT calcu-
lation. This method can also be applied to the Emery model
since, as mentioned earlier, this model can be mapped to an
effective one-band model that can be solved by single-site
DMEFT calculations. The TPSC + DMFT formalism was also
applied in a different formulation of the multiorbital TPSC
approach in Ref. [44].

B. Second level of approximation for the self-energy

In TPSC, we obtain a better approximation for the self-
energy at the second level of approximation. We concluded
in Sec. IV A that the TPSC irreducible spin vertex matrix is
nonzero only for the d orbitals, and in Sec. III B that this
is also true for the self-energy matrix. Hence, in the TPSC
approach for the Emery model, the self-energy at the second
level of approximation follows the same crossing-symmetric
equation as in the one-band Hubbard model [33,47], namely,

s gy a)  Ua T s
¢ (k)_UdT+?ﬁXq:[3Ud X7 (@)

+US M @)]G (k + g). (54)

C. Chemical potentials and densities

Having developed an effective one-band model, it would
be tempting to follow the TPSC formalism formulated for the
one-band Hubbard model. The steps necessary to solve the
first level of approximation within the original TPSC are as
follows:

(1) Calculate the Green’s function at the first level of ap-
proximation from an input total density.

(2) Calculate the noninteracting correlation function x (1.

(3) Calculate the spin vertex U;p from the local sum rule
for the spin susceptibility and the TPSC ansatz or the DMFT
double occupancy.

(4) Calculate the charge vertex U;h from the local sum rule
for the spin susceptibility and the TPSC ansatz or the DMFT
double occupancy.

The first challenge we face in trying to follow these steps
concerns the local spin and charge sum rules defined in
Eqgs. (49) and (50).

In the one-band case, we take the density n as an input and
calculate the chemical potential so that the Green’s function at
the first level of approximation GV returns the right density.
The self-energy at the first level of approximation being a
constant, it can be absorbed in the definition of the chemical
potential of G, Previous formulations of the TPSC approach
for multiorbital Hamiltonians have kept the same methodol-
ogy, computing the sum rules with a noninteracting density
for orbital o (n,)o that is obtained from an input total density
n. Mathematically, this means that the chemical potential is
first calculated from the total density from the equation

1 _
n= gg,i?(k, T=0), (55)

where the noninteracting Green’s function follows:

GO, ik,) " = iky + 1 — KO (k). (56)

Then, the noninteracting density (n,)o is obtained from
1
o = — Ok, =07). 57
(M) NijgMA 1=0") (57)

Hence, in these formulations, the fotral density is kept
constant and is used to compute the chemical potential of a
noninteracting Green’s function G®, from which the orbital-
resolved densities are deduced. This approach should work in
the specific case of degenerate orbitals. However, this approx-
imation is not valid in general due to two (related) reasons:

(1) Noninteracting vs first level of approximation. In the
TPSC approach for the one-band Hubbard model, the self-
energy at the first level of approximation is a constant that is
usually absorbed in the definition of the chemical potential.
In the previous section, we saw that the self-energy E;lﬂ) in
a multiorbital case is a constant in the sense that it does
not depend on the momentum or the frequency. However, it
does depend on the orbital indices. This should be true in
general for multiorbital Hamiltonians. Since this self-energy
is orbital-dependent, the usual TPSC-way of computing the
susceptibilities with the noninteracting Green’s function con-
taining an adjusted chemical potential should not be valid
anymore (except for degenerate orbitals). More specifically,
computing a single chemical potential from a total density at
the “zeroth” level amounts to taking the same constant self-
energy for all orbitals: {!) = C V «. Such an approximation
is not valid for nondegenerate models such as the Emery
model.

(2) Noninteracting vs interacting orbital densities. The
densities that appear in the sum rules for the spin and charge
susceptibilities should be calculated in the presence of inter-
action. In the case of degenerate orbitals, we can expect that
these values are the same: (n,)o = (n,). However, this is not
the case for the Emery model [15].

In other words, in multiorbital models the Green’s function
that should be used at the first level of approximation should
be computed from interacting densities (n,), by solving the
set of equations

Gk, iky) ™" = iky + 1V = BO (k) — =)

oo’

(58)

(ne) = Gl (k, T =07). (59)

Unfortunately, this system of equations has too many un-
knowns to be solved on its own: assuming we input a total
density n, the orbital densities (n, ), the chemical potential ("
and the self-energies X! are all unknown. This is resolved in
the following section.

D. Methodology for the TPSC + DMFT approach

We circumvent the issue raised in the previous section by
using the TPSC + DMFT approach developed in Ref. [35].
This approach, which we mentioned briefly in Sec. IV A,
follows the steps outlined below:

(1) For a given parameter set (hopping parameters, inter-
action strength, temperature), perform a DMFT calculation
at a specific chemical potential upypr corresponding to the
desired total density.

(2) The DMFT calculation yields observables such as the
total density n and the double occupancy (n47,)pmrr.
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(3) Perform a TPSC calculation with the same parameter
set for the total density obtained with the DMFT calculation.

(4) Instead of using the TPSC ansatz, use the double occu-
pancy from DMFT (n4n)pmrr as an input to obtain the spin
and charge vertices from the spin and charge sum rules.

We adapt this method for the Emery model by using more
inputs from DMFT than in the one-band case. More specifi-
cally, we need:

(1) the orbital densities of the p and d orbitals, (n,)pmrr
and (n4)pmrT;

(2) the double occupancy in the d orbitals, (ng1ngy).

TPSC + DMFT for the Emery model. In summary then,
using as input densities those calculated for the interacting
model with DMFT, we find the chemical potential and the
self-energy at the first level of approximation by solving the
set of equations (58) and (59). Then, we use again the input
density (ng)pmrr to calculate the spin and charge vertices
from the sum rules (49) and (50) where the double occupancy
(na4nqy)pmrr on the right-hand side of these equations is also
taken from DMFT. We can alternatively use the TPSC ansatz
(53) for double occupancy, as discussed in the following
section. At this stage, the spin and charge susceptibilities have
been calculated. The improved self-energy (54) obtained at
the second level of approximation follows from the vertices,
susceptibilities and Green’s functions computed at the first
level.

V. RESULTS

In this section, we apply the method we outlined above to
a specific realization of the Emery model. The goal of this
section is not to provide specific, new physical insights into
the model, but rather to compare the results obtained with the
TPSC and TPSC + DMFT approaches to the Emery model.
We consider the Emery model described in Sec. IITA. We
set the hopping parameter #,, = 1 as the unit of energy. The
other hopping parameters are chosen as t,q = 2.15, 1,y = 0.2,
and the on-site energies as €5 = —5.92 and ¢, = 0. These
parameters are inspired by the parameters for the electron-
doped cuprate Nd,_,Ce,CuO4 (NCCO) detailed in Ref. [25].
The value of the parameter ?,, is inspired by further work
on the hole-doped cuprates [14] and again on NCCO [27].
In the following, we take the Hubbard interaction strength
on the d orbitals as U; = 10, which is lower than the value
suggested in Ref. [25] for NCCO (U, =~ 14.82). We choose
this value of U; in order to stay away from the Mott tran-
sition. All our calculations are performed at the temperature
T =0.1.

We start this section by discussing the difference between
the interacting and noninteracting orbital densities inSec. V A.
Then, we study the double occupancy and the irreducible spin
vertex U}" in Sec. V B, and the self-energy in Sec. V C. In the
Sec. V C3 of our discussion for the self-energy, we include a
comment on an additional step to the TPSC + DMFT method,
which is to substitute the local part of the TPSC self-energy
with the DMFT local self-energy.

The single-site DMFT calculations are performed using the
TRIQS library [48,49], with the CT-HYB quantum Monte Carlo
impurity solver [50,51]. The TPSC calculations are performed
using the SPARSE-IR library [52-54].

2.0 - -
@ H”"—F/,./"—"
= | ]
i 15 <na>0 . —
1.0 No>pDMFT —*—
4.0 - :
>
£ o35 | ® /x"// .
+
(:;5: 30} 1
2.5
4.5 5 5.5

n

FIG. 2. Orbital densities (n,) (a) of the d orbitals ((n,) = (ny))
and (b) of the p orbitals ((n,) = (n,, +n,,)) as a function of the
total density n. In blue, the densities are calculated from the nonin-
teracting Hamiltonian. In red, the densities are obtained from DMFT
calculations with the interacting Hamiltonian. The d-orbital den-
sity decreases when interactions are included, whereas the p-orbital
density increases. The model parameters are t,, = 1, t,4 = 2.15,
tyy =02, =-592,¢,=0,U; = 10.

A. Interacting vs noninteracting densities

We first calculate the densities with (U,; = 10) and without
(U; = 0) interactions with single-site DMFT. We show our
results in Figs. 2(a) and 2(b), where we illustrate the d-orbital
density and the p,- and p,-orbital densities, respectively, as
a function of the total density n. We show that the d-orbital
density decreases when the interaction Uy is present, while the
p-orbital densities increase. This is due to the asymmetry of
the on-site energies €; # €, as well as the on-site interaction
U,;. Without interactions, the p-orbital densities are smaller
than the d-orbital one since the on-site energy on the d or-
bital is lower than on the p orbitals. When the interactions
are turned on, the on-site interaction U leads to a decrease of
the double occupancy on the d orbitals, which in turn lowers
the orbital occupancy on these orbitals. As a specific example,
we consider the undoped case with total density n = 5. In the
noninteracting case, the orbital densities are (ny)o >~ 1.82 and
(np, +np,)o =2 3.18. In contrast, in the interacting case, the
orbital densities are (ng)pmrr > 1.47 and (n,, + 1, )pmrr =
3.53. It is self-evident that performing a TPSC calculation
with the noninteracting density (ny)o =~ 1.82 will yield results
drastically different (incorrect) from those with the interacting
density (ng)pmrr = 1.47.

B. Double occupancy and spin vertex

We now turn to the calculation of the double occupancy
on the d orbitals D = (ng4ng,). As mentioned in Sec. IV A,
the double occupancy can be obtained either self-consistently
with the TPSC ansatz or as an input from DMFT. Hence,
we perform the TPSC calculation in three different ways: (1)
from the noninteracting density (n;)o and the TPSC ansatz
[Eq. (53)], (2) from the interacting density obtained with
DMFT (n;)pmrr and the TPSC ansatz, and (3) with both
the interacting density and the double occupancy obtained
with DMFT, which will be denoted Dpympr. As seen in the
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FIG. 3. Effect of the input density on (a) the double occupancy
and (b) the irreducible spin vertex U,". In blue, the TPSC calculation
is performed with the noninteracting orbital densities. In red, the
TPSC calculation is performed with the interacting orbital densi-
ties from DMFT and the ansatz. In green, the TPSC calculation
is performed with the interacting orbital densities and the double
occupancy both from DMFT. The model parameters are t,, = 1,
tg =215, 1,y =0.2,¢, = =5.92,¢, =0, U; = 10.

previous section, the d-orbital densities are larger than 1 for all
the total densities n considered here, which means that all
the calculations with the TPSC ansatz are performed with the
particle-hole transformed ansatz.

In Fig. 3(a), we show the double occupancy obtained from
the three types of calculations listed above as a function of the
total density n. The double occupancy obtained from the non-
interacting density (n;)o and the TPSC ansatz is much higher
than those obtained from the interacting density (n;)pmrr, in
line with the fact that the noninteracting d-orbital density is
larger than the one with interactions. We note that, in contrast,
the double occupancy obtained with the TPSC ansatz and
the interacting density is very close to the DMFT double
occupancy, Dpvrr, the two curves basically superposing on
the plot.

Next, we consider the irreducible spin vertex U;p obtained
from the three types of calculations. We show our results in
Fig. 3(b). Despite the close agreement of the double occu-
pancies obtained from the input DMFT densities with either
the DMFT double occupancy or the TPSC ansatz, we observe
that the resulting values of U’ for both calculations are dis-
tinct. The value of U;" obtained with the interacting densities
and the TPSC ansatz is systematically smaller than the one
obtained with the interacting densities and the DMFT double
occupancy, although both methods yield results that follow the
same qualitative behavior. Again, the results obtained from
the noninteracting densities are quantitatively quite different
from the others, although the qualitative dependence on total
density is similar.

Hence, in the model we consider here, the impacts of using
the noninteracting densities rather than the interacting ones in
the multiorbital TPSC calculations are higher than the impacts
of using the double occupancy from DMFT or from the TPSC
ansatz.

The reader might wonder why the red and green double
occupancies in Fig. 3(a) seem superposed while the corre-
sponding values of the spin vertices in Fig. 3(b) are different.

This may be understood by taking the following derivative of
the ansatz equation (53) evaluated with the interacting orbital
densities ng = 1.747 10 = 2ngyy:

Uy Uy Ua

= = = 625.
d(ngrngy) (I —ng))((1 —ngy))  0.0160

(60)

The differences of order 1072 in Fig. 3(a) between the DMFT
and TPSC observable double occupancies is reassuring. As
an example of another observable that is similar with the two
methods, the zero-frequency spin susceptibility is increased
by 23% by the smallest Uy, and by 26% by the largest U,.

Note that our most reliable value of U, decreases rapidly
with increasing filling, consistent with the idea that more
electrons leads to better screening. This decrease of U," leads
to double-occupancy increasing with total density in Fig. 3(a)
and to the interacting densities becoming closer to the non-
interacting ones in Fig. 2. This decrease of U,” with filling
is one of the factors that might explain why electron-doped
cuprates appear less strongly correlated than their hole-doped
counterpart, even though one expects the bare interaction U
to be comparable. Other factors, such as the absence of api-
cal oxygen in electron-doped cuprates also contribute to this
difference [25]. In the one-band model, it was necessary to
postulate a renormalization of the bare interaction U to find
agreement with ARPES experiments [55,56].

C. Self-energy

In this section, we calculate the self-energy at the sec-
ond level of approximation of TPSC from equation (54). We
start by discussing the impact of the input density. Next, we
study the anisotropy of the self-energy with respect to the
momentum on the Fermi surface. Finally, we consider an
additional TPSC + DMFT step, where we substitute the local
self-energy from DMFT in the TPSC self-energy.

1. Impact of the input density

As we did for the calculation of the double occupancy
and the irreducible spin vertex, we start our discussion of the
self-energy by comparing the results obtained from the three
types of calculations described before. As a reminder, these
are (1) with the noninteracting density (ng)o and the TPSC
ansatz [Eq. (53)], (2) with the interacting density obtained
with DMFT (n;)pmer and the TPSC ansatz, and (3) with both
the interacting density and the double occupancy obtained
with DMFT, which is still noted Dpyrr.

To illustrate the impact of the type of method on the self-
energy, we consider a specific case with a total density n =
5.0069. We study the self-energy calculated at the antinodal
point on the Fermi surface as a function of the Matsubara
frequencies. The antinodal point is the wave vector where
the Fermi surface crosses the Brillouin-zone boundary edge:
kan = (kv an, ) and is shown in the inset of Fig. 4(a) as a
pink star.

As was the case in the calculation of the double occupancy
and the spin vertex, the choice of the input density, whether
it is the noninteracting or the interacting one, has the most
visible effect on the self-energy.
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FIG. 4. Effect of the input density on the self-energy, here shown
at the antinodal wave vector. Panel (a) shows the Matsubara fre-
quency dependence of the self-energy, and panel (b) shows a zoom
on the low Matsubara frequencies. These results are obtained at the
total density n = 5.0069. In blue, the TPSC calculation is performed
with the noninteracting orbital densities. In red, the TPSC calculation
is performed with the interacting orbital densities from DMFT and
the ansatz. In green, the TPSC calculation is performed with the
interacting orbital densities and the double occupancy both from
DMFT. The model parameters are t,, = 1, t,y = 2.15, t,, = 0.2,
€1 = —5.92, €p = 0, Ud = 10.

We can assess quantitatively the difference between the
three approaches through the calculation of the quasiparticle
weight defined as Z; = (1 — 0ReZy(k, w)/dw|,—0)~'. We
approximate the quasiparticle weight through a second-order
polynomial fit of the Matsubara self-energy over the first three
Matsubara frequencies

ImX, (K, io,) =~ ag(T) + ajw, + arw?, (61)

1
Iy >~ .
1—0[1

(62)

This approximation is valid if the self-energy has a Fermi
liquid form at low frequency. From this, we obtain the quasi-
particle weights Zan =~ 0.98 for the calculation with the
noninteracting density, Zan = 0.68 for the calculation with
the interacting density and the TPSC ansatz, and Zan >~ 0.66
for the calculation with the interacting density and the DMFT
double occupancy.

2. Nodal vs antinodal anisotropy

The self-energy obtained with TPSC is fully momentum-
dependent, in contrast with the DMFT self-energy, which is
purely local. The TPSC approach can hence be used to assess
the anisotropy of the self-energy at different wave vectors on
the Fermi surface. In Fig. 5, we illustrate this phenomenon
by comparing the self-energy obtained at the antinodal and
nodal points on the Fermi surface, indicated in the inset of the
Fig. 5(a) by pink and yellow stars, respectively. The results
shown in this figure are obtained from the TPSC calculation
using both the interacting density and the double occupancy
from DMFT. In Fig. 5(a), the results are shown for the total
density n = 5.0069. In Fig. 5(b), the results are shown for
the total density n = 5.1107. At high frequency, for both
densities, the antinodal and nodal self-energies coincide, as

~ 01 N (2)n=5.0060
3 . (7, )
E —0.3 | N AN —— ]
\_/O N - —---
LT -0.5
g

0.7
~ "0 () n=5.1107
€ 03
X
by 05 |
g

0.7

O 2 4 6 8 10
(Dn

FIG. 5. Imaginary part of the self-energy as a function of the
Matsubara frequency. The results are shown for the antinodal wave
vector (squares, solid line), and the nodal wave vector (circles,
dashed line), for the densities (a) n = 5.0069 and (b) n = 5.1107.
The results are obtained from TPSC calculations performed with
the interacting orbital densities and the double occupancy both from
DMFT. The model parameters are t,, = 1, t,; = 2.15, t,, = 0.2,
€ =-592,¢,=0,U; = 10.

expected from previous analytical arguments [29]. However,
we note an anisotropy between the nodal and antinodal self-
energies at low frequencies (w, < 4) for the density n =
5.0069. This anisotropy also exists for the density n = 5.1107,
but to a lesser extent.

We obtain a quantitative view of the nodal and antinodal
anisotropy by looking at the first Matsubara frequency, wy =
T, where the anisotropy is the largest. In Fig. 6, we show the
relative deviation between the local self-energy and the self-
energy at the antinodal and nodal points on the Fermi surface,

S 40 | @<ng> (®) <ng>pyver] | (©) ADpmEr
2= 30 AN AN
8 N-=- N=-e-
S 20 -
5 10
g - o), B
— - S ee
T 0| eew L
4.5 5 55 4.5 5 5.5 4.5 5 5.5
n n n

FIG. 6. Relative deviation between the local part of the self-
energy and the self-energy calculated at the first Matsubara frequency
at the nodal (N, dashed lines with circles) and antinodal (AN, solid
lines with squares) wave vectors, as a function of the total density n.
The deviation is calculated using Eq. (63). The TPSC calculations are
performed (a) with the noninteracting orbital densities, (b) with the
interacting orbital densities from DMFT, and (c) with both the inter-
acting orbital densities and the double occupancy from DMFT. The
model parameters are t,, = 1, t,q = 2.15, t,y = 0.2, ¢, = —5.92,
€p = 0, Ud = 10.
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defined by

Im¥>,(k, i —ImX, 10c (0
AImS, (k. ig) = m3, (K, iwp) m d.l (lwo). 63)
ImZy joc (iwo)

This relative deviation is shown in Figs. 6(a)-6(c) as a func-
tion of the total density n for TPSC calculations performed
with the noninteracting density and the TPSC ansatz, the
interacting density from DMFT and the TPSC ansatz, and
the interacting density and the double occupancy both from
DMEFT, respectively.

In the calculations with the noninteracting density, the de-
viation is of the order of only —1% to 5% and is equal at the
node and the antinode. This is an indication of an isotropic
self-energy along the Fermi surface.

In contrast, the deviation obtained for both types of cal-
culations performed with the interacting density reach ~40%
in the underdoped regime. The deviation from the local self-
energy at the antinode and at the node is different, which is
a clear indication of the anisotropy of the self-energy on the
Fermi surface.

Using the TPSC approach for the Emery model hence
leads to a visible anisotropy of the self-energy on the Fermi
surface, which cannot be obtained by DMFT alone. However,
in the model we consider, it is necessary to use the interacting
density from DMFT to capture this anisotropy correctly.

3. Additional TPSC + DMFT step: Substitution of the local
self-energy from DMFT

In Ref. [35], the TPSC 4+ DMFT approach for the Hubbard
model was introduced with two distinct steps. The first step,
which we have considered so far, is to use the DMFT double
occupancy to obtain the spin vertex U, rather than using
the TPSC ansatz. We now consider the second step, which
consists in substituting the local self-energy obtained from the
TPSC calculation with the one obtained from DMFT:

(K, iw,) —> Sk, iw,) — DY (iwy) + S (iwy).
(64)

For the one-band Hubbard model, this approach was found
to yield better results for the self-energy through bench-
marks with exact diagrammatic Monte Carlo calculations
[35]. Hence we explore this approach here for the Emery
model, although we do not have exact benchmarks to compare
with. We illustrate this process for the n = 5.0069 case in
Fig. 7.

In Fig. 7(a), we compare the local self-energy obtained
with DMFT (black dashed line) to the TPSC local self-energy.
Once again, we compare results obtained from TPSC cal-
culations performed with the noninteracting density and the
TPSC ansatz, the interacting density and the TPSC ansatz, and
the interacting density and double occupancy both obtained
from DMFT. This comparison shows clearly that using the
interacting density in the TPSC calculation is necessary in
order to obtain a local self-energy that is at least qualitatively
correct when compared with DMFT.

In Fig. 7(b), we show the self-energy at the antinode and
at the node after the substitution of the local part of the
self-energy [Eq. (64)]. This substitution corrects the high-
frequency behavior of the TPSC self-energy, while preserving
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FIG. 7. (a) Local part of the self-energy obtained from TPSC
calculations (full lines) and from DMFT (black dashed line). In
blue, the TPSC calculation is performed with the noninteracting
orbital densities. In red, the TPSC calculation is performed with the
interacting orbital densities from DMFT. In green, the TPSC calcu-
lation is performed with both the interacting orbital densities and the
double occupancy from DMFT. (b) Imaginary part of the self-energy
calculated at the nodal (N) and antinodal (AN) wave vectors, where
the local part from DMFT was substituted following Eq. (64). For
both subplots, the total density is n = 5.0069. The model parameters
are ty, = 1,t,g =2.15,t,y =0.2,¢, = -5.92,¢, =0, U; = 10.

the nodal-antinodal anisotropy at low frequency. As this sub-
stitution was found to yield accurate results in the one-band
Hubbard model [35], at least in the limit of validity of the
TPSC approach, this method should also be an adequate way
of including nonlocal fluctuations to DMFT for the Emery
model.

VI. CONCLUSION

In this paper, we first used the functional derivative ap-
proach to obtain two equations for the self-energy in the
Emery model. We then used this formalism to obtain the
first level of approximation for the self-energy in the TPSC
approach. This work led us to the conclusion that, in models
where the orbitals are not degenerate, using the noninteract-
ing orbital densities for the TPSC calculation might lead to
incorrect results.

We then applied the TPSC 4+ DMFT approach to the Emery
model, with the additional input of the interacting density
from DMFT to the TPSC calculation. We considered a specific
realization of the Emery model, where we showed that the
noninteracting densities cannot be used reliably within TPSC.
This is shown in Figs. 3 and 7, where we compare the double
occupancy and the local self-energy obtained from DMFT to
our TPSC results. The TPSC calculations performed with the
interacting orbital densities yield the most accurate results. In
the spirit of previous work on the one-band Hubbard model
[35], we demonstrate that the TPSC approach can be used to
include the effect of nonlocal fluctuations to DMFT in a mul-
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tiorbital setting. In particular, we found the important result
that the vertex for spin fluctuations U,” decreases with filling,
with important implications for electron-doped cuprates.

Future work using this method could include the investiga-
tion of the antiferromagnetic pseudogap in the Emery model.
Notably, it would be of interest to investigate whether the Vilk
criterion formulated for the one-band Hubbard model also
applies to the Emery model [29,56] and whether it is possible
to explain ARPES experiments without the need for ad hoc
screening of the bare interaction. A host of new questions for
TPSC also arise from this model such as orbital fluctuations.
Our work also sets the stage for multiorbital calculations for
pnictides, for strontium ruthenate and a host of multiband
correlated electron systems where spin fluctuations dominate
the physics.
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APPENDIX A: CALCULATION DETAILS:
SOURCE FIELD APPROACH FOR A SIMPLE
MULTIORBITAL HAMILTONIAN

We first obtain the equations of motion for ¢;,,(7) by
computing its imaginary-time derivative

0¢rye (T)
—— = [H z Zn Clyor (r)} (A1)
To do so, we use the identity
[AB,C] =A{B,C} — {A, C}B, (A2)
= [c} ,Cigos Clyor]l = —8i8uy8o0Cipo- (A3)

We evaluate the commutator with each term of the Hamilto-
nian and obtain

DD tiaplhaCipos Ciyel = = D tjypcipar, (Ad)
B

ij af o

J
oo —
—K [CiagclaU’ Clyo”] = HKCiyo’>
i o o

Z Z Uaﬂ [niOtTniﬂ\Lv Clya’] = - Z Uaynlafa’clya’- (A6)
i o

(A5)

Hence, the final result is

9¢1yo ()
% = tl.lT»BVC]TBG’(T) + MC]VU/(-[)

— Upymip_o (T)Cryo (T). (A7)

To obtain the adjoint equation for the self-energy, we need

80;' (T) .
yo _ _ . i
— = |H—u Zna el o () |- (A8)
[ChaoCifor s Clyr] = 81108y S0a g (A9)
We evaluate the commutator with each term of the Hamilto-
nian and obtain

Z Z Z tijaplChysCipor €l gl = Z litayCrygr (A10)
ij af o ior
—n Z Z Z[cmcm, ol ol =—ncl,,,  (AlD)
Z Z Uo,ﬁ [Miatnipy . €], o] = Z UayMig—o'C 0 (A12)
Hence, the final result is
w =117,y g () = HC}y 1 (7)
+ Upy 1o (T)c], 0 (T). (A13)

Let us recall the Green’s function in the presence of a
source field ¢. First, the partition function is

Z[$) = (T exp[—c, s (Daps (1, 2)cp5 (2)]), (A14)
which leads to the definition
S[¢] = exp[—c} s (Daps (1. 2)cp5 (2)]. (A15)

Then, the Green’s function in the presence of the source field
¢ is defined as

dIn(Z
Gupr (1,2)5 = —%, (A16)
= —(Tycao (1)c}, (2))g, (A17)

where the average of an operator O(ty, ...,
ence of the source field is defined by

Ty) in the pres-

(TTO(‘L'l,... (TO(‘L'l,...,

™w)S[el). (AlS)

1
SN =
= Zig]
We are ready to obtain the equations of motion for the
Green’s function using the results for the commutators (A4)
to (A6):
9Gapo (1,2) _
# = 14707 G7po (512 71, 2)p + 1Gupo (1, 2)g

+ Uap (Trcy_, (11)c7—o (1cao (1)ch, (2))g

- 50{/38(1 - 2) - ¢0¢}70(1a 3)g750(3, 2)¢
(A19)

The § function comes from differentiating the time-ordering.
The term involving ¢ is standard and comes from the deriva-
tive of the integral bounds when applying the time-ordering
operator. We rearrange the terms in order to define the

165111-11



C. GAUVIN-NDIAYE et al.

PHYSICAL REVIEW B 109, 165111 (2024)

noninteracting Green’s function G©:

0
|:<— - M)S(X_j — X1)8ay + txlj,ay]g)‘/ﬂo(x_ja 71, 2)¢

0Ty
= —84p8(1 = 2) = Paya(1,3)Gpp0(3.2)y

+ Uap (Trch o (17)e5 -6 (as (1)ch, (2))g
= -G8, (1.3)7'Gypo (3. 2)5.

(A20)
(A21)
From Dyson’s equation,

Gupo(1,2)," = GO0 (1,2)™" = Gupo(1,2) — Tupo (1, 2)y,

(A22)
we define the self-energy as
oo (1,3)6G5 85 (3, 2)p

= —Uny (Trc}_, (17)c5 o (Dewo (1)ch, (2))g,  (A23)

in agreement with Eq. (7).

The analogous approach to find the adjoint equation for the
self-energy starts from the derivative with respect to 7, instead
of 7;. We obtain

9Gapo(1,2) _
% = tszyﬂgaf/a(lvxjv ‘L'2)¢ — ,u,gaﬁa(l, 2)¢

— Upp(Trcl 52Ny 5(2)cao (1)ch, (2))

+84p8(1 = 2) + Guyo (1, 3)pdy55 (3, 2).
(A24)

We rearrange the terms in order to define the noninteracting
Green’s function G©:

a
[(— + M)a(fj —x2)35]—/ - tj_‘xw”‘/:lga)'/o‘(ls x_jr IZ)(Z)

81’2
= 5&/35(1 - 2) + ga}_/a(lv 3)¢¢}7ﬂ0 (3’ 2)

—Uyp(Tec)_,(2N)cy - (Dcas (1)c), (2)),  (A25)
= Gupo (1, 309050, (3,2) 7" (A26)

From Dyson’s equation,

Gupo(1,2)," = GO0 (1,2)™" = Gupo(1,2) — Tupo (1, 2)s,

(A27)
we obtain a second definition for the self-energy
Gapo (1,3)9 Zp50 (3, 2)p
= —Upp(Trc)_,(2T)ey—o(Dcao (e}, (2)),  (A28)

in agreement with Eq. (8).

APPENDIX B: EFFECTIVE ONE-BAND PROBLEM

Since only the d orbitals are correlated in the Emery model,
it is possible to find an effective one-band model. To see this,
we first write the Dyson equation in matrix form, dropping
spin indices

Gl ' =G — X(k), (B1)
where we define the matrices as
GO = (ik, + )1 — WO k), (B2)

Using the following notation for matrix elements:
Ada  Aap,  Aap,

A= \Apa App. App | (B3)

A/’yd Apy[’.x Al’y.”y

As Ay
= . B4
(A7) B4)
the self-energy takes the form

Ya(k)  Xapk)
Y(k) = b . BS5
*) (zpd(/o zp<k>> (®B3)

To rewrite this as an effective one-band problem, we use
the identity

Gk)'Gk) =1. (B6)

We also make use of the fact that, as seen in the previous
section, the self-energy only has one nonzero matrix element,

aky 0 O
Y(k) = 0 0 0]. B7)
0 0 o0

From the matrix multiplication, we obtain a system of linear
equations from which we can find an expression for G,;. More
specifically, we use the equations

[ikn + 1 — 1 (K) = Z4(k)]Ga (k) — WG (k)G pa (k) = 1,
(BS)

—h) ()G (k) + [iky + 1 — W ()]G (k) = 0. (BY)

Substituting G4 (k) from the last equation in the previous one,
we find

Ga(k) = {iky + 1t — B (k) — Ta(k)
- hg(k)[ikn +u— h;o)(k)]flh;?(k)}_l, (B10)

Hence, the Green’s function for the d orbitals contains the
self-energy for the d orbitals as well as a hybridization func-
tion, A4, defined as

. . —1
Aap(k, ik,) = h;(;}(k)[lkn + 1 —hPV(K)] h;(;;(k).
(B11)

[1] D. J. Scalapino, A common thread: The pairing interaction
for unconventional superconductors, Rev. Mod. Phys. 84, 1383
(2012).

[2] J. P. FE. LeBlanc, A. E. Antipov, F. Becca, I. W. Bulik,
G. K.-L. Chan, C.-M. Chung, Y. Deng, M. Ferrero, T. M.
Henderson, C. A. Jiménez-Hoyos, E. Kozik, X.-W. Liu, A. J.

165111-12


https://doi.org/10.1103/RevModPhys.84.1383

TWO-PARTICLE SELF-CONSISTENT APPROACH FOR ...

PHYSICAL REVIEW B 109, 165111 (2024)

Millis, N. V. Prokof’ev, M. Qin, G. E. Scuseria, H. Shi, B. V.
Svistunov, L. F. Tocchio, I. S. Tupitsyn et al., Solutions of the
two dimensional Hubbard model: Benchmarks and results from
a wide range of numerical algorithms, Phys. Rev. X 5, 041041
(2015).

[3] T. Schifer, N. Wentzell, F. Simkovic, Y. Y. He, C. Hille,
M. Klett, C. J. Eckhardt, B. Arzhang, V. Harkov, F. M. Le
Regent, A. Kirsch, Y. Wang, A. J. Kim, E. Kozik, E. A.
Stepanov, A. Kauch, S. Andergassen, P. Hansmann, D. Rohe,
Y. M. Vilk, J. P. F. Le Blanc, S. Zhang, A. M. S. Tremblay, M.
Ferrero, O. Parcollet, and A. Georges, Tracking the footprints
of spin fluctuations: A multimethod, multimessenger study of
the two-dimensional Hubbard model, Phys. Rev. X 11, 011058
(2021).

[4] K. Held, L. Si, P. Worm, O. Janson, R. Arita, Z. Zhong,
J. M. Tomczak, and M. Kitatani, Phase diagram of nickelate
superconductors calculated by dynamical vertex approximation,
Front. Phys. 9, 810394 (2022).

[5] S. Acharya, M. S. Laad, D. Dey, T. Maitra, and A. Taraphder,
First-principles correlated approach to the normal state of stron-
tium ruthenate, Sci. Rep. 7, 43033 (2017).

[6] O. Gingras, N. Allaglo, R. Nouratkan, M. Coté, and
A.-M. S. Tremblay, Superconductivity in correlated multior-
bital systems with spin-orbit coupling: Coexistence of even- and
odd-frequency pairing, and the case of Sr,RuQO,4, Phys. Rev. B
106, 064513 (2022).

[7]1 Z. P. Yin, K. Haule, and G. Kotliar, Kinetic frustration and the

nature of the magnetic and paramagnetic states in iron pnictides

and iron chalcogenides, Nat. Mater. 10, 932 (2011).

R. Nourafkan, G. Kotliar, and A.-M. S. Tremblay, Correlation-

enhanced odd-parity interorbital singlet pairing in the iron-

pnictide superconductor LiFeAs, Phys. Rev. Lett. 117, 137001

(2016).

[9] Q. Si and N. E. Hussey, Iron-based superconductors: Teenage,
complex, challenging, Phys. Today 76(5), 34 (2023).

[10] T. Hazra and P. Coleman, Triplet pairing mechanisms from
Hund’s-Kondo models: Applications to UTe, and CeRh,As,,
Phys. Rev. Lett. 130, 136002 (2023).

[11] V. J. Emery, Theory of high-T. superconductivity in oxides,
Phys. Rev. Lett. 58, 2794 (1987).

[12] C. M. Varma, S. Schmitt-Rink, and E. Abrahams, Charge trans-
fer excitations and superconductivity in “ionic” metals, Solid
State Commun. 62, 681 (1987).

[13] T. Yanagisawa, M. Miyazaki, and K. Yamaji, Incommensurate
antiferromagnetism coexisting with superconductivity in two-
dimensional d-p model, J. Phys. Soc. Jpn. 78, 013706 (2009).

[14] C. Weber, C. Yee, K. Haule, and G. Kotliar, Scaling of the
transition temperature of hole-doped cuprate superconductors
with the charge-transfer energy, Europhys. Lett. 100, 37001
(2012).

[15] L. Fratino, P. Sémon, G. Sordi, and A.-M. S. Tremblay,
Pseudogap and superconductivity in two-dimensional doped
charge-transfer insulators, Phys. Rev. B 93, 245147 (2016).

[16] S. S. Dash and D. Sénéchal, Pseudogap transition within the
superconducting phase in the three-band Hubbard model, Phys.
Rev. B 100, 214509 (2019).

[17] M. Zegrodnik, A. Biborski, M. Fidrysiak, and J. Spatek, Super-
conductivity in the three-band model of cuprates: Variational
wave function study and relation to the single-band case, Phys.
Rev. B 99, 104511 (2019).

[8

—

[18] N. Kowalski, S. S. Dash, P. Sémon, D. Sénéchal, and A.-M. S.
Tremblay, Oxygen hole content, charge-transfer gap, covalency,
and cuprate superconductivity, Proc. Natl. Acad. Sci. USA 118,
€2106476118 (2021).

[19] M. Zegrodnik, A. Biborski, M. Fidrysiak, and J. Spatek, Su-
perconductivity in the three-band model of cuprates: Nodal
direction characteristics and influence of intersite interactions,
J. Phys.: Condens. Matter 33, 415601 (2021).

[20] P. Mai, G. Balduzzi, S. Johnston, and T. A. Maier, Orbital struc-
ture of the effective pairing interaction in the high-temperature

superconducting cuprates, npj Quantum Mater. 6, 26
(2021).
[21] Y. F Kung, C.-C. Chen, Y. Wang, E. W. Huang,

E. A. Nowadnick, B. Moritz, R. T. Scalettar, S. Johnston,
and T. P. Devereaux, Characterizing the three-orbital Hubbard
model with determinant quantum Monte Carlo, Phys. Rev. B
93, 155166 (2016).

[22] Z.-H. Cui, C. Sun, U. Ray, B.-X. Zheng, Q. Sun, and
G. K.-L. Chan, Ground-state phase diagram of the three-band
Hubbard model from density matrix embedding theory, Phys.
Rev. Res. 2, 043259 (2020).

[23] A. Go and A. J. Millis, Spatial correlations and the insulating
phase of the high-7. cuprates: Insights from a configuration-
interaction-based solver for dynamical mean field theory, Phys.
Rev. Lett. 114, 016402 (2015).

[24] L. de’ Medici, X. Wang, M. Capone, and A. J. Millis, Corre-
lation strength, gaps, and particle-hole asymmetry in high-T7
cuprates: A dynamical mean field study of the three-band
copper-oxide model, Phys. Rev. B 80, 054501 (2009).

[25] C. Weber, K. Haule, and G. Kotliar, Apical oxygens and corre-
lation strength in electron- and hole-doped copper oxides, Phys.
Rev. B 82, 125107 (2010).

[26] X. Wang, L. de’ Medici, and A. J. Millis, Role of oxygen-
oxygen hopping in the three-band copper-oxide model: Quasi-
particle weight, metal insulator and magnetic phase boundaries,
gap values, and optical conductivity, Phys. Rev. B 83, 094501
(2011).

[27] D. Ogura and K. Kuroki, Asymmetry of superconductivity in
hole- and electron-doped cuprates: Explanation within two-
particle self-consistent analysis for the three-band model, Phys.
Rev. B 92, 144511 (2015).

[28] Y. M. Vilk and A.-M. S. Tremblay, Destruction of Fermi-
liquid quasiparticles in two dimensions by critical fluctuations,
Europhys. Lett. 33, 159 (1996).

[29] Y. M. Vilk and A.-M. S. Tremblay, Non-perturbative many-
body approach to the Hubbard model and single-particle
pseudogap, J. Phys. 17, 1309 (1997).

[30] A. M. S. Tremblay, Two-particle-self-consistent approach for
the Hubbard model, in Strongly Correlated Systems: Theoretical
Methods, edited by F. Mancini and A. Avella (Springer, Berlin,
Heidelberg, 2011), Chap. 13, pp. 409-455.

[31] Y. M. Vilk, L. Chen, and A.-M. S. Tremblay, Theory of spin
and charge fluctuations in the Hubbard model, Phys. Rev. B 49,
13267 (1994).

[32] A. F. Veilleux, A.-M. Daré, L. Chen, Y. M. Vilk, and A.-M. S.
Tremblay, Magnetic and pair correlations of the Hubbard model
with next-nearest-neighbor hopping, Phys. Rev. B 52, 16255
(1995).

[33] S. Moukouri, S. Allen, F. Lemay, B. Kyung, D. Poulin,
Y. M. Vilk, and A.-M. S. Tremblay, Many-body theory versus

165111-13


https://doi.org/10.1103/PhysRevX.5.041041
https://doi.org/10.1103/PhysRevX.11.011058
https://doi.org/10.3389/fphy.2021.810394
https://doi.org/10.1038/srep43033
https://doi.org/10.1103/PhysRevB.106.064513
https://doi.org/10.1038/nmat3120
https://doi.org/10.1103/PhysRevLett.117.137001
https://doi.org/10.1063/PT.3.5235
https://doi.org/10.1103/PhysRevLett.130.136002
https://doi.org/10.1103/PhysRevLett.58.2794
https://doi.org/10.1016/0038-1098(87)90407-8
https://doi.org/10.1143/JPSJ.78.013706
https://doi.org/10.1209/0295-5075/100/37001
https://doi.org/10.1103/PhysRevB.93.245147
https://doi.org/10.1103/PhysRevB.100.214509
https://doi.org/10.1103/PhysRevB.99.104511
https://doi.org/10.1073/pnas.2106476118
https://doi.org/10.1088/1361-648X/abcff6
https://doi.org/10.1038/s41535-021-00326-5
https://doi.org/10.1103/PhysRevB.93.155166
https://doi.org/10.1103/PhysRevResearch.2.043259
https://doi.org/10.1103/PhysRevLett.114.016402
https://doi.org/10.1103/PhysRevB.80.054501
https://doi.org/10.1103/PhysRevB.82.125107
https://doi.org/10.1103/PhysRevB.83.094501
https://doi.org/10.1103/PhysRevB.92.144511
https://doi.org/10.1209/epl/i1996-00315-2
https://doi.org/10.1051/jp1:1997135
https://doi.org/10.1103/PhysRevB.49.13267
https://doi.org/10.1103/PhysRevB.52.16255

C. GAUVIN-NDIAYE et al.

PHYSICAL REVIEW B 109, 165111 (2024)

simulations for the pseudogap in the Hubbard model, Phys. Rev.
B 61, 7887 (2000).

[34] B. Kyung, S. Allen, and A.-M. S. Tremblay, Pairing fluctuations
and pseudogaps in the attractive Hubbard model, Phys. Rev. B
64, 075116 (2001).

[35] N. Martin, C. Gauvin-Ndiaye, and A.-M. S. Tremblay, Non-
local corrections to dynamical mean-field theory from the
two-particle self-consistent method, Phys. Rev. B 107, 075158
(2023).

[36] C. Gauvin-Ndiaye, C. Lahaie, Y. M. Vilk, and A.-M. S.
Tremblay, An improved two-particle self-consistent approach
Phys. Rev. B 108, 075144 (2023).

[37] H. Aizawa, K. Kuroki, and J.-i. Yamada, Enhancement of elec-
tron correlation due to the molecular dimerization in organic su-
perconductors 8 — (BDA-TTP),X (X = I3, SbFs), Phys. Rev. B
92, 155108 (2015).

[38] S. Arya, P. V. Sriluckshmy, S. R. Hassan, and A.-M. S.
Tremblay, Antiferromagnetism in the Hubbard model on the
honeycomb lattice: A two-particle self-consistent study, Phys.
Rev. B 92, 045111 (2015).

[39] K. Zantout, M. Altmeyer, S. Backes, and R. Valenti, Super-
conductivity in correlated BEDT-TTF molecular conductors:
Critical temperatures and gap symmetries, Phys. Rev. B 97,
014530 (2018).

[40] J. M. Pizarro, S. Adler, K. Zantout, T. Mertz, P. Barone,
R. Valenti, G. Sangiovanni, and T. O. Wehling, Decon-
finement of Mott localized electrons into topological and
spin—orbit-coupled Dirac fermions, npj Quantum Mater. 5, 79
(2020).

[41] H. Miyahara, R. Arita, and H. Ikeda, Development of a two-
particle self-consistent method for multiorbital systems and its
application to unconventional superconductors, Phys. Rev. B
87, 045113 (2013).

[42] K. Zantout, S. Backes, and R. Valenti, Effect of nonlocal cor-
relations on the electronic structure of LiFeAs, Phys. Rev. Lett.
123, 256401 (2019).

[43] K. Zantout, S. Backes, and R. Valenti, Two-particle self-
consistent method for the multi-orbital Hubbard model, Ann.
Phys. (Berlin, Ger.) 533, 2000399 (2021).

[44] K. Zantout, S. Backes, A. Razpopov, D. Lessnich,
and R. Valenti, Improved effective vertices in the
multi-orbital  two-particle self-consistent method from
dynamical mean-field theory, Phys. Rev. B 107, 235101
(2023).

[45] P. C. Martin and J. Schwinger, Theory of many-particle sys-
tems. I, Phys. Rev. 115, 1342 (1959).

[46] L. P. Kadanoff and G. Baym, Quantum Statistical Mechanics
(W.A. Benjamins, New York, 1962).

[47] S. Allen, A.-M. S. Tremblay, and Y. M. Vilk, Conserv-
ing approximations vs two-particle self-consistent approach,
in Theoretical Methods for Strongly Correlated Electrons,
edited by D. Sénéchal, A.-M. Tremblay, and C. Bourbonnais
(Springer-Verlag, New-York, 2004), p. 341.

[48] O. Parcollet, M. Ferrero, T. Ayral, H. Hafermann, I. Krivenko,
L. Messio, and P. Seth, Trigs: A toolbox for research on
interacting quantum systems, Comput. Phys. Commun. 196,
398 (2015).

[49] P. Seth, I. Krivenko, M. Ferrero, and O. Parcollet,
TRIQS/CTHYB: A continuous-time quantum Monte Carlo
hybridisation expansion solver for quantum impurity problems,
Comput. Phys. Commun. 200, 274 (2016).

[50] P. Werner, A. Comanac, L. de’ Medici, M. Troyer, and A. J.
Millis, Continuous-time solver for quantum impurity models,
Phys. Rev. Lett. 97, 076405 (2006).

[51] E. Gull, A. J. Millis, A. 1. Lichtenstein, A. N. Rubtsov, M.
Troyer, and P. Werner, Continuous-time Monte Carlo meth-
ods for quantum impurity models, Rev. Mod. Phys. 83, 349
(2011).

[52] H. Shinaoka, J. Otsuki, M. Ohzeki, and K. Yoshimi, Compress-
ing Green’s function using intermediate representation between
imaginary-time and real-frequency domains, Phys. Rev. B 96,
035147 (2017).

[53] J. Li, M. Wallerberger, N. Chikano, C.-N. Yeh, E. Gull, and
H. Shinaoka, Sparse sampling approach to efficient ab initio
calculations at finite temperature, Phys. Rev. B 101, 035144
(2020).

[54] M. Wallerberger, S. Badr, S. Hoshino, F. Kakizawa, T.
Koretsune, Y. Nagai, K. Nogaki, T. Nomoto, H. Mori, J.
Otsuki, S. Ozaki, R. Sakurai, C. Vogel, N. Witt, K. Yoshimi,
and H. Shinaoka, sparse-ir: Optimal compression and sparse
sampling of many-body propagators, SoftwareX 21, 101266
(2023).

[55] D. Sénéchal and A.-M. S. Tremblay, Hot spots and pseudogaps
for hole- and electron-doped high-temperature superconduc-
tors, Phys. Rev. Lett. 92, 126401 (2004).

[56] B. Kyung, V. Hankevych, A.-M. Daré, and A.-M. S. Tremblay,
Pseudogap and spin fluctuations in the normal state of the
electron-doped cuprates, Phys. Rev. Lett. 93, 147004 (2004).

165111-14


https://doi.org/10.1103/PhysRevB.61.7887
https://doi.org/10.1103/PhysRevB.64.075116
https://doi.org/10.1103/PhysRevB.107.075158
https://doi.org/10.1103/PhysRevB.108.075144
https://doi.org/10.1103/PhysRevB.92.155108
https://doi.org/10.1103/PhysRevB.92.045111
https://doi.org/10.1103/PhysRevB.97.014530
https://doi.org/10.1038/s41535-020-00277-3
https://doi.org/10.1103/PhysRevB.87.045113
https://doi.org/10.1103/PhysRevLett.123.256401
https://doi.org/10.1002/andp.202000399
https://doi.org/10.1103/PhysRevB.107.235101
https://doi.org/10.1103/PhysRev.115.1342
https://doi.org/10.1016/j.cpc.2015.04.023
https://doi.org/10.1016/j.cpc.2015.10.023
https://doi.org/10.1103/PhysRevLett.97.076405
https://doi.org/10.1103/RevModPhys.83.349
https://doi.org/10.1103/PhysRevB.96.035147
https://doi.org/10.1103/PhysRevB.101.035144
https://doi.org/10.1016/j.softx.2022.101266
https://doi.org/10.1103/PhysRevLett.92.126401
https://doi.org/10.1103/PhysRevLett.93.147004

