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Zusammenfassung

Die Arbeit, die in dieser Dissertation vorgestellt wird, illustriert die Unter-
suchung von kollektiven Ladungsanregungen und die Vereinigung von lokalen
und nicht lokalen korrelationen in stark korrelierten Materialien und Gitter
Systemen. Dabei wurde moderne zeitkontinuierliche Quantum-Monte-Carlo
Algorithmen und Stérungstheorie um die dynamische Molekularfeldtheorie
herum verwendet.

Die verwendeten numerischen Modelle wurden auf realistische Materiealen
angewandt, um kollektive Ladungsanregungen in den dotierten Mott Isola-
toren CoH und CsF zu untersuchen.

Dariiber hinaus wurde eine effektive bosonische Wirkung fiir die Ladungs-
freiheitsgrade fiir das erweiterte Hubbard Modell hergeleitet. Es wurde
gezeigt das Ladungsanregungen mit einer einfachen Theorie, welche ahnlich
zur RPA Theorie beschrieben werden konnen.

Abschliessend wurde Frequenzverdoppelung in Graphen mittels brechung
der Inversionssymmetrie untersucht. Dieser Effekt kann als sensitives Werkzeug
genutzt werden um Valley Polarization erzeugt durch polarisierendes Licht

zu untersuchen.






Abstract

The work presented in this thesis illustrates the applicability of collective
charge excitations and how to combine local and non-local correlations of
strongly correlated materials and lattice systems by using modern continuous
time quantum Monte Carlo algorithms and perturbation expansions around
dynamical mean field theory.

The used numerical models were applied to realistic materials, to discuss
collective charge excitations in the highly doped Mott Insulator materials
CoH and CsF.

Furthermore, effective bosonic action for the charge degrees of freedom
for the extended Hubbard model was derived and it was showed that charge
excitations can be described by a simple RPA-like theory.

Subsequently, second-harmonic generation in graphene by breaking of in-
version symmetry was probed. It can be used as a sensitive tool to measure

the valley polarization e.g. by polarized light.
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I. PREFACE

Description of electronic systems with strong Coulomb correlations
is one of the most interesting topics in modern condensed matter
physics. Even though there are plenty of available methods which
are rich enough and contain interesting physics, the task is still the-
oretically challenging. In the case where one can assume that the
electron-electron interaction is local and that long-range inter-site in-
teractions are fully screened or may be ignored the underlying physics
is well described by the Hubbard model. The Hubbard model de-
scribes the physics of the competition of electron localization and
itinerancy. It is one of the simplest models which can describe this
competition and therefore used to describe correlation effects in lat-
tices [1]. It is also believed that the single-band Hubbard model
in two dimensions with the local on-site interaction can be used to
explain the general physics of high-temperature superconductivity of
cuprates [2].

Dynamical mean-field theory (DMFT) [1, 13], which is a well-
established approximation for strongly correlated system, provides
an approximate solution of Hubbard model by mapping it to a local
quantum impurity model. In the limit of infinite dimensions this ap-
proximation becomes exact [1l,13]. DMFT is a very powerful method
and captures the formation of Hubbard bands [4, ] as well as the
Mott transition [6, [7].

There are also cases where the non-local Coulomb interaction is
not negligible [8] and this provides motivation to look at the ex-
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tended Hubbard model, where charge- ordering effects and screening
of the local interactions due to the non-local Coulomb interaction
are included in addition to the Hubbard model physics. The ex-
tended Hubbard model describes the screening of local Coulomb in-
teractions by the non-local Coulomb repulsion. The investigation of
charge-ordering transition and the screening effect in the extended

Hubbard model have been done in numerous theoretical studies [9-
12].

To treat screening by non-local interactions one has to deal with
the extended dynamical mean-field theory (EDMFT) [9, [13-15],
which was introduced to include bosonic degrees of freedom, such
as charge or spin fluctuations, into DMFT. Within the EDMFT
framework, a description of fermionic and bosonic correlations on an
equal footing was started [9,[16]. Although DMFT and EDMFT are
by construction similar, the reduction of correlation effects to their
local part is more efficient for fermions than for bosons. Furthermore,
it was realized that the EDMFT approach was not fully successful
due to strongly non—local nature of collective excitations, therefore it
was necessary to extend EDMFT to treat non-local correlations. One
of the first examples beyond EDMFET is EDMET+GW approach [9],
where EDMFE'T served as a starting point and all spatial contributions
are added by GW. In EDMFT+GW one has to be aware of double
counting which is related to the fact that all local contributions have
already been accounted at EDMFEFT level.

More sophisticated approaches that treat non-local effects dia-
grammatically in terms of lattice and impurity quantities include
DT'A [17], 1PT [18] and DMF?RG [19]. These methods demon-
strate an extension of DMFT by including two-particle vertex cor-
rections for the diagrams. Nevertheless, these approaches cannot
describe collective degrees of freedom coming up from non-local in-
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teractions. The recent TRILEX [20] approach, which is not based
on the mean-field solution, was introduced to treat diagrammati-
cally both fermionic and bosonic excitations. In this method, the
authors approximate an exact Hedin [21] form of lattice self-energy
and polarization operator by including full impurity fermion-boson
vertex correction in the diagrams. In all these approaches EDMFET
served as a starting point for theories that include spatial correla-
tions. TRILEX, as well as EDMFT+GW, have their drawbacks.
For example, EDMFT+GW depends on a decoupling scheme of the
Coulomb interaction and the results differs strongly. Both theories
are not sufficient to satisfy conservation laws such as charge conser-
vation.

Beside the route of constructing one can also use the proper
dynamical mean-field extension in terms of lattice Green’s func-
tions and introduce so-called dual fermions (DF) [22] and the dual
bosons (DB) 23, 24] and then do diagrammatic perturbation theory
with new dual degrees of freedom. Nonetheless, the local impurity
model still serves as the starting point of the perturbation expansion
and (E)DMFT is reproduced in DF(DB) respectively as the non-
interacting dual problem. Still, there are major advantages e.g. the
self-energy and polarization operator in DF and DB are free from
double counting problems by construction. There is no overlap be-
tween the impurity contribution to the self-energy and polarization
operator and local parts of dual diagrams since the impurity model
deals with purely local Green’s functions only and the dual theory
is constructed from purely non-local building blocks.

The focus of this work lies on some particular cases of the DB ap-
proach, in which one uses the dual way of excluding non-locality from
diagrams and constructs correct EDMFT extensions with the three
point and four point vertex as well as without vertex corrections. As
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well as applications for realistic materials.






II. THEORETICAL FRAMEWORK

In this Chapter we will give a brief overview over the most impor-
tant concepts which will be used in this thesis. The extended Hub-
bard model serves as the canonical example of a strongly correlated
systems where non-local effects play a crucial role. In momentum
space, its action is given by the following relation

. 1 R
S=- Z Ckua[ZV + Q= gk}ckua + 5 Z ququqw‘ (1)

kvo quw

Here we are interested only in the charge fluctuations, so in the
av
(cqv) corresponding to creation (annihilation) of an electron with

following we suppress the spin labels on Grassmann variables c

momentum k and fermionic Matsubara frequency v. The interac-
tion Uy = U + Vg consists of the on-site and nearest-neighbour
interactions respectively. The charge fluctuations are given by the
complex bosonic variable p, = n,—(n) d,, wheren, = > _cic,.,
counts the number of electrons and w is a bosonic Matsubara fre-
quency. The chemical potential i is chosen in such a way that the
average number of electrons per site is one (half-filling). Finally, ey is
the Fourier transform of the hopping integral ¢ between neighboring
sites.

In EDMEFT, the lattice action is split up into a set of single-site
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local impurity actions Siyp and a non-local remaining part Syem

S :Zsigl)p—l_srem? (2)

J

which are given by the following explicit relations

Simp - ZC?;[ZV + H— AI/]CV

1 *
+ 5 Zw: Z/[w PP (3)
Srem - Z Clty [Ay o 8k]cku
kv
1 *
+ i (Uq o uw) pquqw' (4)
qw

All theories which are an extension of EDMFET we call here
EDMFEFT++. Importantly, a solution of every EDMFT++ theory
can be exactly written in terms of EDMFEFT Green’s functions and
renormalized interactions as follows

G = Gy’ =% = Gg' — S (5)

Weo =Wyt =1, = Wg' =1l (6)
where Y, and Ilg, are the exact, unknown in general, self-energy
and polarization operator of the model respectively, and
Yy = Sy — Yimp and lzlqw = Ilqw —Ilimp are the corrections to the
dynamical mean-field solution. With EDMFT as a starting point,
the goal of EDMFT++ theories is to approximate these corrections.
As pointed out above, ¥y, and lzlqw should be introduced without
double counting with an effective local impurity problem, but still can
give a local contributions to the lattice self-energy and polarization
operator.



Now we introduce the so called DB approach which uses EDMET
as a starting point and can be seen as an EDMFT++4- theory. The DB
theory can be viewed as a perturbation expansion around EDMFET.

The dual transformations of the non-local part of the action Siem
can be made in the same way as in previous works on DB approach.
In order to define the three-point vertex in the TRILEX way, here
we introduce a different rescaling of the dual bosonic fields.

The partition function of our problem is given by

_ / Dle*, | e* 7

where the action S is given by (23). Performing the Hubbard-
Stratonovich transformations one can introduce the new dual vari-

ables f*, f, o

Z Cl*c/a [Ayg_gk]ckua
ekvo — Df X

_Z{fkya vo 5k] fkyg'i_cicrfva"’_f;/kocya}
/ DIf*, S

e kvo ,

3 quw [Aw Vfl]pqw
e w = DX

-1 Z{¢*w[Aw_v ]_1¢ w+pz¢w+¢‘zpw}
) q
/ D[¢] o 2zl q . (8)

Terms Dy = det[A,, — ex] and D' = /det[A, — V4] can be
neglected, because they do not contribute to expectation values.
Rescaling the fermionic fields fi,» as fi .9, , the bosonic fields ¢,
as Qquar,t, where o, = (1+U,x,,), and integrating out the original
degrees of freedom ¢* and ¢ we arrive at the dual action

e 1 x YA — ¥
- ; fkyGO 1fk1/ o 5 ; ¢qu() 1¢qw + V. (9)
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with the bare dual propagators
@0 = [g,j1 + A, — 5k]_1 — gy, = Gg — gy, (10)
Wo=a;' [[Ug—U)" —xu] ol =We =W, (11)

and the dual interaction term V. The explicit form of the dual
interaction can be obtained by expanding the ¢* and ¢ dependent
part of partition function in an infinite row and integrating out these
degrees of freedom as follows

/ YA G g e tobagt bt dhagt,

(& |4%)

e Sl DIt ) = £, (0 €l) 900
+ %09231% (Punllin) ) Oy
— P FnBiy (CnCinpiy) 9 00 0
i il 00l g+
= 50, — 605 0l e,
— oS8 (CnConpn) 9 90 )
S CV A R RN Yl s

_ o o astas vuag 0V} (12)

Therefore dual interaction has the form of infinite expansion on
the full vertices of the local impurity problem

7k * * -1 _—-1_-1
V= fylfy2¢W3 <Cylcy2pw3> gyl gyg @wg T

1
1 I Fis Lot 9 9 9 903 { e nCiacin) =
<cylc’;4> <cy2cjj3> + <cylc§3> <cy2cjj4> } +.... (13)
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Here we define the three- and four-point vertex functions as (7, is
the shorthand notation for the 1)

/7 gy gy+1w wl <C Cl/+wpw> ) (14)
4,0 111 \
/}/I/y/w g, gl/ gy/_wgy—l—w [ <Cycy’cy’ wcy—i—w> _
gugy’((;w - 5V/,I/+CU):| ) (15)

with the simple connection between them

_05_12 1_ yylwgylgl/ w] (16)

In the weakly-interacting limit, namely U — 0, the renormaliza-
tion factor a,, goes to unity and the four-point vertex v* is zero, as
detailed in the previous works [23-25] on the DB approach. Then,
the three-point vertex can be reduced to its bare form vy = 1.

Then, the two first terms in V' are given by

¥ * * 1
V= Yow fyfy+w¢w + - f)/yyw f f fy—|—w v—w:* (17)
The dual Green’s function Gy, = — (fi,fs,) and renormalized
dual interaction Wy, = <gbqw >, as well as dual self-energy

Y, and polarization operator qu, can be obtained diagrammati-
cally [23-25]. These dual quantities have usual connection

éﬂyl — é(?l o ikw (18)
Weo = W5t =1l (19)

Finally, lattice Green’s function Gy, and susceptibility X, can
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be expressed in terms of dual propagators via exact relations

ka - [gk - Ay]_l

+ ek — A 719, ' Gr gy e — AT (20)
qu - = [Uq - uw]_l
+ [Uq = U] o Wa U = U (21)

One can also rewrite the last relation and obtain the relation for the
full dual renormalized interaction

OlequOé;l = [Uq — U, + [Uq - uw]qu[Uq — Uy, (22)

to show that the dual propagator qu is evidently a renormalized
interaction in the non-local part of the action, where the impurity
interaction is excluded on the level of the bare interaction. It is worth
mentioning, that for the case of A, = 0, which corresponds to the
DMFT theory as a basis, the renormalized interaction is exactly that
of the usual V- decoupling.
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III. FROM LOCAL TO NON-LOCAL CORRELATIONS: THE DUAL BOSON
PERSPECTIVE

Development of first-principles electronic structure methods for
correlated materials including high-T'. cuprates, iron pnictides as well
as heavy-fermion compounds presents a great challenge for compu-
tational material science. In the last decade one of the main break-
throughs is related to a new theoretical approach which combined
the accuracy of realistic GW-scheme with advanced local many body
(extended) dynamical mean—field theory ((E)DMFT+GW). Avoid-
ing double-counting is crucial for every diagrammatic approach that
treats non-local correlations beyond the dynamical mean-field level
((E)DMFT++ theory). Until now, the general issue of double-
counting remained unsolved.

The goal of this work was to combine local and non-local correla-
tions, by deriving it from a higher principle and using reasonable and
controllable approximations. Furthermore, a condition was that the
approximation could be used for real material applications, meaning
it should not be too heavy computationally. Here we used the dual
boson approximation as a starting point, which can be derived by
using a special form of a Hubbard-Stratonovich transformation.

We employed the dual boson approach and simplified it to an
EDMFT+GW like approximation, but with the advantage to have a
methodical derivation, a controllable limit (for small local Coulomb
interaction) and without having to take care of double-counting of
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diagrams by construction. This approximation is called dual boson
GW (DB—GW). Existing approximations for the treatment of local
and non-local correlation effects and its physics were done before,
for example in the above mentioned the EDMFT+GW approxima-
tion. The idea of the EDMFT+GW approximation is to combine the
purely local self-energy and polarization function of EDMFT with
the spatially non-local contributions from GW approach.

In the previous studies phase diagrams in the on-site Coulomb
interaction U and the nearest-neighbor Coulomb Interaction V., as
well as retarded interactions and local spectral functions, have been
calculated for the extended Hubbard model and the GW-EDMFT
approach [9] [11] [12} [15] [26].

[t was found that the charge-ordering line V,(U) in the U/V phase
diagram for the transition from Fermi liquid to charge-ordering, that
EDMEFT overestimates the local interaction while the EDMFEFT+GW
approach in the V-decoupling underestimates the local interaction
or rather overestimates the non-local interaction V' in comparison
to the naive mean-field estimation V., = U/z [12]. Where here z is
the number of nearest neighbors. In contrast to the V-decoupling
scheme of the EDMFT+GW approximation there is also the so
called UV —decoupling scheme where the local and non-local inter-
actions are treated on equal footing [26]. GW+EDMFT in the UV-
decoupling scheme reproduces the GW phase boundary for small
local interactions and slightly differs for larger U, when one reaches
the Mott insulator phase [27]. Nonetheless, the dual boson approxi-
mation is very successful [28]. It is still an important topic to find a
suitable and computationally lightweight approximation which com-
bines local and non-local correlations and describes collective bosonic
excitations for real materials.
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From local to non-local correlations: the Dual Boson
perspective

Reprinted with permissions from

E. A. Stepanov, A. Huber, E. G. C. P. van Loon, A. I. Lichtenstein,
M. I. Katsnelson
Phys. Rev. B 94, 205110 (2016).

(©2016 by the American Physical Society

The reference numbering used in this reprinted article is only valid
within this specific article.
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From local to nonlocal correlations: The Dual Boson perspective

E. A. Stepanov,' A. Huber,? E. G. C. P. van Loon,' A. L. Lichtenstein,> and M. 1. Katsnelson'
'Radboud University, Institute for Molecules and Materials, NL-6525AJ Nijmegen, The Netherlands
Institute of Theoretical Physics, University of Hamburg, D-20355 Hamburg, Germany
(Received 26 April 2016; revised manuscript received 12 July 2016; published 7 November 2016)

Extended dynamical mean-field theory (EDMFT) is insufficient to describe nonlocal effects in strongly
correlated systems, since corrections to the mean-field solution are generally large. We present an efficient
scheme for the construction of diagrammatic extensions of EDMFT that avoids the usual double-counting
problem by using an exact change of variables (the Dual Boson formalism) to distinguish the correlations
included in the dynamical mean-field solution and those beyond. With a computational efficiency comparable to
the EDMFT + GW approach, our scheme significantly improves on the charge order transition phase boundary

in the extended Hubbard model.

DOI: 10.1103/PhysRevB.94.205110

I. INTRODUCTION

The description of strongly correlated electronic systems
is still one of the most challenging problems in condensed
matter physics, despite a lot of efforts and plenty of sug-
gested theories. One of the most popular approaches is the
dynamical mean-field theory (DMFT) [1-4], which provides
an approximate solution of the (multiband) Hubbard model
by mapping it to a local impurity problem. Although DMFT
neglects nonlocal correlation effects, it is able to capture
important properties of the system such as the formation of
Hubbard bands [5,6] and the Mott transition [7,8]. Later, an
extended dynamical mean-field theory (EDMFT) [9—-12] was
introduced to include collective (bosonic) degrees of freedom,
such as charge or spin fluctuations, into DMFT. Unfortunately,
these collective excitations have a strongly nonlocal nature,
so a dynamical mean-field approach is insufficient and it
was necessary to develop some extensions, we will call them
EDMEFT++, to treat nonlocal correlations.

The quantities of physical interest in EDMFT++ are the
electronic self-energy Xy, and polarization operator Ig,. The
main idea of the dynamical mean-field approach is that all
local correlations are already accounted for in the effective
local impurity problem which results in the self-consistency
conditions on the local part of lattice Green’s function and
susceptibility. The mean-field ideology implies that in the
EDMFT approach, the local self-energy and polarization
operator are given by those of the impurity model. To go
beyond, one needs to determine the corrections X, and ﬁqw
to the electronic self-energy and polarization operator that
describe nonlocal excitations.

However, as soon as one goes beyond the dynamical
mean-field level, the nonlocal corrections also change the local
parts of X, and I1g,. Indeed, the self-consistency condition
on the local part of the lattice Green’s function Gy, is not
able to fix the local part of the self-energy Xy, at the same
time. Thus, the exact local part of full self-energy is no longer
determined within the effective impurity problem and has
contributions both from the dynamical mean-field solution
and from the nonlocal corrections. The same holds true for
the polarization operator and the self-consistency condition
on the local part of renormalized interaction. Therefore, great
care should be taken to avoid double-counting of correla-

2469-9950/2016/94(20)/205110(13)
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tion effects when merging EDMFT with a diagrammatic
approach.

The EDMFT + GW approach [13-19] combines GW
diagrams [20-22] for the self-energy and polarization operator
with EDMFT. In an attempt to avoid double-counting, all
local contributions of the GW diagrams are subtracted and
only the purely nonlocal part of Ty, and I, is used to
describe nonlocal correlations. Exclusion of the impurity
contributions from the diagrams introduced beyond EDMFT is
necessary for a correct construction of the theory. However, the
EDMFT + GW way of treating the double-counting problem
is not unique and is the subject of hot discussions.

More complicated approaches invented to describe nonlocal
effects with the impurity problem as a starting point are
DI'A [23], 1PI [24] and DMF?’RG [25]. These extensions
of DMFT include two-particle vertex corrections in their
diagrams. However, DI A and 1PI methods cannot describe
the collective degrees of freedom arising from nonlocal inter-
actions that are of interest here, and the DMF’RG approach
has not yet been applied to this problem. On the other hand,
the recent TRILEX [26,27] approach was introduced to treat
diagrammatically both fermionic and bosonic excitations. In
this method the exact Hedin form [20] of the lattice self-energy
and polarization operator are approximated by including the
full impurity fermion-boson vertex in the diagrams.

Instead of trying to construct the proper dynamical mean-
field extension in terms of lattice Green’s functions, one can
take a different route and introduce so-called dual fermions
(DF) [28] and Dual Bosons (DB) [29-31] and then deal
with new dual degrees of freedom. In these methods the
local impurity model still serves as the starting point of a
perturbation expansion, so (E)YDMFT is reproduced as the
noninteracting dual problem. It is important to point out
that the self-energy and polarization operator in DF and
DB are free from double-counting problems by construction:
There is no overlap between the impurity contribution to
the self-energy and polarization operator and local parts
of dual diagrams since the impurity model deals with
purely local Green’s functions only and the dual theory
is constructed from purely nonlocal building blocks. The
impurity contribution has been excluded already on the level
of the bare dual Green’s function and interaction. Contrary
to the existing methods, the DB approach does allow one

©2016 American Physical Society
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to describe strongly nonlocal collective excitations such as
plasmons [32].

The self-energy and polarization operator in self-consistent
DB are built up as a ladder consisting of full fermion-fermion
and fermion-boson vertices obtained from the local impurity
problem. For computational applications, particularly those
aimed at realistic multiorbital systems, it can be convenient
to use simpler approximations that do not require the com-
putational complexity of the full two-particle vertex. To that
end, we construct EDMFT++4- schemes that do not require the
full two-particle vertex, that exclude double-counting using
the dual theory, and that contain the most essential parts
of the nonlocal physics. We illustrate this by means of the
charge-order transition in the extended Hubbard model.

II. EDMFT++ THEORIES

The extended Hubbard model serves as the canonical
example of a strongly correlated system where nonlocal effects
play a crucial role. In momentum space, its action is given by
the following relation:

. 1
S=— E ooliv+u —edeg,s + 3 E Uy PaoPqo (1)
kvo qo

Here we are interested only in the charge fluctuations, so
in the following we suppress the spin labels on Grassmann
variables c(’;v (cqv) corresponding to creation (annihilation)
of an electron with momentum k and fermionic Matsubara
frequency v. The interaction Ugq = U + Vg consists of the
on-site U and nonlocal interaction V, respectively. Here we
consider Vy as a nearest-neighbor interaction for simplicity.
The charge fluctuations are given by the complex bosonic
variable p, = n, — (n)8,, where n, =3y chc,,, counts
the number of electrons and w is a bosonic Matsubara
frequency. The chemical potential u is chosen in such a
way that the average number of electrons per site is one
(half-filling). Finally, g is the Fourier transform of the hopping
integral ¢ between neighboring sites.

First of all, since we are interested in the EDMFT++
theories, let us briefly recall the main statements of the
extended dynamical mean-field theory. In EDMFT, the lattice
action (1) is split up into a set of single-site local impurity
actions Sjmp and a nonlocal remaining part Srem,

S = Z Sl(l{l)p + Seem: @
J
which are given by the following explicit relations:

Simp = — Y_ chliv+ 1 — A,
v

1 *
+5 2 U PiPur 3)

®
*
Stem = — z :Ckv[Av - Sk]ckv
kv

l *
+5 qu Uy —U,) PPy )
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Since the impurity model is solved exactly, our goal is to
move most of the correlation effects into the impurity, so that
the remainder is only weakly correlated. For this reason, two
hybridization functions A, and A, are introduced to describe
the interplay between the impurity and external fermionic and
bosonic baths, respectively. These functions are determined
self-consistently for an optimal description of local correlation
effects. The local bare interaction of the impurity model is
then equal to U, = U + A,. The impurity problem can be
solved using, e.g., continuous-time quantum Monte Carlo
solvers [33,34], and one can obtain the local impurity Green’s
function g, susceptibility y,, and renormalized interaction W,
as

8 = _<cucj>imp’ 4)
Xo = =Py Vimps (©6)
Wa) = Ua) + ua)Xa)uw’ (7)

where the average is taken with respect to the impurity
action (3). One can also introduce the local impurity self-
energy Ximp and polarization operator Iy,

Eimpziv—i—u—Av—g;l, 8)

Moo = X' +U,, ©9)

that are used as the basis for the EDMFT Green’s function Gg
and renormalized interaction W defined as

Gg'= Gy' — %= &' — (5, — A, (10)
WE_IZWO_I_Himszt;l_(X;l_‘_uw)_l' (1)

Here Gy = (iv + p — &)~ ! is the bare lattice Green’s function
and W, is the bare interaction, which is equal to Uy, or Vg in
the case of U V—, or V— decoupling, respectively [15,16].

Importantly, a solution of every EDMFT++ theory can
be exactly written in terms of EDMFT Green’s functions and
renormalized interactions as follows:

Gl:v1 = Gal - 2:kv GEI - 2:kv’ (12)

- -1 —1 =
Wo =Wy ' =T, = W' =1, (13)

where Xy, and Iy, are the exact, unknown in general,
self-energy and polarization operator of the model, respec-
tively, and Zy, = Tk, — Zimp and [g, = Mg, — Mimp are
the corrections to the dynamical mean-field solution. With
EDMEFT as a starting point, the goal of EDMFT++ theories
is to approximate these corrections. As pointed out above,
2k and g, should be introduced without double-counting
with an effective local impurity problem, but still can give a
local contribution to the lattice self-energy and polarization
operator.

There is, in fact, a numerically exact way to obtain the
nonlocal self-energy using the so-called bold diagrammatic
Monte Carlo method [35]. However, this method is very
expensive for realistic calculations, so we will be focused on
less expensive diagrammatic methods.
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A. (E)DMFT + GW approach

Historically, the EDMFT + GW approach [13-17] intro-
duced the first approximations for Xy, and Ilg,. Here, the
self-energy and polarization operator diagrams from the GW
approximation [20-22] are added to the dynamical mean-field
solution to treat nonlocal correlations,

2oV ==Y Grrquso Wao (14)
q,w

Mgy =2 ) GirquroGios (15)
k,v

where the coefficient “2” in Eq. (15) accounts for the spin
degeneracy. To avoid double-counting between the impurity
correlations and the GW correlations, only the nonlocal part
of Eqs. (14) and (15) is used, i.e., f)l?vw = Eg)"v— ESXV
and [ISY = MGV — MY, Since the local interaction U has

already been accountedlolgor in the impurity problem, the bare
nonlocal interaction in Eq. (14) can be taken in the form of
V—decoupling (W, = Vy), which leads to a simple separation
of local and nonlocal contributions to the self-energy Xi,.
Unfortunately, this form of renormalized interaction overesti-
mates nonlocal interactions [15,16]. Alternatively, the form of
U V- decoupling (Wy = Ug) is more consistent with standard
perturbation theory for the full Coulomb interaction, but leads
to the problems with separation of local and nonlocal parts
of the diagrams. For example, it accounts only for the large
local contribution W, instead of the small full local four-point
vertex function y*° as shown in Appendix B. Therefore, the
form of the renormalized interaction and the way to avoid
the double-counting in general is a topic of hot discussions
nowadays [36].

Note that hereinafter the name V—or U V—decoupling in the
EDMFT++ theories implies only the form of interaction Wy
used in the self-energy diagrams beyond the dynamical-field
level. Since the aim of the paper is to compare the existing
schemes of exclusion of the double-counting, the form of the
self-energy diagrams in these both cases remains the same.
Our notations can differ from those introduced in the previous
works on EDMFT+H-+- theories by the presence of additional
diagrams in the different versions of decoupling schemes (see,
for example, Ref. [16]).

It should be noted, that there is another clear way to
avoid the double-counting problem, namely simply ignoring
nonlocal interactions in the dynamical mean-field part of
the action and including them in the nonlocal corrections
only. The impurity model then corresponds to DMFT, i.e.,
U, = U. Then, the nonlocal renormalized interaction in
Eq. (14) can be taken in the form of V- decoupling as
Wo = V4, and the local part of this self-energy diagram is
automatically zero. Although the DMFT + GW approach is
free from double-counting by construction, it is less advanced
than EDMFT+GW, since it ignores screening of the local
interaction by nonlocal processes.

B. Local vertex corrections beyond the EDMFT

The exact self-energy and polarization operator of
the lattice problem (1) are given by the following
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relations [20]:
Yy = — Z Gk+q,u+quwFlu(g = ﬁ , (16)
qow
Mo =2 GrrgrenC T =/ M (7
kv

where Fl‘g is the exact three-point Hedin vertex. Unfortunately,
the full three-point vertex of the considered problem is
unknown, and the self-energy and polarization operator can
be found only approximately. The most important correlation
effects beyond EDMFT and the GW diagrams are expected in
the frequency dependence of the fermion-boson vertex [26,30].
For this reason, the recent TRILEX [26,27] approach with
application to the Hubbard model was introduced. In this
approach the exact Hedin vertex is approximated by the full
local three-point vertex of impurity problem, which results in

EEEILEX == Z Gk+q,v+w quva’ (18)
qo

HngILEX =2 Z Gk+q,u+kav Voo (19)
kv

where y,,, is the full three-point vertex of the impurity problem
determined below [see Eq. (33)]. Thus, the local parts of
the self-energy and polarization operator are identically equal
to the local impurity quantities Xiy, and ITjyp, respectively.
Moreover, it is possible to split £, RI-EX and HE}Z"‘EX into the
local impurity part and nonlocal contribution as it was shown
in Ref. [27],

TRILEX s TRILEX
Zkv e Eimp + Ek\) ) (20)
TRILEX -1 TRILEX
qu = 1_[imp + qu s (21)
where
s TRILEX __ ~TRILEX yy7TRILEX
Ekv - § Gk+q,v+a)qu Vows (22)
qo
T TRILEX __ ~TRILEX ~TRILEX
an) =2 2 Gk+q,v+w Gkv Vow> (23)
kv

and G J"X = Gy, — gv, Wai ™™ = W, — W, are nonlo-
cal parts of the full lattice Green’s function and renormalized
interaction, respectively. Therefore, the TRILEX approach is
nothing more than an (E)DMFT+GW approximation with the
same exclusion of double-counting, where the GW diagrams
are additionally dressed with the local three-point vertex
from one side. In this case, the lattice Green’s function
and renormalized interaction are given by the same Dyson
Egs. (12) and (13) with Z[RMEEX and ﬁgﬁILEX introduced
beyond the dynamical mean-field level.

The main advantage of the TRILEX approach compared to
existing diagrammatic methods is a computational efficiency
due to the use of only the three-point vertex y,, to treat
nonlocal correlations. Nevertheless, even with this vertex
function one can approximate the exact Hedin form of the
self-energy and polarization function in a better way.

It is of course true, that if the self-energy and polarization
operator in the exact form of Eqs. (16) and (17) do not
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FIG. 1. Hedin form of the self-energy diagram in case of (a) at
least one nonlocal Green’s function G and nonlocal renormalized
interaction W, and (b) only local renormalized interactions W.

Straight and wave lines correspond to the Green’s function and
renormalized interaction.

contain any nonlocal propagators, then these quantities are
given by the impurity Xy, and ITjyp, respectively. Therefore,
the improvements concern only the contributions EJRHLEX and
ﬁggILEX, written in terms of nonlocal propagators and local
impurity vertex functions. As it was mentioned above, the
self-consistency condition on the local parts of the Green’s
function and renormalized interaction cannot also fix the local
parts of Xy, and Ig, at the same time. Therefore, additional
local contributions to the self-energy and polarization operator,
hidden in the nonlocal structure of the exact three-point
vertex, can appear from the diagrams introduced beyond the
dynamical mean-field level. For example, the Hedin vertex
with the same lattice indices at all three external points can
contain nonlocal parts,

rka = ‘ ~ @ i (24)

Therefore, these contributions are not provided by the local
impurity problem and should be taken into account.

It is worth mentioning, that the Hedin form of the self-
energy and polarization operator is exact for the theories with
only one type of propagators. As soon as one includes the
vertex functions of the impurity problem in the diagrams, all
propagators become effectively separated into two different
types. Now, since the correction to the dynamical mean-field
level is introduced in terms of only one (nonlocal) type of lines
and all local lines are gathered in the local vertices, the Hedin
form does not provide the exact result for the self-energy and
polarization as shown in Refs. [37,38].

In order to discuss this in more detail, let us take a
closer look at the Hedin diagram (16) for the self-energy.
Above we discussed the case of only local propagators. Now
let us assume, that the Hedin vertex contains at least one
nonlocal Green’s function Gy, and renormalized interaction
qu. Then, the self-energy diagram can be reduced to the form
of two renormalized three-point vertices with the nonlocal
propagators in between as shown in Fig. 1(a). It may also
happen that one particular contribution to the lattice self-
energy does not contain the nonlocal renormalized interaction
at all. This case is shown in Fig. 1(b). The last case without
a nonlocal Green’s function is not considered here due to
appearance of higher-order vertex functions of the impurity
problem in the diagrams. The same procedure can be used
for the polarization operator. Then, if we restrict ourselves
only to the lowest order vertex function y,,, the self-energy
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FIG. 2. Structure of the vertex corrections in theories consisted of
(a) one and (b) two types of propagators. Solid straight and wave lines
correspond to the Green’s function and renormalized interaction of
one type and the dashed lines to those of the second type, respectively.

and polarization operator introduced beyond the dynamical
mean-field level are

W

o) = @ (26)

)

where, according to the above discussions, the three-point
vertices appear at both sides of the GW diagrams, as was
already discussed in Ref. [13]. Moreover, the specified form
of the diagrams for the self-energy and polarization operator
allows one to resum more diagrams than with the use of the
TRILEX form.

The illustration of the importance of having the three-point
vertex functions on both sides is also shown in Fig. 2. The
top row corresponds to a theory constructed from only one
type of Green’s function. Then, the fermion-boson vertices
are composed of the same propagators as the remainder of
the diagram, and it is always possible to “move” all vertex
correction to the right side of the diagram and obtain the Hedin
form for the self-energy [20]. On the other hand, if the vertex
functions are constructed from propagators (for example, g,
and W,, obtained from the impurity problem) that differ from
the Green’s function G and renormalized interaction W, it is
no longer possible to obtain the Hedin form for this diagram.
More clearly, the Hedin form is hidden inside of the impurity
vertices. “Moving” the left part of the diagram to the right, as
in the bottom row of Fig. 2, gives a diagram with the same
Hedin structure, but with different propagators.

So, if one prefers to work with the bare lattice propagators
and to use the Hedin form of self-energy, then it would be
consistent to approximate the exact Hedin vertex using the
same bare lattice quantities without inclusion of any other
types of propagators. If, instead, a combination of Green’s
functions and impurity vertices coming from different models
is used, the renormalized vertices should be included at both
ends of the GW diagram for the self-energy and polarization
operator.

In order to take the above corrections into account and
to compare the double-counting exclusion schemes, one can
introduce the EDMFT + GW y approach in the same way as
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EDMFT+GW by including the local impurity vertex y,, in
the GW diagrams as

G
Zkva Z vaGk+q v+w quyv+w —w> (27)
q.0

Han\yV =2 Z yva)GkJrq,erw Gkvyv+w,fw~ (28)
k,v

Similarly to the EDMFT+GW case, only the nonlocal parts
SOV and gy " of the self-energy (27) and the polarization
operator (28) are used beyond the EDMFT. Then, the lattice

quantities are given by the same equations (12) and (13).

III. DUAL BOSON APPROACH

A different way of accounting for nonlocal correlations
beyond EDMFT is given by the Dual Boson approach [29,31].
The nonlocal part S, of the lattice action (1) can be rewritten
in terms of new dual variables f*,f,¢ by performing a
Hubbard-Stratonovich transformation, which leads to the dual
action,

SZ kav O kv —

with the bare dual propagators,

Z¢;ng‘¢qw +V. (9
qw

Go= Ge — g, (30)
Wo = Wg — W, (€29)

and the full dual interaction V that includes the impurity vertex
functions y™" with n fermion and m boson lines to all orders
in n and m, as detailed in Appendix A. The first two terms in
V are given by the following relation:

_yvg)f fv+w¢ +4Vj\?wf fv’fu+wfv —w"* (32)

We define the three-point vertex y2! in the same way as it is
done in the TRILEX [26,27] approach:

Voo = 8y 81twln (C,Ch 0P (33)

where o, = W,,/U,, = (1 + U, x) is the local renormaliza-
tion factor. It is important to realize that this factor only
affects the transformations from lattice to dual quantities and
vice versa. Therefore, it does not change the final results
written in terms of the initial lattice degrees of freedom.
In order to shorten notations, hereinafter we call the three-
point vertex y,,. The four-point vertex function yf‘;gv can be
determined similarly to the previous papers on the Dual Boson
formalism [29,31],

4,0 -1 _-1_-1 -1
Viwe = 8y 8v gu’—wgv+w[<cvcv CV wC:Jra))
—8v8v (8w — v vyw)l (34)

Then, the dual Green’s function Gy, =

—{ fx» fity) and renor-
malized dual interaction Wy, =

(¢qw¢qw) as well as dual
self-energy Xy, and polarization operator qu, can be obtained
diagrammatically [29-31]. These dual quantities have the
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usual connection,

G = Gy' = o, (35)

We =Wy ' =1, (36)

To close the circle, the Green’s function Gy, and renor-

malized interaction Wy, of the original model can be exactly

expressed in terms of dual quantities via the similar Dyson
Egs. (12) and (13) as follows:

G = Gg' — By (37)
o =W =1, (38)

where the self-energy and polarization operator introduced
beyond EDMFT are

5, = —— (39)
1 + gvzkv

B} Mg,

n, = 10 (40)

qw — 1+Wa)nqw

It should be noted that the bare dual Green’s function (30)
and renormalized interaction (31) are strongly nonlocal due to
the EDMFT self-consistency conditions,

Y Ge =g, (41)
k

D> Wi =W, (42)
q

Therefore, the dual theory is free from the double-counting
problem by construction, and the local impurity contribution
is excluded from the diagrams on the level of the bare
propagators (30) and (31). The DB relations up to this point
are exact and derived without any approximations.

It is worth mentioning, that the noninteracting dual theory
(V=0) is equivalent to EDMFT. However, even in the
weakly interacting limit of the original model, U — 0, the
fermion-boson vertex y2! is nonzero and equal to unity,
as shown in Appendix A and previous works on the DB
approach. Thus, the Dual Boson formalism explicitly shows
that corrections to EDMFT are not negligible. Therefore,
the dynamical mean-field level is insufficient for describing
nonlocal bosonic excitations, because the interactions between
the nonlocal fermionic and bosonic degrees of freedom are
always relevant.

A. Dual diagrams for the self-energy and polarization operator

The impurity vertices y’™ are computationally expensive

to calculate for large n and m. Practical DB calculations are
usually restricted to y*° and y?!, since that is sufficient to
satisfy conservation laws and since processes involving higher-
order vertices can be suppressed with the appropriate self-
consistency condition [31].

As it was shown above, the dual theory can be rewritten in
terms of lattice quantities [see Eqgs. (37) and (38)], where the
dual diagrams are constructed in terms of only one type of bare
propagators, i.e., the nonlocal part of EDMFT Green’s function
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FIG. 3. Structure of the vertex corrections in different theories in
case of one (top line) and two (bottom line) types of propagators.
Solid straight and wave lines correspond to the Green’s function and
renormalized interaction of one type and the dashed lines to those of
the second type, respectively.

and renormalized interaction given by Egs. (30) and (31). Local
parts of the bare EDMFT propagators, namely g, and W,,, are
of the second type and hidden in the full local vertex functions
of the impurity problem, which serve as the bare interaction
vertices in dual space. Then, with the same logic presented in
Sec. II B, the DB self-energy and polarization operator in the
ladder approximation are given by

<1 p @)

where the renormalized vertex functions are taken in the
ladder approximation (see Fig. 3, top line). Note that here
the splitting of propagators into the two parts is nominal and
matters only for the dual theory when all diagrams are written
in terms of only one nonlocal type of bare propagator. In
general, the initial lattice theory works only with one type
of Green’s function and renormalized interaction, namely the
bare EDMFT propagators, that for the local case we call
impurity g, or W,, and for nonlocal dual G, or Wj. Since the
dual theory gives the correction to the lattice quantities, the
dual contributions Xy, and Iy, introduced beyond EDMFT
should be irreducible with respect both to the impurity and the
dual propagators.

Let us turn to a more detailed explanation. As was shown in
Egs. (37) and (38), the lattice self-energy and polarization
operator introduced beyond EDMFT are not given by the
dual Z, and [y, and have the form of Eqgs. (39) and (40).
Note that the denominators in the expressions for ¥y, and
[1g, have a very important physical meaning. The DB theory
works with the full vertex functions of the impurity problem,
that obviously contain one-particle reducible contributions.
Therefore, the denominators in Egs. (39) and (40) exclude
these one-particle reducible contributions from the diagrams
for the self-energy and polarization operator in order to avoid
the double-counting in the Dyson Egs. (37) and (38). Similar
discussions were presented in Ref. [24] with regards to the DF
approach.

To show this more explicitly, let us consider the following
example. The dual polarization operator in the form of the full
two-particle ladder can be written in a matrix form as (see the

M
Il

=
1l
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e = AL A = A< D] e
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= <[ X D+ A D] D

FIG. 4. Diagrammatic representation of the second- and the third-
order contribution to the renormalized interaction.

W+B) =

second line of Fig. 3 for the diagrammatic representation)
- yGGy
ka = = A
L+ [ylI7'y*9GGy
where y*0 is the full local four-point vertex of the impurity

problem. Using these relations, Eq. (38) can be rewritten as
(see the third line of Fig. 3)

(45)

i, = rGGy (46)
qo 1 —1(,,4,0 W GGy’
+ 17 P + yWoy)GGy
Here
Ve =70+ W, "

K =0 - b

is identically the irreducible part yri’do of the full four-fermionic
vertex function of the impurity problem with respect to the
renormalized interaction W,,. Then the polarization operator
IT introduced beyond EDMFT is nothing more than the normal
dual polarization operator IT taken in the form of the full dual
ladder, but with irreducible four-point vertices ;-9 instead
of the full vertices y*° of the impurity problem. Therefore,
the exact relation (40) automatically corrects the structure
of the polarization operator, which is irreducible with respect
to the dual renormalized interaction, to be also irreducible with
respect to the impurity interaction W,,.

Let us then compare the second- and the third-order term
of diagrammatic expansion of Eq. (38) shown in Fig. 4,

2 _ wE 7 E
Weo = Woo, T, W, (48)
3 — wE 1 E E
Wao) = W, Tl Wee, T Wep- (49)

After the substitution of the the second term of I to Eq. (48)
and of the first term of IT to Eq. (49) we get

W) = —Wey GGy’ GGy We, (50)
We = Wey GGy W,y GGy Wg
+Wey GGy (We — W,)yGGy W, (51)
W = —Wey GGy’ GGy Wg
+ Wey GGy Wey GGy W,,,. (52)
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Then one can see that the first term in Eq. (51) exactly gives
the reducible contribution to the full four-point vertex function
that was excluded from Eq. (50) by the denominator of I1. If
one neglects this denominator, it will immediately lead to the
double-counting in Dyson Eq. (52).

The same holds for the self-energy, where all contributions,
coming from the denominator, give corrections to the six-point
vertices %° and y>? and remove the reducible contributions
with respect to the local impurity Green’s function g,,. Previous
DB studies did not account for the six- and higher-point
vertices, because they are negligibly small in both the large
and small U limits [31]. Therefore, from one point of view,
if the ladder approximation for the dual self-energy does
not contain these six-point vertices, then the denominator in
Eq. (39) should be neglected, because otherwise it will cancel
the reducible terms in Dyson Eq. (37) with respect to the
impurity g, . On the other hand, one of the advantages of the DB
formalism is the fact that all dual diagrams are written in terms
of full impurity vertices instead of irreducible ones. Therefore,
in the strong interaction limit, where the formal diagrammatic
expansion cannot be performed, the full high-order vertices
are small, which is not the case for the irreducible ones. Thus,
writing the dual diagrams in terms of full vertices, it allows
us to exclude the terms with the six-point vertices from the
self-energy. Then, the presence of the denominator in Eq. (39)
helps to include irreducible contributions of the high-order
vertices when their full contributions are negligibly small.

B. DB — GW approach

With the four-fermion vertex y*?, the Dual Boson approach
can obviously include more correlation effects than EDMFT +
GW, at a significant computational cost. However, it is also
possible to construct a EDMFT++ approach from DB that
does not require the full two-particle vertex. Taking y*° = 0,
the fermion-boson vertex y,, can be approximated as unity,
as was discussed above, and the expressions for the dual S
and I, operator are

i]?fiGW = - Z Gk+q,v+w qus (53)
qo

oe~ Y = 2" GrrquioGio (54)
kv

We call this the DB — GW approximation. According to the
above discussions, in this simplest case the denominator in
Eqgs. (39) and (40) should be excluded, since we are interested
in the contribution of only lower-order vertex functions, so we
should take

R )
= _ fyDB—GW

g, =g, , (56)
without the denominators presented in Eqs. (39) and (40). Thus
we see that the EDMFT + GW and DB — GW approaches
start with the same form of the self-energy and polarization
operator diagrams and with similar propagators based on the
same EDMFT quantities Gg and Wg. The difference between
the two approaches lies in the way double-counting is excluded
from these diagrams, which for the DB — GW case is shown
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in Egs. (30)and (31). This results in different self-energies
Sk, and polarization operators I:Iqw that are used to treat
nonlocal effects beyond the EDMFT in these two different
cases. Since the local and nonlocal correlation effects are
intertwined in a complicated way, it is more efficient to exclude
double-counting already on the level of the bare EDMFT
Green’s function and bare interaction in the dual formalism,
rather than to remove the local contribution of the full diagram.
This happens naturally in the exact dual Hubbard-Stratonovich
transformation.

Itis worth mentioning that the dual renormalized interaction
qu does not depend on the form of decoupling. As it is shown
in Eq. (A16), both U V- and V- decoupling forms lead to the
same result Uq — U, = V4 — A,, for the interaction accounted
beyond the dynamical mean-field level in the DB theory. It is
then easy to see that the DMFT+GW theory in a V- decou-
pling form excludes the impurity interaction in a proper way,
since the dual renormalized interaction (A16) in the case A, =
0 has exactly the form of V- decoupling. Due to the problems
arising in the EDMFT+GW approach in the U V- decoupling
form mentioned in Appendix B we take the renormalized
interaction for the EDMFT 4+ GW(y) theories in the form of
V- decoupling for the later comparison with DB results.

C. Local vertex corrections in DB method

To add vertex corrections to the DB — GW approach,
one can take the second-order diagrams for the dual self-
energy £V = f)lf)) (25) and polarization operator [TV =
ﬁff,,)) (26), which are dressed with the full local impurity
fermion-boson vertices y,,, as

SGW ~ T
ey T = Z Yo Okta+o Wao V0,0 67
qo

A8 =23 y,,6kiqut0Gk0 Vs 0 (58)
kv

Similarly to the DB — GW approach we neglect the denomi-
nator in Egs. (39) and (40) and repeat all calculations in the
same way.

The four approaches are summarized in Fig. 5, showing the
self-energy and polarization operator diagram, where square
brackets [...]soc denote the exclusion of the local part. The
computational recipes for all the EDMFT++ theories is shown
in Fig. 6.

IV. NUMERICAL RESULTS

To test the EDMFT++ schemes, we study the charge-order
transition in the square lattice Hubbard model, a popular
testing ground for extensions of EDMFT [16,17,30]. Here
we show calculations where first A, and A, are determined
self-consistently on the EMDFT level for all schemes. Then,
the nonlocal correlation effects are included. Having the same
impurity problem as the starting point for all approaches allows
us to compare clearly the effect from the extensions only. We
uset = 1/4, 8 = 50,and a32 x 32]lattice. The resulting phase
boundary between the charge-ordered phase (CO) and the
Fermi liquid (FL), determined in the same way as in Ref. [30],
is shown in Fig. 7. The checkerboard CO phase is characterized
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Dual Boson part

FIG. 5. Self-energy and polarization operator for EDMFT++
approaches. The square brackets [...],,. denote exclusion of the
local part. DMFT + GW is not listed here, it has the same diagrams
as EDMFT + GW and only differs in their choice of U,,.

by a divergent charge susceptibility at the wave vector q =
(r,m). The phase boundary may therefore be located by
looking for zeros of the inversed susceptibility X;iqu:(mn).
Note that the renormalized interaction Wy, in DMFT + GW,
EDMFT + GW, and EDMFT + GW y approaches is taken in
the form of the V— decoupling as discussed above.

Since ordering is unfavorable for the interaction energy for
V < U/4, the true phase boundary is expected to be above the
V = U/4line. Indeed, the full DB result is above this line [30].
In all other EDMFT++ approximations with fewer correlation
effects, the phase transition occurs at smaller V. The DB —
GWy approximation performs best in this respect, and is close
to the DB phase boundary for all values of U. The two approx-
imations that include local vertex corrections via y,,, perform
better than their counterparts without, and both DB-based
approaches outperform their EDMFT + GW counterpart.

At U =0, we expect the random phase approximation
(RPA) to give a reasonable prediction for the phase bound-
ary. The RPA limit is recovered by all shown EDMFT++
approaches, but already at relatively small U = 0.5, strong
differences between the methods become clear.

In the opposite limit of large U, EDMFT itself starts to
give an accurate phase boundary, since it accounts for all local
effects and those are most important at large U. Both DB-based
approaches converge to EDMFT at U = 2.5, whereas both
EDMFT + GW approaches give a phase boundary at the same,
slightly smaller V.

We even observe that DMFT + GW performs better than
EDMFT + GW, although it is simpler. Although DMFT +
GW contains fewer correlation effects than EDMFT + GW,
it is free from double-counting by construction. This clearly
shows the huge role that double-counting can play. On the other
hand, comparison of DMFT + GW and DB — GW schemes
confirms the fact that inclusion of bosonic correlations already
on the impurity level is also very important and provides
the better starting point for extending dynamical mean-field
theory.

In Fig. 8, we show the polarization operator corrections
[1g, at high-symmetry q points, according to the EDMFT +
GW(y) and DB — GW(y) approaches. The results of the
two approaches DB — GW and EDMFT + GW, that do not
take into account the frequency dependent vertex function
y, are similar. The presence of the full local three-point

EDMFT+GW DB-GW EDMFT part
w G w G |Lattice action S |
| &\ ; @ 1 mtroduce A, 1,
G nloc G nloc G G
EDMFT+GW’Y DB_GW'}/ Impurlty action Simp
w G w G \L EDMFT scheme
A < :, b 1
G nloc G nloc G G Impurity gu, Yow, Us

Take the diagrams to
approximate Xy, g,

Exclude double
counting

| Obtain S, Tlg,

Obtain lattice Gy, Wqw

EDMFT Gg, Xg, Wg

FIG. 6. The recipe to construct an EDMFT++ theory. DMFT +
GW is obtained by taking U/, = U instead of determining it self-
consistently.

vertex function in the diagrams significantly changes the
results [30]. Moreover, the inclusion of the vertex function
results in the different behavior of the polarization operator of
the DB — GWy and EDMFT + GW y approaches. The dual
contribution to the polarization operator in this case is larger.
Therefore, using the dual way one excludes fewer contributions
from the diagrams, than in the case of the EDMFT + +
theories. Thus, the main difference in the approaches lies in
their description of the collective excitations and comes from
the different ways of treating the double-counting problem.
The fermion-boson vertex exhibits less structure as the
metallicity of the system is increased and becomes mostly
flat as the phase boundary to the CO phase is approached [30].
The influence of nonlocal interaction V on the three-point
vertex function y,, is shown in Fig. 9. The effects of the
three-leg vertex are also visible in the nonlocal part of the
polarization operator in the difference between DB — GW

1.0 : ‘ ‘ ‘
—+—DB-GWy —— EDMFT+GW~ ‘
DB-GW EDMFT+GW
08  ——DB DMFT+GW .
—«—EDMFT

0.6

0.4

0.2

RPA

0.0 0.5 1.0 1.5 2.0 25

FIG. 7. U — V phase diagram in EDMFT, DB and EDMFT++
theories at inverse temperature § = 50. The dashed line shows V =
U/4; the dot at U = 0 shows the starting point of RPA data. CO and
FL denote charge-ordered and Fermi-liquid metallic phases, respec-
tively. The EDMFT and DB data are taken from [30]; EDMFT + GW
data practically coincides with results shown in [15,16] papers.
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FIG. 8. Frequency dependence of nonlocal Re lzlqw for momentum k = (0,0), k = (7r,77) for on-site interaction U = 2.3 and the nearest-

neighbor interaction V = 0.2.

and DB — GWy (or between EDMFT + GW and EDMFT +
GW y) approaches (see Fig. 8).

V. CONCLUSIONS

We have presented a recipe to create approximations beyond
EDMEFT that take into account nonlocal correlation effects
while simultaneously avoiding double-counting issues. By
properly including nonlocality we see an improvement in
the phase boundary between the charge-ordered phase and
the Fermi liquid. Even in weakly and moderately inter-
acting systems, the phase boundary is shifted significantly
upwards compared to traditional EDMFT + GW. In fact,
EDMFT+GW is even improved upon by DMFT + GW, which
neglects the effect of nonlocal interactions on the impurity
model but does avoid double-containing. This allows us to
study the physics in a larger part of parameter space, where
EDMFT + GW has undergone a spurious transition. This
is important for accurately determining the charge-ordering
transition in real materials and in surface systems.

The approaches presented here work without requiring
the computationally expensive full two-particle vertex. The
frequency dependence of the much simpler fermion-boson
vertex already contains most of the relevant physics, and
including it via DB — GWy gives a phase boundary close
to the full DB result. Without access to the fermion-boson
vertex, deviations are bigger. In both cases, however, the dual
way of treating the double-counting problem greatly improves
the results.

The ladder Dual Boson approach can be derived from
the dual functional, that automatically solves the complicated
issue of the conservation laws [31]. For the future, it would
be useful to obtain a similar functional description for the
approximated theories presented in this work.
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APPENDIX A: DUAL TRANSFORMATIONS

The dual transformations of the nonlocal part of the action
Srem can be made in the same way as in previous works on the
DB approach. In order to define the three-point vertex in the
TRILEX way, here we introduce a different rescaling of the
dual bosonic fields. The partition function of our problem is
given by

Z= / Dic*,cle 5, (A1)
where the action S is given by (2). Performing the Hubbard-

Stratonovich transformations one can introduce the new dual
variables f*, f,¢,

kZ Chvo [Bvo =€k,
e ko

= Y o[ —ed ™! i 0o foo S oo}

:Df/‘D[f*’f]e kvo N
% > p:;w[Am*Vquqw

-1 qz{¢;m[Aw—vq1*‘¢qw+p;;¢m+¢;pw}

e v
_ D, / Digle (A2)

Terms Dy = det[A,, — &k] and D;l = ,/det[A, — Vq] can

be neglected because they do not contribute to expectation
values. Rescaling the fermionic fields fx,o as fy,, gv‘(,l, the
bosonic fields ¢g, as ¢qwa;1, where o, = (1 + U, x,), and
integrating out the original degrees of freedom c* and ¢ we
arrive at the dual action,

i o 1 L i
S:_kavGOlka_EZ(pquO l¢qw+vv (A3)
kv qo
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with the bare dual propagators,

Go=[es'+A —a] - =Ce—g,  (Ad)

Wo = ao[[Uq = Ul ™ = ol e = We = W, (A5)
and the dual interaction term V. The explicit form of the
dual interaction can be obtained by expanding the c¢* and
¢ dependent part of the partition function in an infinite

series and integrating out these degrees of freedom as
follows:

Vo
’

/ > eter o fre i b 05 0, )
e

e
e~ Simple™.c] D[c*,c]

2

1
~1 -1 -1_-1
= fl: fvz (CU]C:‘;Z)gUI gv2 + E(p:)](pwz (pw]pz)z)awl aa)
-1 -1 _-1
_f: fvz(p; <CV| C\sz&n)gvl gUz Ole
1 -1_—-1_—-1_-1
+Z f:] fvtfwfw<Cvlcvzct3ct4>gv1 gvz gl)3 gw +...
_ L., _ _
== \:kgv lfv - §¢:)aa)l)(wawl¢w

* * * -1 _—-1_-1
_fvl fv2¢w3 <Culcv2pw3>gvl gv2 O{wg

1 -1, -1_-1_-1
+Z f:] fptfv3f1)4<cv1cvzct3c:4>gv1 gvz gV3 gv4 +...

_ o Ame e e 0,47} (A6)

So the dual interaction has the form of an infinite expansion
off the full vertices of the local impurity problem,

1
3

7 -1, -1
V = fvﬁva¢Z)3<culc:2pw3>gul g\)g aa)

1 1 -1 _-1_-1
- Z fl;klf\szfwgvl 8, 8y 8uy {<CV1CVzC:3Ct4)

*

— (e, i e, ci) + (e, ) e, )+ ... (AT)

Here we define the three- and four-point vertex functions as
(e 1s the shorthand notation for the yfé)] ),

-1

yva) = g;lgvjlwaw <Cvct+wpw)’ (A8)

40 _ -1 _-1_-1 -1
Vvv’a) - gv gu’ gv’—a)gV+cu
* *

X [(CUCV’Cvacvaw) - gb’gl)'(Sw - 8U’,v+w)]a (A9)

with the simple connection between them,

Yoo ="' Y [1= Vo8 8v—o)- (A10)
U/
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In the weakly interacting limit, namely U — 0, the renor-
malization factor ¢, goes to unity and the four-point vertex
y4'0 is zero, as detailed in previous works [29-31] on the
DB approach. Then, the three-point vertex can be reduced to
its bare form yy = 1. Frequency dependence of the full local
three-point vertex function y,,, and the influence of nonlocal
interaction V is shown in Fig. 9.
Then, the two first terms in V are given by

- 1
V=Yoo I Fova®t 3 Voo 0 £ s o (ALD)

The dual Green’s function Grw = —(fi, fi,) and renormalized
dual interaction Wg, = —(¢qw¢;w), as well as dual self-
energy X, and polarization operator I1g,, can be obtained
diagrammatically [29-31]. These dual quantities have the
usual connection,

G = Gy’ = By (A12)
We =Wy ' =1, (A13)

Finally, lattice Green’s function Gy, and susceptibility
Xqo can be expressed in terms of dual propagators via exact
relations,

Gy = —lex — A7

+lek — A g Gy gy ek — AT (AL4)
Xgo = —[Uqg —U,]™!
+[Uq —Us] o) Wy, [Ug — U] ' (AL5)

One can also rewrite the last relation and obtain the relation
for the full dual renormalized interaction,

a, ' Wo,a,! = [Ug —Uy] + [Ug — Un1 X g0l Ug — U],
(A16)

to show that the dual propagator qu is evidently a renor-
malized interaction in the nonlocal part of the action, where
the impurity interaction is excluded on the level of the
bare interaction. It is worth mentioning, that for the case of
A, = 0, which corresponds to the DMFT theory as a basis,
the renormalized interaction is exactly that of the usual V-
decoupling.

APPENDIX B: COMPARISON OF THE DIFFERENT
DECOUPLING SCHEMES WITH THE DB APPROACH

As a consequence of the exact dual transformations pre-
sented in Appendix A, the renormalized interaction introduced
beyond the DMFT when the bosonic hybridization function
A, is equal to zero (i.e., U, = U) should be taken in the form
of V- decoupling (A16). Contrary to DMFT, the impurity
model in the EDMFT approach contains nonzero bosonic
retarded interaction A,, thus the renormalized interaction in
EDMFT++ theories has neither UV—, nor V- decoupling
form. In this case the bare nonlocal interaction Uy — U,, for
small A, (i.e., U, = U)is closer to Vg than to Uq = U + V,
and therefore in this paper we take Wy in the form of V-
decoupling for all EDMFT++- theories.

PHYSICAL REVIEW B 94, 205110 (2016)

One more argument to avoid treating the renormalized
interaction in the U V- decoupling form is the fact that in
this case EDMFTH+GW reproduces the results of the GW
approach in the region close to the phase boundary. Indeed, the
self-energy and polarization operator for the GW approach are
given by Eqgs. (14) and (15), respectively. The EDMFT + GW
approach uses only nonlocal parts of these diagrams beyond
the dynamical mean-field solution. They can be written as
follows:

SE+GW 2 : ~E+GW 77 E+GW

2:kv - Gk+q.v+w an) ’ (B 1)
qo

- E+GW __ ~E+GW ~E+GW

Mg ™ =23 Gl G, (B2)
kv

where Giv9Y = G, — g,, WEFY = W, — W, are nonlo-
cal parts of the full lattice Green’s function and renormalized
interaction, respectively. Then, the full self-energy and polar-

ization operator of the lattice problem can be written as

Tk = Zimp + i 0 (B3)
My, = M, + Ogh Y, (B4)
where
Zimp = — Y 8ot WoVuus (BS)
y (B6)

nimp = 2 ng+w gU yuw’
v

are the exact self-energy and polarization operator of the
impurity problem written in the Hedin form. Then, one can
rewrite the full lattice self-energy and polarization operator as

z:kv

- Z Gk+q,v+quu) - Z gu+wWw(yuw - 1)
qo @

= 0V = > gt Wol¥uy — 1. (B7)

qu =2 Z Gk+q,v+w Gy + 2 ZgVergU(va -D

kv v

= TgY +2 ) gureg(, — . (B8)

Therefore, in the region where the value of the three-point
vertex y,,, is close to the value of the bare three-point vertex
yo = 1, the EDMFT + GW approach reproduces the result
of the GW method. Thus, the contribution of the exactly
solvable impurity model in this region is lost. It happens,
because one cancels the very big local contribution from the
GW diagrams in order to avoid the double-counting problem,
and then this local contribution suppresses the contribution of
the local impurity model. It turns out that the EDMFT + GW
approach cancels too much from the diagrams introduced
beyond the dynamical mean-field level, and treating of the
double-counting problem can be done in a better way.

To see this, one can compare the dual way of exclusion
of the double-counting with the U V- decoupling scheme.
Since the inner self-consistency for the diagrams beyond the
dynamic mean-field level is used, it is hard to compare the
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resulting diagrams of these two approaches. Nevertheless, let
us consider the polarization operator in the first iteration, when
only the bare EDMFT Green’s functions enter the diagrams.
Studying the first iteration is sufficient since the nonlocal
self-energy S is small in our region of interest. Then, one
can see, that the polarization operator for EDMFT+GW and
DB — GW has the same form,

g, =2 Z Go Gy, (BY)
kv

where Gy = Gg — g,. Then, one can obtain for the difference
between the renormalized interactions used in EDMFT + GW
and DB — GW the following relation:

[qu - Wa)] - qu
W Wo
S I—T9,We  1—T19, W

We

= W,[1 — [0, Wo] '[1 — 119, We] ™' — W,

= WoITg, [Wao + Wao + WeoITg, Wee ] (B10)

Therefore, the self-energy (B1) in the form of U V—decoupling
additionally to the nonlocal dual contribution accounts for
some diagrams that have local renormalized interaction W,
in their structure. In the Dual Boson formalism all local
propagators are gathered in the local vertex functions of the
impurity problem, including the local renormalized interaction
W,,, which is a part of the local four-point vertex y*°. For
example, the first term in the right-hand side of Eq. (B10)
gives the following contribution to the self-energy,

ST - KA

which is a part of the dual diagram for the self-energy shown in

Fig. 1(a). The second term in the right-hand side of Eq. (B10),

when one takes only the local part of the EDMFT renormalized
W,

(B11)

. . . _ 1,72 A .
interaction in Eq. (13), namely Wy, = l—ﬁﬁi)WE W, is
then equal to

b

which is again a part of the dual diagram for the self-energy
shown in Fig. 1(b). This fact leads to two important problems
in the EDMFT + GW approach. First of all, these additional
self-energy diagrams in case of UV - decoupling presented
above are very selective and account only for the local
renormalized interaction W, instead of the full local four-point
vertex functions y*°, as the DB approach does. This selective
choice is not well-controlled and may result in over- or
underestimation of interaction effects. Also, the existence of
the local propagators as a part of the nonlocal interaction
shows that the EDMFT + GW approach in the form of UV -

PHYSICAL REVIEW B 94, 205110 (2016)

decoupling is not able to separate local and nonlocal degrees
of freedom in a proper way. This leads, in particular, to the
double-counting problem in the next-order nonlocal diagrams
introduced beyond EDMFT. Indeed, if one does not restrict
himself to the simplest GW diagram accounted beyond the
dynamical mean-field level and additionally includes the four-
point vertex functions y*? in the diagrams for the self-energy
[for example, the diagrams shown in Fig. 1(b)], then, as it
was shown in Egs. (B11)—(B12), the GW diagram (B1) for the
self-energy would have contributions with the local W,,, that
would already be accounted for in these additional diagrams
with the local four-point vertices.

Let us study what happens in the region, where the impurity
renormalized interaction }V,, gives the main contribution
in the full local four-point vertex y*°. In this region the
EDMFT + GW solution should be close to the Dual Boson
ladder approximation with the self-energy and polarization
operator diagrams shown in Figs. 1(a) and 1(b). Substituting
“—W,,” for the four-point vertex y*? in Eq. (A10) and using
Eq. (B6) and the relation al=1- [Timp U, one can get the
trivial solution ) gv10w&v(Yve — 1) = 0. Therefore, as it was
shown in Eqs. (B7) and (BS), in this region EDMFT + GW
in the U V- decoupling form reproduces the result of the GW
approach. In the other regions, where the bare vertex yp = 1
does not give the main contribution to the full three-point
verteX Yy, EDMFT 4+ GW shows a result different from
the GW approach, but unfortunately, it is not correct to
approximate the full local vertex y*° by the local W, there.
As it was pointed out above, one of the advantages of the DB
formalism is that the full impurity vertices, in particular the
full four-point vertex y*°, are used in the dual diagrams for
the self-energy and polarization operator. This full vertex y*°
is small and consists of the two large contributions: reducible
(yriao) and irreducible (—yW,,y) with respect to renormalized
interaction W,,. These two contributions compensate each
other as shown in Eq. (47). If one accounts for only one large
irreducible contribution to the vertex function, it leads to an
incorrect description of the collective excitations and problems
mentioned above.

Finally, one can rewrite Eq. (B10) as follows:

Woo = Woo — Wo[1 + Mg, Weo + 15, Weo

+ 19, Weo T19, W | (B13)

and see that DB excludes not the full local renormalized
interaction W, of the impurity model from the full lattice
interaction W, but the local interaction, that is renormalized
by nonlocal polarization and nonlocal interactions Wy, and
Wgo- Therefore, the DB approach, which is free from the
double-counting problem by construction, excludes fewer
contributions from the full lattice renormalized interaction
than the EDMFT + GW approach, and effects of the impurity

model are not suppressed in our calculations.
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IV. EFFECTIVE ISING MODEL FOR CORRELATED SYSTEMS WITH
CHARGE ORDERING
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Collective electronic fluctuations in correlated materials give rise
to various important phenomena, such as charge ordering, supercon-

ductivity, Mott insulating and magnetic phases, and plasmon and
Notex

magnon modeg . Unfortunately, the description of these correla-

tion effects requires significant effort, since they almost entirely rely
on strong local and nonlocal electron-electron interactions. Some col-
lective phenomena, such as magnetism, can be sufficiently described
by simple Heisenberg-like models that are formulated in terms of
bosonic variables. This fact suggests that other many-body excita-
tions can also be described by simple bosonic models in the spirit
of Heisenberg theory. Here we derive an effective bosonic action for
charge degrees of freedom for the extended Hubbard model and de-
fine a physical regime where the obtained action reduces to a classical
Hamiltonian of an effective Ising model.

Notex Major parts of this section have been published as Phys. Rev. B 99, 115124 (2019)
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A. Introduction

Studies of highly correlated electron systems are one of the "hot”
areas of condensed matter physics. In particular, a tremendous num-
ber of papers have been concerned with the problem of collective phe-
nomena is solids, such as charge ordering, superconductivity, Mott
insulating and magnetic phases, plasmon, magnon modes and oth-
ers. Some of these properties, e.g. magnetism, can be described by
Heisenberg-like models formulated in terms of bosonic variables only,
which drastically simplifies solution of the problem. The existence
of a classical "bosonic” description for spin degrees of freedom relies
on the existence of a, so called, adiabatic approximation. The lat-
ter implies that spin degrees of freedom are much slower and have
lower energy than single-particle (electronic) excitations. Therefore,
magnetic excitations can be clearly distinguished from electronic fluc-
tuations at the corresponding time and energy scale. Over the past
decades, the random phase approximation (RPA) [29-31] was and
is still the dominant approximation of collective charge excitations
in the modern condensed matter theory. The reason for its success
are due to the fulfillment of the charge conservation as well as qual-
itatively good description of plasmonic modes. However the RPA is
limited to weakly correlated systems since plasmons are considered as
a infinite summation of electron-hole pairs of bare electron propaga-
tors with unrenormalized energy spectrum. For a correct description
of plasmons in a correlated system with large electron-electron inter-
actions it is unavoidable to consider diagrammatic vertex corrections
to the polarization operator. In practice most of the advanced meth-
ods with diagrammatic corrections violate the charge conservation
law [12, 132], which is reflected in the plasmonic modes. Neverthe-
less, recently a new theory that allows a conserving description of
plasmons beyond RPA was proposed in [33]. This approach is based
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on the Dual Boson (DB) theory [23] 25] and considers the polariza-
tion operator in the two-particle ladder form written in terms of local
three- and four-point vertex functions. A further extension of this
method to the multiorbital case is challenging due to its complicated
diagrammatic structure.

Another interesting feature of collective charge excitations in many
realistic systems is a tendency to charge ordering (CO), which is
widely discussed in the literature starting from the discovery of the
Verwey transition in magnetite FesO,4 [34H36]. Nowadays, there is a
number of materials, such as the rare-earth compound YbyAsz [37-
39], transition metal MX, [40-42] and rare-earth R3X, [43H45]
chalcogenides (M= V., Nb, Ta; R=FEu, Sm; X=S§, Se), Magnéli
phase Ti O7 [46H49], vanadium bronzes Na, V5035 and Li, VoO5 (see
Ref. 39 and 50, and references therein), where CO was observed.
Since this phenomenon is based on the presence of strong local and
nonlocal electron-electron interactions, the theoretical description of

this issue also requires the use of very advanced approaches (see e.g.
Refs. b1l and 52).

Recent theoretical investigations of charge correlation effects caused
by the strong nonlocal Coulomb interaction indicate that the descrip-
tion of collective charge excitations in the correlated regime can be
drastically simplified. Thus, the study of charge ordering within
the DCA [28], Dual Boson [24, [53] and GW-+EDMFT [12 27] ap-
proaches showed similar results for the phase boundary between the
normal and CO phases. The fact that a much simpler GW+EDMET
theory performs in reasonable agreement with the more advanced
DB approach and with almost exact DCA method suggests that
collective charge fluctuations can be described via a simple theory,
at least in a specific physical regime. Unfortunately, the use of the
GW+EDMEFT theory for description of charge excitations is not fully
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justified, since this approach suffers from the Fiertz ambiguity when
the charge and spin channels are considered simultaneously [20), [54]
and the “HS-UV/V” decoupling problem [9, 55]. In this regard,
the simplified (DB—GW) [24, 53] approximation of the DB theory
that does not consider vertex corrections and is free of the above-
mentioned problems seems more preferable. However, it provides
much worse results than the DB [53] and GW+EDMFET [27] theo-
ries. Therefore, the problem of the efficient description of collective
charge excitations in correlated materials is still open.

In the case when accurate quantum mechanical calculations are
challenging, the initial quantum problem can be replaced by an ap-
propriate classical one. This thermodynamical approach is widely
used, for example, for a description of ordering in alloys [56H61].
There, the total energy of the ground state is mapped onto an ef-
fective Ising Hamiltonian, with parameters determined from ab ni-
tio calculations within the framework of the density functional the-
ory [62-64]. However, to our knowledge, no attempts to extend
this theory to the description of charge fluctuations in the corre-
lated regime and to derive the pair interaction of the Ising model
directly from the quantum problem have been reported yet. Addi-
tional impulse for investigation of this important problem is given by
theoretical studies of magnetism in correlated electronic systems [65-
69], where an effective classical Heisenberg model for the quantum
problem was derived. Since magnetism is also a collective electronic
property, one may expect that charge degrees of freedom can be
treated in a similar way.

Motivated by above discussions, we introduce a new theory that
describes charge excitations of the extended Hubbard model in terms
of bosonic variables that are related to electronic charge degrees of
freedom. The corresponding bosonic action of the model is derived
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with the use of the advanced ladder DB approach. Consequently,
the charge susceptibility that enters the action has a complicated di-
agrammatic structure that takes into account frequency dependent
vertex corrections. Further, we observe that the dependence of local
vertex functions on fermionic frequencies is directly connected to the
value of the double occupancy of lattice sites. Moreover, we find that
in a wide range of physical parameters, when the double occupancy
is large, this dependence is negligible, and the expression for the
charge susceptibility can be drastically simplified. Thus, the theory
reduces to an improved version of the GW-+EDMFT and DB—GW
approaches, and the expression for the susceptibility takes a sim-
ple RPA-like form constructed from the lattice Green’s functions.
Finally, It has been showed that in the case of well-developed collec-
tive charge fluctuations the initial quantum problem can be mapped
onto an effective classical Ising Hamiltonian written in terms of pair
interaction between charge densities.

B. Bosonic action for electronic charge

Let us start with the following action of the extended Hubbard
model written in the Matsubara frequency (v,w) and momentum

(k, q) space

S=- Z Cxy {ZV + U Ek} Cp T+ 5 Z [U + VQ] pquqw’ (23)

k,V q,w

Here ¢, (¢,) are Grassmann variables corresponding to the cre-
ation (annihilation) of an electron. ey is the Fourier transform of the
hopping amplitude ¢;;, which is considered here in the nearest neigh-
bor approximation on a two-dimensional square lattice. The energy
scale is 4t = 1. U and Vq are local and nonlocal Coulomb inter-
actions, respectively. Charge degrees of freedom are described here
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introducing the bosonic variable pq, = nqw — (Nqw) that describes
variation of the electronic density ngw = D 1 ), s GooCrcrqutwe 100
the average value. Hereinafter, spin labels o =7, | are omitted.

An effective bosonic action for charge degrees of freedom can be
derived following transformations, as presented in a recent work [69].
There, the lattice action (23)) is divided into the local impurity prob-
lem of the extended dynamical mean-field theory (EDMFT) [13-
16, [70] and the remaining nonlocal part. In order to decouple the
single-electronic and collective charge degrees of freedom, one can
perform dual transformations of the nonlocal part of the lattice ac-
tion that lead to a new problem written in the dual space [24] 53].
The inverse transformation back to the initial “lattice” space after
truncation of the interaction of the dual action at the two-particle
level results in the following bosonic action for charge variables (for

details see Ref. 69 and Appendix [IV GJ)
1 * —1
Sch — _5 g{; pquqw pqw' (24)

Here, the charge susceptibility X, in the conserving ladder DB
approximation is given by the following relation [69]

Xgl = [XDMFTT™ 4 A, — Vg, (25)

where A, is the local bosonic hybridization function of the impu-
rity problem. X0 =37 [ XD L, 1s the charge suscepti-
bility in the DMFT form [1, 3] written in terms of lattice Green’s
functions Gy, and two-particle irreducible (2PI) in the charge chan-

nel four-point vertices 735{0 of the local impurity problem (see Ap-

pendix [V G

X", = (X o+ Tk (26)

4%
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Here, [ng] = >k GxirqurwGxy 0, 1s a generalized bare lattice
susceptibility, and the inversion should be understood as a matrix
operation in the fermionic frequency v, v/ space. Note that in the
ladder DB approximation the lattice Green’s function is dressed only
in the local impurity self-energy and therefore coincides with the
usual EDMFT expression [13-16], [70]. Thus, the relation for the
lattice susceptibility can be written as X, = >, [qu] L, Where

_1 e
[)(qw] [)(O ] o LCifw _-‘Qp (27)
and we introduced an effective bare local Coulomb interaction
Uﬁfu} - _A 735£} (28)

Note that the 2PI vertex function 735L is defined here in the particle-
hole channel.

A recent study of magnetism of correlated electrons [69] shows that
if the system exhibits well-developed bosonic fluctuations, the corre-
sponding local vertex functions mostly depend on bosonic frequency
w, while their dependence on fermionic frequencies v, v/’ is negligible.
Therefore, one can expect that in a physical regime where charge

fluctuations are dominant the local 2PI vertex function in the charge

2PI =2PI

o, = 7, and the charge sus-

channel can be approximated as 7
ceptibility (25)) takes the following simple form

— — eff
X =Xgo ' = U = Vy (29)
Here, ng => [ng] = > 1w Grtqu+wGiy is the bare lattice
susceptibility, and the effective bare local Coulomb interaction (28))

transforms to Ut = —A, —72F1. As it is also shown in Ref. 69 and
Appendix [IV H, in the considered case of well-developed collective
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fluctuations the 2PI vertex function can be approximated as

Yo =xe X e =U = A, (30)
where x,, and x" are the full and bare local susceptibilities of the im-
purity problem, respectively. As a consequence, the effective bare lo-
cal Coulomb interaction reduces to the usual form Ut ~ U. There-
fore, the expression in Eq. [29)is nothing more than the RPA suscepti-
bility constructed on top of the EDMET result for Green’s functions.
It is worth noting that in the regime of strong charge fluctuations the
local self-energy takes the same form as in GW approach [21} [71], [72]
(see Ref. 169 and Appendix [[V H). Hence, the simplified theory can

be reduced to the GW method in the case when the nonlocal contri-

bution to the self-energy is also considered. Thus, we show that it
is indeed possible to describe strong charge excitations by a simple
bosonic action (24)) in terms of charge susceptibility (29) that does
not contain vertex corrections.

C. Regime of strong charge fluctuations

Now, let us define the physical regime where the presented above
technique is applicable. In Ref. 169 collective excitations were studied
in the ordered (antiferromagnetic) phase, where the proximity of the
local magnetic moment m to its maximum value served as a signa-
ture of well-developed spin fluctuations. Here, we are interested in a
similar description of a more complicated case when collective charge
excitations are present in the system already in the normal phase.
Since in the latter case all lattice sites are described by the same lo-
cal impurity problem, the corresponding signature of strong bosonic
fluctuations can no longer be found among local single-particle ob-
servables that are identical for every lattice site. It is also worth
mentioning that, contrary to the magnetic phase where the order-
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Figure 1. (Color online) Double occupancy of the extended Hubbard model shown on the U-V phase
diagram. Calculations are performed in the normal phase where the value of the double occupancy
d is depicted by color. The gray part corresponds to the charge ordered phase. Values of the
double occupancy at the phase boundary are explicitly mentioned. The area depicted by the black

dashed line corresponds to the case of large value of the double occupancy d > 0.18 and shows the
regime where charge excitations can be described by an effective Ising model. Values of Coulomb
interactions U and V are given in units of half of the bandwidth (W/2 = 4¢ = 1). Therefore, the
effective Ising model can be used for a broad range of values of the Coulomb interaction, which
may even exceed half of the bandwidth. The inverse temperature is g = 50.

ing of single-particle quantites (local magnetizations) is realized, the
CO phase on a lattice corresponds to the ordering of dublons (see
i.e. Refs. [73 and [74) that are two-particle observables. For these
reasons, the double-occupancy of the lattice site, which is defined as
d = (nyny) with the maximum value dpya, = 0.25, could be used
as a fingerprint of the existence of strong charge fluctuations in the
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system. The corresponding result for the double occupancy of the
two-dimensional extended Hubbard model (23)) on the square lattice
is shown on the U-V phase diagram in Fig. 1) and obtained using the
DB approach [75] without the above approximation of the four-point
vertex function. The phase boundary (red dashed line) between the
normal (colored) and CO (gray) phases is determined from the ze-
ros of the inverse charge susceptibility X(;wl (29) at q = (7, 7) and
w = 0 point similarly to Refs. 24/ and [53. As expected, large charge
fluctuations in the normal phase emerge in the region close to the
phase transition to the ordered state. However, one can see that the
strength of these fluctuations is not uniformly distributed along the
phase boundary, since the value of d decreases with the increase of
the local Coulomb interaction.

In order to clarify the connection between the value of the double
occupancy and the strength of charge fluctuations, one can study
an effective bare local Coulomb interaction Ul‘jf,w defined in Eq. @
Fig. |z|shows the ratio Uff,w /U between the effective and actual local
Coulomb interactions as the function of fermionic frequency v at the
V' = w = 0 point. This result is obtained close to the phase bound-
ary between the normal and CO phases shown in Fig. [1| for different
values of the local Coulomb interaction U and, as a consequence,
of the double occupancy d. The exact values of U, V', and d for
these calculations are specified in Table [[I. Here, one can immedi-
ately see that the effective Coulomb interaction at small values of U
(large values of d) is almost frequency independent. Decreasing the
double occupancy the frequency dependence of U becomes crucial
and one can no longer approximate the local 2PI vertex function
by neglecting its dependence on fermionic frequencies. Remarkably,
the effective Coulomb interaction tends to the actual value of the
local Coulomb interaction at large frequencies for every value of U,

45



which is in perfect agreement with the theory presented above. A
similar asymptotic behavior was reported for the 2PI vertex func-
tion of the DMFT impurity problem (A, = 0) in Ref. [76. Thus, one
can conclude that the inclusion of the bosonic hybridization function
A, in the local impurity problem changes the w-dependence of local
vertex functions. The presence of A, in Eq. 25| restores the correct
frequency behavior of the lattice susceptibility. Therefore, the inclu-
sion of the A, in the theory has to be done consistently both in the
local impurity problem and the lattice susceptibility (25)), otherwise
it may lead to incorrect frequency behavior of bosonic quantities.
Results for U /U for other values of v/ and w can be found in Ap-
pendix and show a similar connection of the double occupancy
to the frequency dependence of the effective Coulomb interaction.

Let us now investigate the dependence of the effective local Coulomb
interaction on the bosonic frequency w. As shown in Fig. 2, the use of
the approximation presented above for the 2PI vertex 32 ~ 72"
in the large double occupancy regime is now justified. Then, the
effective Coulomb interaction U can be extracted from the simpli-
fied expression for the charge susceptibility (29)), where the left-hand
side is substituted from Eq. 25 Since the leading contribution to
the lattice susceptibility in this regime is given by the q = (m, )
momentum, the corresponding effective interaction shown in Fig.
reads

—1
U= x0-1 [XDMFT} — A (31)

(71‘;1‘),(,(} (m,m),w

Here, the result is obtained in the normal phase close to the CO
for the same values of Coulomb interactions as in Fig. [2. It is worth
mentioning that the above definition of the effective local Coulomb
interaction is similar to the one of the two-particle self-consistent
theory proposed by Vilk and Tremblay [77]. However, we use a more
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Figure 2. (Color online) Frequency dependence of the effective local Coulomb interaction Uﬁf,w

obtained for different values of U at the phase boundary between the normal and CO phases at
the v/ = w = 0 point for 8 = 50. As the double occupancy is decreased, the dependence of the

effective interaction on fermionic frequency becomes larger.

advanced expression for the lattice susceptibility X, contrary to
the RPA form with the bare Green’s functions considered in their
work. Remarkably, in the case when the double occupancy is close
to its maximum value, the effective Coulomb interaction U does
not depend on bosonic frequency either, and again coincides with
the actual Coulomb interaction. In the smaller d regime the bosonic
frequency dependence appears and cannot be avoided for considera-
tion anymore. Therefore, the large value of the double occupancy is
indeed an indicator of a well-developed charge fluctuations. Taking
into account results shown in Figs. [2| and [3] the value of the dou-
ble occupancy for which the effective local interaction is frequency
independent and coincides with the bare local Coulomb interaction
U can be estimated as d > 0.18. As schematically shown in Fig. [1]
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Figure 3. (Color online) Frequency dependence of the effective local Coulomb interaction Uzﬂr
obtained for 8 = 50 close to the phase boundary between the normal and charge ordered phases
for different values of the actual Coulomb interaction U. When the double occupancy is decreased,
the difference between the effective and actual local Coulomb interactions becomes more notable.

the corresponding region depicted by the black dashed line can be
distinguished for the relatively broad range of Coulomb interactions.
Remarkably, the latter may even exceed half of the bandwidth.

D. Extended Hubbard model upon doping

In order to demonstrate the power of the derived above approach,
let us investigate the phase boundary of the extended Hubbard model
in the hole doped case. Recently, this issue was addressed in the
Ref. [78] with the use of the within the dynamical cluster approx-
imation (DCA). It can be argued the latter method is much more
elaborate than the one presented in this work, and provides a quan-
titatively good result for the phase boundary between the normal
and CO phases. Here, the simplified result for the phase boundary
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is obtained using the expression (29) for the charge susceptibility,
where the effective local interaction U is replaced by the actual
value of the Coulomb interaction U according to the above discus-
sions. Parameters for numerical calculations are taken the same as

in the Ref. [78].

E. Effective Ising model

In general, the existence of separate dynamics and a corresponding
classical Hamiltonian for charge degrees of freedom is questionable.
The possibility to introduce a classical problem for certain collective
excitations is usually related to the existence of an adiabatic pa-
rameter that distinguishes these excitations from others that belong
to different energy and time scales. Thus, in the case of spin fluc-
tuations the adiabatic approximation is intuitive and implies that
collective (spin) degrees of freedom are slower and have lower energy
than single-particle (electronic) excitations [79]. Unfortunately, the
corresponding adiabatic approximation for charge degrees of freedom
does not exist. Therefore, it is very challenging to find a specific phys-
ical regime where the classical problem for charge degrees of freedom
can still be introduced. As was recently obtained for spin fluctua-
tions [69], the possibility of different energy and time scales separa-
tion lies in a nontrivial frequency behavior of local vertex functions.
If the dependence of the local vertex on fermionic (single-particle)
frequencies is negligibly small compared to the bosonic (collective)
frequency dependence, the separation of the corresponding bosonic
excitation is justified.

Thus, in the regime of large double occupancy (d > 0.18), which
is shown in Fig. [1] by the dashed black line, the quantum action (24))
can be mapped onto an effective classical Hamiltonian, similarly to
the case of collective spin fluctuations with the well-defined local
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moment [69]. Note that in the case of charge degrees of freedom, the
classical problem is given by the effective Ising Hamiltonian

Hy, = Z JqOq0_q (32)
q

written in terms of classical variables o0 = 1. An effective pair in-
teraction Jq between electronic densities can be defined from the non-
local part of the inverse charge susceptibility at the zero bosonic fre-
quency |68, 169]. Additionally, every quantum variable pg, in Eq.
has to be replaced by a classical value pg,, — 2v/d that describes a
deviation of the local electronic density from the average (half-filled)
value in the large double occupancy regime. In order to distinguish
local and nonlocal contributions to the inverse susceptibility (25)),
one can again use an approximated version of the local 2PI vertex
function in the charge channel. Since the latter does not depend
on fermionic frequencies in the regime of well-developed charge fluc-
tuations, the full four-point vertex #,,,, of the impurity problem
can also be approximated by the leading bosonic contribution. Ac-
cording to the Ref. 69 the latter corresponds to the full local charge
susceptibility ., that connects two three-point vertex functions ~,,,

(for details see Appendix [IV G))

Wyylw ~ —’yyw XW ,yyl+w,—w — DJ’.\‘\J""-\Q ) (33)

Then, the relation (25) for the charge susceptibility reduces to

—1 -1 (2
X = X"+ A — Vg — I, (34)
where the second order polarization operator reads
ﬁéﬁg — Z ’Yy+w,—wék+q,l/+wéku7u,wa (35)
kv
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Table I. Double occupancy d, correction U’ to the effective local Coulomb interaction U®f, and
static dielectric function € obtained close to the phase boundary between the normal and CO phases
for the given values of the local U and nonlocal V' Coulomb interactions.

0.1 0.5 1.0 1.5 2.0 2.5
0.045 0.130 0.265 0.420 0.630 0.965
0.25 0.23 0.21 0.18 0.14 0.10
U’ —0.48 —0.68 —1.11 —1.81 —2.85 —5.24
1.26 3.78 10.09 6.00 3.35 1.91

and Gy, is a nonlocal part of the lattice Green’s function. Then, the
effective pair interaction takes the following form

J. - -
4_; — Vq =+ Z ,VV,OGkﬁLq,UGkV’YV,O — Vq + @ (36)
kv

Using an exact relation between the 2PI four-point and full three-
point vertices, the latter can also be approximated as

/YV(U = X(;l + Aw _|_ Ueﬁ/ = X(?} _17 (37)

vrv'w

as shown in Appendix [[V H. Therefore, the result for the pair inter-
action ([36) between electronic densities at first glance reduces to a
similar expression for the exchange interaction derived for the mag-
netic system in Ref. 69. However, the “correction”

U =x.1 + Moo (38)

to the effective bare Coulomb interaction U®T in expression (37)
is larger than the local Coulomb interaction U as shown in Ta-
ble [IT. This is not surprising, because the relatively large value of
the inversed local charge susceptibility, which is defined as y, =
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— (n* n,), when two electrons occupy the same lattice site is ex-
pected. Therefore, the term U’ cannot be neglected, contrary to the
case of spin fluctuations at half-filling when the inversed local mag-
netic susceptibility X;io is negligibly small [69]. Since the effective
bare Coulomb interaction U in the regime of large double occu-
pancy coincides with the actual value of U, one can obtain a static
approximation for the three-point vertex (see Appendix [V H)

o1, U

Tv,0 = Xp=0 = e 1 — _U7 (39)

where e = U/Wj is a static dielectric function defined via the renor-
malized local interaction WW,,. Therefore, the final expression for the
pair interaction of the effective classical Ising model reads

Jq

g=Vat ; U Gysrqw G U. (40)

The effective Ising model is then can be used for modeling finite-
temperature thermodynamic properties of the system, such as the
electronic density, charge susceptibility, ground-state energy, and
configurational structure of material [56H61]. All these observables
make more sense in the broken symmetry (CO) phase, which is be-
yond the scope of the current study. However, the Ising model also
provides the analytical result for the transition temperature between
the normal and CO phases

T, =2J/In(1 + v2), (41)

where J = Jy_(r ) 18 the nearest-neighbor pair interaction. The
result for the transition temperature can be compared to the one of
the Ref. [78]. To this aim, the effective exchange interaction J is cal-
culated using the expression for the model parameters specified
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in this work.

F. Conclusion

In this work the bosonic action for charge degrees of free-
dom of the extended Hubbard model (23) has been derived. It was
found that local four-point vertex function of the impurity model is
independent on fermionic frequencies in the regime of well-developed
charge fluctuations. Remarkably, the latter can be efficiently deter-
mined looking at the deviation of the double occupancy from its
maximum value. Thus, strong charge fluctuations are revealed in
the case of large double occupancy (d > 0.18), which corresponds to
a broad range of values of Coulomb interaction. As a consequence,
it was found that in this regime the dynamics of charge fluctuations
can be described via a simplified RPA-like charge susceptibility (29)
constructed from the EDMFT Green’s functions. Moreover the effec-
tive local Coulomb interaction in this case coincides with the actual
value of the bare Coulomb interaction. Further, it was shown that in
the regime of well-developed charge fluctuations, the initial quantum
problem can be mapped onto an effective classical Ising model writ-
ten in terms of a pair interaction between local electronic densities.
Importantly, the expression for the pair interaction contains only
single-particle quantities, which can be efficiently used in realistic
multiband calculations. We further speculate that similar approxi-
mations are valid for systems that reveal strong charge fluctuations
beyond the half-filling (see e.g. Ref. 80 and references therein). We
believe therefore that results obtained in this work will help to de-
scribe collective charge excitations and ordering in a very broad class
of realistic materials with strong local and nonlocal electron-electron
interactions.
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G. Appendix A: Bosonic action for the extended Hubbard model

Here we explicitly derive a bosonic problem for charge degrees of
freedom of the extended Hubbard model. For this reason, one can di-
vide the lattice action into the local impurity Sy and nonlocal
Srem parts following the standard procedure of the DB theory [23)],24]

Simp = Z Coo liv + 10— A ¢, (42)

v,o

+U Z annwL + 3 Z Aw IOw P

rem - Z CkVU Ckya <43)

kl/O'

+3 Z _A pquqw+zjquqw7

q,w

where we introduced fermionic A, and bosonic A, hybridization
functions, and sources jq., for bosonic variables. The partition func-

tion of our problem is given by the following relation

= / Dic*, ce™®, (44)

where the action S is given by the Eq. 23l Using the Hubbard-
Stratonovich transformation of the reminder term S, One can in-
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troduce dual fermionic f*, f, and bosonic variables ¢ as follows
Zk v,o Cl*cya [AV_gk]Ckua = (45)
Df / D Zk Z/O'(kaO'[ v gk] 1fkl/O'+CkV0'ka0'+fkl/0'CkV0')’

e2 qupqw ]pqw = (46)
D, / Dio (5 S qu Su[Ao—Va] Gqurt o pqw)j
where terms Dy = det[A, — ex] and D b= /det[A | can be

neglected when calculating expectatlon values. Rescahng fermionic
and bosonic fields on corresponding Green’s functions of the impurity
problem as flg) — flﬁ? g, b and ¢q, — dqw X, ', and shifting bosonic
variables, the nonlocal part of the action transforms to

SDB - Z ff{kVagl/_Ul [gk T Al/}_lgl/_alfkl/a (47)
k,v,o
+ Z Ckyagya fkya + fkyagya Ckyg + E quw Xw pqw
k,v,o QW

1 . . - -1 - ;
B QZ (¢qw — Jqw Xou) le [Vq - Aw] 1 le <¢qw o ijqw) '
q,w

Integrating out initial degrees of freedom with respect to the im-
purity action (42)), one gets [23]

/D [C] 6_ ZZ Sigl)P_ZkvV,U [cik(VJgVU fkua—i_fkyggﬂolckyg] _Zq,w qbaw Xc:lpqw —
Zlmp X e Zk v,o fkl/crgl/ lfkl/a' 2 Zq w ¢qw Xw1¢qw [f,m : (48)

where Zi,, 1s a partition function of the impurity problem. Here,
the interaction Wf, @] is presented as an infinite series of full vertex
functions of the local impurity problem (42) [23, 25]. The lowest
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order interaction terms are

= S: S: S: (gbzw’yyw fl;kuafk—l—q,V—i-w,U (49)

k7k/7q ]/7V/7w 0-(/)
1

4 /yzjy’w fkl/afk—i—q,y—i—w a’fk’+q V4w, a”fk’ / ///) ,

where the full three- and four-point vertex functions are defined as

-1 —1 1
Vow = <Cl/0' Cz—kw,a pw>imp Xw Gvo gy+w o (50)
_ ~1 ~1 ~1
Yoo = <Cyacy+w o'l 4w, U”CV’J”’> gl/cf gy+w o! gz/—i—w o Gyt
Note that the four-point vertex 7,,,,, is defined here in the particle-
hole channel.

Therefore, the initial lattice problem transforms to the following
dual action

S - = Z fl;kl/agy_al [gk o Al/]_lgy_alfkycr (51)

k,v,o

+ Z fkya gl/_O'lka/O' + 3 Z ¢qw Xw ¢qw + W[f ¢]

* -3k —1 -1 1 .
o éz (gbqw o ]qw Xw) Xw [Vq o Aw] Xw <¢qw o Xw]qw) .
q.w
In order to come back to the original bosonic variables, one can
perform the third Hubbard-Stratonovich transformation as
. _ -1 .
6% qu(¢qw_]qw Xw)le{Vq—Aw} Xw1<¢qw—ijqw) — (52)
D- /D qu Qquw [Vq A }ﬁqw_ﬁbqw X;lﬁ—q,—w+jqw ﬁ—q,—w).

Comparing this expression to the Eq. , one can see that sources jg,
introduced for the initial degrees of freedom pg, are also the sources
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for new bosonic fields pq.. Therefore, fields pq,, indeed represent ini-
tial degrees of freedom and have the same physical meaning as origi-
nal composite bosonic variables pqw = > 16 o Ctqutwe — <nqw>
of the lattice problem (23). Nevertheless, pg. can now be treated as
elementary bosonic fields that have a well-defined propagator, since
they are introduced as a decoupling fields of dual degrees of freedom
¢qu and therefore, independent on fermionic variables g, (¢, )-
Taking sources to zero and replacing pg, by pqu, dual bosonic fields
can be integrated out as [69)

/D[¢] 6_%Zq,w Qbaw X(;l(bqw_(baw X{Slpqw—W[f,gzﬁ] _ (53)

1 * —1 WIf

where Z; is a partition function of the Gaussian part of the bosonic
action. Here, we restrict ourselves to the lowest order interaction
terms of W[f, ¢] shown in Eq. . Then, the integration of dual
bosonic fields in Eq. p3 simplifies and W[f, p| keeps an efficient dual
form of W[ f, @] (49) with replacement of bosonic variables ¢ — p

Y Y Y pqwf)/wakuofk—kq,y—l—w o (54)

kk qu w o
- [fyuy/w + Yow Xw7y/+w,—w] fkuafk+q,u+w,afk’+q,y’+w,a’fk’u’a’) :

As can be seen in Ref. |69, the four-point vertex becomes irreducible
with respect to the full local bosonic propagator y,,, while the three-
point vertex 7,, remains invariant. Therefore, the problem trans-
forms to the following action of an effective s-d model

R 1 * —
Ss-d - = Z fkyaGO 1fk1/0 o 5 Z pquE 1pqw + W[fa p}a (55)

k,v,o q,w
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where
Xe=[G A, - V] (56)

is the EDMFT susceptibility and Gy is a nonlocal part of the
EDMEFT Green’s function. When the main contribution to the
four-point vertex is given by the reducible contribution with respect
to the full local bosonic propagator, i.e.

Wyy’w = = Yow Xw Ww,—w = D ‘Q7 (57)

the interaction part of the action takes the most simple form
that contains only the three-point vertex function

W/[fv :0] = Z Z p:lwfyuwfﬁuafkqu,V—i-w,a' (58)

k,q vw,o

According to derivations presented in Ref. 69, one can integrate
out dual fermionic degrees of freedom using the ladder approximation
and obtain an effective problem written in terms of bosonic degrees
of freedom only

1 * —1
S = _5 Z pquqw Pqws (59)
q,w
where the expression for the lattice susceptibility reads
add1 —1 ~1
Kool =X AV (60)
Here,
- - ~2PI &g 170
XDWFT _ 1y {ng [[ +5 ng] } (61)

is the DMFT-like [1. B3] susceptibility written in terms of lattice
Green’s functions, and 2PI vertex functions of impurity model de-
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Figure 4. Frequency dependence of the effective local Coulomb interaction Uﬁfjf,w obtained for
different values of the actual Coulomb interaction U = 0.1; 0.5; 1.0; 1.5 (from left to right) in
the normal phase close to the charge ordering for different values of fermionic ¢/ and bosonic w
frequencies for = 50. The dependence of the effective interaction on fermionic frequency becomes
larger at larger Coulomb interaction.

fined as
~2P1 A 0 A -1
=A%) (62)

Here, multiplication and inversion should be understood as a stan-
dard matrix operations in the space of fermionic frequencies v, v/. I is
the identity matrix in the same space, and the trace is taken over the
external fermionic indices. For simplicity, we omit fermionic indices
wherever they are not crucial for understanding. Matrix elements
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of the bare lattice X gw and local impurity X" charge susceptibilities
are defined as

ng ! Z Gk—i—q vtw, JGkVU 51/y’ (63)

X?u; v/ Z 9v+w, agua5yy/ (64)

Matrix elements 7, of the four-point vertex function 7,, are defined
in .

Therefore, the charge susceptibility (60) in the ladder approxima-
tion can be rewritten as

~ ~ ~ -1
Xl _ Ty {ng [1 _ (1 v, + U;jff) ng] } . (65)

where we introduced an effective bare local interaction

U, = =N, — ¥, (66)

l/l/w

shown in Fig. Y| for different values of fermionic v/ and bosonic w
frequencies.

Another simplified expression for the charge susceptibility can be
obtained after expanding the simplified form of interaction Wf, p]
given by Eq. b8 up to the second order with respect to bosonic fields
p in the expression for the partition function of the action (55]). This

results in
_]_ ~
[Xéi,)] = =V, + A, +x.' - 0Y), (67)
where
- Z Totw,—w Gk+q,V+wakaa Vow (68)
k,v,o
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is the second order polarization operator and Gy, is a nonlocal part
of the lattice (EDMFT) Green’s function. As discussed in the main
text, this expression can be transformed to a pair interaction of the
classical Ising model.

H. Appendix B: Vertex approximation

According to discussions presented in the main text, the expres-
sion for the 2PI four-point vertex function can be approximated as
2~ 72" when its dependence on fermionic frequencies is negli-
gible. Then, using the exact relation for the local impurity suscepti-

bility

. R —1
xo =T {x) - 0FL K0} =T {»z?., ISR } (69

and assuming that the 2PI vertex does not depend on fermionic
frequencies, one gets

Voo =70 = X0 = x0T (70)
As shown in Ref. 69, in the case of well-developed collective fluctu-
ations the four-point function is described by the bosonic frequency
and three-point vertex function that enters the exact Hedin equa-
tion [21] for the self-energy and polarization operator of the im-
purity problem is close to unity. As a consequence, the local self-
energy and polarization operator take the same form as in GW ap-
proach [21) [71 [72]. Thus, the polarization operator of the impurity
problem can be approximated as I, ~ x° neglecting the vertex
function. Using the exact relation for the local charge susceptibility
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of the impurity problem, one gets the following relation
o =1 = (U+A) =x) ' = (U+A). (71)
Therefore, in the regime of strong charge fluctuations the 2PI vertex

function can be approximated as

712/};’50 ~ —U — Aw' (72)

The three-point vertex can also be approximated using the ex-

act relation between three- and four-point vertex functions, and the
simplified form of the 2P1 vertex [69]

Tow = Y = X;l - 73.;131 = X;1 + A, + Ufzﬁa (73)
where Ut = —A_ — 7P, Taking into account that in the regime of

well-developed charge fluctuations the effective interaction coincides
with the actual value of the bare local Coulomb interaction Ut ~ U,
one can further write

UW, B U
Ww - U B 1 - €w7
where we introduced the renormalized local Coulomb interaction

W, = U/(1 — 1I,U) that is connected to the bare Coulomb in-
teraction via the dielectric function e, = U/W,,.

Yo =X, A, U =11 = (74)
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V. PLASMONS IN DOPED MOTT INSULATORS
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A. Introduction

The progress in the study of the electronic structure in strongly cor-
related systems has gone very far. The development of the dynamical
mean-field theory (DMFT) [1], B] was an essential step forward for
correlated systems since it covers the interpolation between atomic
and band limits. In DMFT just the local correlations are taken into
account through the self-energy which is purely local and frequency-
dependent. Phenomena like the formation of Hubbard bands which,
arises from the spectral weight transfer, the band renormalization
and the associated mass enhancement, and the Mott transition [1} [7]
are described by DMFT. The success of DMFT gave rise to various
extension including non-local correlations. For example extensions
of DMFT are quantum cluster approaches [81] as well as the di-
agrammatic extensions such as the DI'A  [17], dual fermion [22],
and one-particle irreducible approach [18]. In contrast to that re-
alistic describtion of collective excitations in strongly correlated sys-
tems has not progressed as much. For example plasmons can be
described within the random phase approximation (RPA) [82H84] by
the Lindhardt function. RPA, where the bare Greens functions are
used within the bubble diagram renormalization has been applied
to many physical problems like the Landau-Fermi-liquid theory of
He? and also to ordinary metals [83]. If one uses the RPA approx-
imation for the electron liquid, it is known to capture the essential
physics in the high-density regime. RPA leads to the screening of
the long-range part of the Coulomb interaction and effectively reduc-
ing it. Also the well known GW and GW+EDMFT approximations
do not capture the essential effects due to their simple perturbative
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structure. Recently plasmons for a strongly correlated model sys-
tem have been calculated with the Dual Boson approach [33] with
very interesting effects like spectral weight transfer and renormal-
ized dispersion. The DB approach can be seen as a diagrammatic
extension around EDMFET. The momentum dependence of the polar-
ization operator is restored through a ladder summation of diagrams
containing three-point and four-point vertex corrections, which are
crucial for a conserving theory. Within DB one needs at least the
ladder approximation to restore a conserving theory.

Plasmonics seems to be the only viable way of realization of
nanophotonics, that means control of light at scales much smaller
than the wavelength. [85-87] On the other hand, plasmonics is a
key component for implementation of most metamaterials, and all
the interesting phenomena like negative refraction, superlensing, and
cloaking that they enable [86, 88, 89]. Plasmonic materials which
have tunable plasmons and low loss in the visible-ultraviolet range
are of interest. In principle such plasmons occur in metals but have
high plasmonic loss in the optical range. Since correlated plasmons
are found to be tunable with low loss in the visible-ultraviolet range
plasmonics research in insulating and strongly-correlated materials
is of high interest [90]. In addition properties of graphene still con-
tinue to attract intense research and the interest has also expanded
to stable graphene derivatives. Since graphene physics and plas-
monics, two rapidly developing fields match, this motivates us to
explore plasmons and in a newly available Mott Insulator materials
CoF and CoH with interesting properties. In this context, CoF and
CoH emerge as alternative, unique two-dimensional plasmonic ma-
terials that contain a wide range of specific properties (see Ref. [91]
and references therein). To describe plasmons in a material with
strong nonlocal Coulomb interaction like CoF and CoH we have to
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understand screening of Coulomb interaction induced by many-body
effects.

For the theory of interacting electron liquids exact sum rules are
good way to gain insight and to test the validity of certain approx-
imations. In the theory of two-dimensional and three-dimensional
Landau-Fermi liquids the f-sum rule was widely used. Especially in
the high-density regime, the relevant excitations are correctly cap-
tured by the RPA resummation and give rise to Landau quasiparti-
cles and a collective plasmon mode.

Here we study the plasmon spectrum with the DB and RPA ap-
proximation for doped CoF and CyH at arbitrary wave vector ¢ and
frequency w.
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B. Calculation

For our purpose we introduce the extended Hubbard model which
is the canonical example of a strongly correlated system which cap-
ture non-local correlation effects. In momentum space, its action is
given by

S=— Z Ckyo[ZV + = gk]ckya + 5 Z ququqw' (75)

kvo qw

Since we are interested just in charge fluctuations, the spin labels
av
(cq) corresponding to creation (annihilation) of an electron with mo-

will be suppressed in the following. Here Grassmann variables ¢

mentum k and fermionic Matsubara frequency v. The charge fluctu-
ations are given by the complex bosonic variable p, = ny, — (n) d,,
where n, = > c}c,., counts the number of electrons and w is a
bosonic Matsubara frequency. Additionally p is the chemical poten-
tial and ey is the Fourier transform of the hopping matrix element
t. In our case we choose five next nearest neighbors, where the
matrix elements are taken from a Wannier parametrization of the
first-principles LDA+SO Hamiltonian [91].

The long-range Coulomb interaction Uy = U + V4 is constructed
by first fitting the Coulomb interaction Ugr in the real space with
parameters from table [[I. Afterwards the summention is performed
over 720 basis vectors of the lattice taking care of divergent terms and
tails. The used Coulomb matrix elements were calculated using the
constrained random-phase approximation technique (cRPA) [92,193].
For calculation details see [91].

For our calculations, we choose the inverse temperature as 8 = 5,
while varying the chemical potential p from 1.7 to 2.0, where p =
2.0 corresponding the half-filed case. Our lattice size is chosen as
144 x 144. In each case, we start from a standard, self-consistent
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Table II. The local and nonlocal partially screened Coulomb interactions (in eV) and the hopping
parameters (in meV) for CoF and CoH.

CoH CoF
Interaction
Uno 4.69 5.16
Un 2.19 2.46
Uo2 1.11 1.66
Uos 0.85 1.46
Hopping

o1 39 -246
to2 -115 6
to3 -99 -21
toa 28 -12
tos 12 -10

EDMET calculation. For this purpose a hybridization expansion
continuous-time quantum Monte Carlo solver [94,95] with improved
estimators [96] is used to compute the imaginary-time correlation
functions of the impurity model. After the last impurity solver step,
we additionally calculate the full impurity vertex «,,,,,, in the charge
channel where v and w are fermionic and bosonic Matsubara frequen-
cies respectively. In the DB theory all non-local contributions are
constructed through dual fermionic (bosonic) self-energies 3, (IT,)).
In our case the dual fermionic self-energy is zero and the polarization
operator in DB formalism [23] is represented in the form
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5N (a) = [xw + xell(a)x.] o, (76)

where x,, denotes the impurity charge susceptibility and U, is the
retarded interaction, which describes the mean-field screening of the
local interaction. The dual bosonic self-energy is given by

- Z )‘V+w,—wXBw<Q)/\m(CI) (77)

and

ZGW k+q)Go(k) (78)

where X0 (q) is the non-local part of the bubble diagram [78 and
A denotes the triangular electron-boson impurity vertex.

In the DB ladder approximation the vertex corrections are taken
into account by

Ai/w - \Vw + Z Fyylw Vlw ))\I//wa (79)

where I',,,,(q) is the lattice vertex function in the particle-hole
channel, which is obtained by the Bethe-Salpeter equation [23]. The
ladder approximation in the DB approach, which is obtained by the
Bethe-Salpeter equation describes the repeated particle-hole scatter-
ing processes that cause the long-wavelength collective excitations.
In comparison the RPA charge susceptibility reads as
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RPA XO
q
— 2 30

where Xg is defined in [7§ without the tilde.

C. Analysis of the Results

In Fig. |5 we show the local density of states (DOS) for differ-
ent chemical potentials for CoH and CoF describes by an extended
Hubbard model within the DB and RPA approximation. Indeed we
see for RPA that the DOS exhibits a single quasiparticle peak at
the Fermi energy. In contrast the DOS in the DB approximation is
completely different and one can see two separated Hubbard bands.

Now we move to the discussion of the collective excitations. In
Fig. @vve plot the real part of the lattice susceptibility —%Xw(q)
as a function of momenta and real energies obtained by an opti-
mized implementation of a stochastic analytical continuation proce-
dure proposed by Andrey S. Mishchenko [97, [98]. One can compare
the obtained spectrum with experimental data from the angular re-
solved electron energy loss spectroscopy (EELS) [82,199]. We find
in the doped case, that the overall behavior of the DB results is
qualitatively similar to RPA. In the undoped case RPA gives still a
metalic solution, whereby in the DB case it is a Mott insulator. In
the vicinity of the I' point one can see a single plasmon branch for all
chemical potentials. The small difference in the plasmon spectrum
between RPA and DB is that in the DB approximation the spectrum
is rather well-defined whereas in the RPA case its more broadened.
Throughout the Brillouin zone we see a continuum of particle-hole
excitations which are vanishing at the I' point. The maximum energy
of the branch for CoH can be found between the I" and the M point
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Figure 5. Finite temperature local density of states of the two-dimensional extended Hubbard
model calculated within DB and RPA approximation for different values of the chemical potential.
On the right side one can see the DOS calculated within DB for CoF (top) and CoH (bottom) with
its characteristic double peak structure. On the left side one can see the DOS calculated within
RPA for CoF (top) and CoH (bottom) with its characteristic single quasiparticle peak. Analytical
continuation was obtained via Maxent.

as well as K and I'. In Fig. [7] one can see two branches. The lower
branch can be seen in Fig. |60 On the one hand the lower branch
stems mainly from particle-hole excitations for which the electron
is excited from the Hubbard band to the quasiparticle peak. On
the other hand the upper branch stems from excitations between
the Hubbard bands. These kind of splitting was also observed in
EDMFT+GW calculations with short-range interaction described
by the extended Hubbard model [11} [12].

Systematic experimental studies should give a clear evidence of
plasmon mode in doped Mott Insulators, which can be observed in
angle resolved photoemission spectroscopy ARPES experiments.
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Figure 6. Real part of the inverse susceptibility function of the 2D Hubbard model with for different
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Figure 7. Real part of the inverse susceptibility function of the 2D Hubbard model with for different
values of the chemical potential.
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D. Conclusions

We have presented the plasmon spectrum at high doping for CoF
and CyH which are located at the Mott Insulator Phase. We showed
that the RPA approximation can desribe plasmons in the strongly
doped Mott insulators well.
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VI. PROBING OF VALLEY POLARIZATION IN GRAPHENE VIA OPTICAL
SECOND-HARMONIC GENERATION

Graphene which is a monolayer of carbon atoms arranged in a hon-
eycomb lattice became several years ago one of the most promising
material with very interesting effects for applications [100-H102]. In
the short history of Graphene there is already a considerable amount
of new fundamental physics. Through its unusual electronic spec-
trum Graphene gives rise to the emergence of relativistic condensed
matter physics, where relativistic phenomena can be mimicked and
observed on the table (see e.g. [103]). The electronic band struc-
ture of Graphene allows for a description of the electronic properties
in terms of an effective field theory which is equivalent to quantum
electrodynamics (QED) in 2 + 1 dimensions. The most significant
phenomena which were observed in Graphene are the Klein para-
dox [104] and the Zitterbewegung [104]. The electronic spectrum of
Graphene results from the charge carriers which are massless Dirac
fermions [105, [106]. Graphene also fascinates with its high crystal
quality responsible for the ability of charge carriers to bypass thou-
sands of interatomic distances without scattering [105, 107, [108].

The valley degree of freedom of charge carriers for Graphene and
other semiconductor systems with Valleys gives rise to promising ap-
plications [109, [110]. So far different proposals have been made how
to probe valley generation in Graphene [111H115]. Nevertheless the
lack of efficient and robust methods to create valley polarization in
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Graphene is still a challenge. In this work, we use a single-particle
approximation to describe valley polarization in Graphene through
breaking inversion symmetry which leads to second harmonic gener-
ation. This could be used for investigating ultrafast valleytronics in
Graphene.
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Valley polarization in graphene breaks inversion symmetry and therefore leads to second-harmonic generation.
We present a complete theory of this effect within a single-particle approximation. It is shown that this may be
a sensitive tool to measure the valley polarization created, e.g., by polarized light and, thus, can be used for the

development of ultrafast valleytronics in graphene.

DOI: 10.1103/PhysRevB.91.041404

The unique electronic properties of graphene [1-3] open
ways for many interesting and unusual applications. In
particular, a concept of valleytronics was suggested [4], that
is, a manipulation of valley degree of freedom (conical
points K and K’), in analogy with the well-known field of
spintronics [5]. Up to now, many different ways for the creation
of the valley polarization in graphene have been proposed
(see, e.g., Refs. [6-8]). At the same time, defection of the
valley polarization is a tricky issue. The first suggestion,
the use of a superconducting current through graphene [9],
does not look suitable for practical applications, e.g., due
to a requirement of low temperatures. It was mentioned in
Ref. [7] that the breaking of inversion symmetry by the valley
polarization can be probed via second-harmonic generation
(SHG), a well-known nonlinear optical effect [10]. Together
with their suggestion to use linearly polarized light to create
the valley polarization (recently, it was experimentally realized
for another two-dimensional crystal, MoS, [11,12], with
circularly polarized light) it would open a way to ultrafast
valleytronics where all manipulations with the valley degree
of freedom are performed via short laser pulses, as illustrated
in Fig. 1. In spintronics, this is now one of the most prospective
lines of development [13].

There is, howevez, a problem. SHG is related to the term in
the current density j proportional to the square of the electric
field E:

Jo = XaﬁyEﬂEy~ €))

For a system with inversion center ¥ = 0. This does not mean,
however, that SHG is impossible since the photon wave vector
g plays the role of a factor violating inversion symmetry, and
there is a contribution to the current

Jo = Gupys EgE,qs. )

For the case of graphene and other two-dimensional electron
systems it was calculated in Ref. [14]. In comparison with
Eq. (1) it contains a relativistic smallness parameter vy /c ~
1/300 where v is the Fermi velocity and c is the velocity of
light. At the same time, the current in Eq. (1) is expected to be
proportional to the valley polarization. The order of magnitude
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of the valley polarization which can be really probed via SHG
depends on explicit values of the tensor x, which will be
calculated in this work.

Valley polarization can refer either to different occupations
or to different current densities due to electrons from the K
and K’ valleys [4]. In the following, we consider different
occupations in the K and K’ valleys, which corresponds to
different chemical potentials p &+ §u, as illustrated in Fig. 1.
Possibilities to generate this kind of valley polarization include
quantum pumping [8], nonuniform valley current densities [4]
as well as valley Hall effects [15].

We start with a derivation of the effective Hamiltonian of
electron-photon interaction for the case of graphene (c.f., e.g.,
Refs. [3,16]), as the case of nonlinear optics requires special
care. Let us consider a general Hamiltonian of band electrons
in electromagnetic field described by the vector potential
A(r,?):

R,
; e [T i
H = Z tieLexp (lz/ drA(r,t)) C;LJCJ'L/U, 3)

ijLL o L

where R;; is the atomic position and L = (n,/,m,y) is a
combined index of quantum numbers of atom y (in the
equations we assume /& = 1). The atomic positions can be
separated into two parts

R =R, + por, 4)

where the former indexes the unit cell i and the latter the atom
L within the cell in the case of a multiatomic unit cell (like the
honeycomb lattice of graphene). We assume, as usual, that the
interaction with the electromagnetic field is taken into account
via Peierls substitution

RiL
el =l exp <if / drA(r,t)) )
C

for the electron creation operators cJ.L 1o and similarly for the

electron annihilation operators ¢;z . tiIJ'L are the parameters of
the band-structure Hamiltonian.

Since we are interested in terms up to second order in the
vector potential we expand the hopping and treat the additional
terms proportional to the vector potential as perturbation. The

©2015 American Physical Society
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Reciprocal space

Real space
2ho

I~3 uz

FIG. 1. (Color online) Illustration of second-harmonic genera-
tion in graphene. SHG requires breaking of inversion symmetry
which can be achieved through valley polarization as illustrated in
the left panel. Valley polarization is modeled in terms of different
chemical potentials u £ S in valleys K and K'. With the choice of
the coordinate system illustrated in the right panel, valley polarization
breaks the x — —x mirror symmetry. The second-harmonic intensity
I is proportional to 8.

Hamiltonian then becomes
H=H9+HY + H® + 0(A?)

, e
L'L .
E 1 ch/ach(, +lea(t)

ijLL o
X Z tiS/L(RiL’a_RjLot)Cijacha
ijLL\o
1/ e\ L
+5 (12 ) A®A0) D 1 (Rive

ij,LL o

—Rjra)(Ripg — RjLﬂ)C;rLfgcha + 0%, (©)
where the second equation is defined in powers of the
vector potential and we further assumed that the vector

potential slowly varies in r. With a basis transformation
to Bloch waves ¢k, = \/#ﬁ > j exp(ikR)c;r, the bare part

of the Hamiltonian is diagonalized according to H© =

0 1 ;
Zk,LL’,a Hy 1 1/ Ckpo kLo With

HY o= th" exp[-ik(R; — R))]. (7
ij

Now one can distinguish between two currents which are
defined using the Hamiltonian (6) by

0H )
H(1) — N L
- =¢ Vka' Ck1/oCkLo> 8)
.V W6 0} N LLZkU ko CkL'oCkLo
8’H .
o = 2 LL 1
Jap = 5 e nsAenl. € vl et it
af SAa(I',l)(SAﬁ(r,t) A=0 LI;(:U keBCkL'oc kLo
)

where
LL _ . L'L
Vi =1 E 1;; " (Riva — RjLa)
i

x exp[—ik(R; — R;)] (10)
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and

U]%o% = (i) Zt,‘?L(RiL’a — Rjra)(Rirp — Rjrp)
i~

x exp[—ik(R; — R;)]. (11

With Fourier transform of the band Hamiltonian (6) we can
reexpress the generalized velocities resulting from Eq. (10)
according to

Vi = [, —i(pf —

and Eq. (11) leads to

o) H) 1 (12)

Uiy = [, Ok, +1 (0 — pF) 0k, +i (0L — 0L,

—(pf = 1) (0L = PL) | Hich (13)

We will use these general expressions for the particular

case of graphene, in a single-band approximation (7 bands

only) taking into account only the nearest-neighbor () and the

next-nearest-neighbor (¢') hopping parameters [17]; the latter

can be important since it breaks the electron-hole symmetry

of the Hamiltonian which as we will see is essential for SHG.

There are two contributions to the electric current quadratic

in the vector potential A(r,?). Note that we now switch to the
response of an electric field by using the identity

. Eol(r’t)

Lawn =i (14)
Cc

The contributions to the nonlinear optical conductivity (1) via
Feynman diagrams are drawn in Fig. 2.

The corresponding algebraic equation for the triangle
diagram is given by

triangle
afy

3
——i55 XY X kv

XU G, (Kiv + i G (kiv — iw), (15)

(lw,iw,2iw)

20 < e
J

Q)
2(0'\©iH(2)
j

Q)

FIG. 2. (Color online) Two second-order contributions to the
nonlinear susceptibility. Top: triangle diagram. Bottom: nonlinear
bubble diagram. Solid lines are electron Green'’s functions and wavy
tails indicate photons involved in the processes.
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and for the nonlinear bubble diagram

bubble

Xapy (w,io,2iw)

xvpas G, (kiv — i G, (kiiv + iw). (16)

Here L;,...,L¢ are pseudospin indices, B = 1/T is the
inverse temperature (we use the units 7 = kg = 1), and

1

G(iv)= ———
@) iv+u—H

A7)
is the Green’s function with x being the chemical potential
counted from the neutrality (conical) point. Thus, the nonlinear
susceptibility is given by

bubble +

iangl
Xapy = X[xﬁy Xmang e. (18)

aBy

Note that the minus sign from the fermion loop should be taken
into account in both diagrams. The factor § appears due to
Eq. (14). We pass, as usual [18] to imaginary (Matsubara)
frequencies; at the end of the calculations the analytical
continuation to the real axis iw — w + i§ is performed.

If we take into account electron-electron interactions the
nonlinear conductivity will be renormalized by three-leg and
six-leg electron vertices; the corresponding expressions can be
found in Ref. [19].

It is obvious by inversion symmetry that for the non-valley-
polarized case ¥ = 0. We mimic the valley polarization by
splitting the Brillouin zone into two symmetrically chosen
parts, one containing the point K and the other part containing
the point K’, and assuming different chemical potentials for
these two parts. We then expand all the quantities dependent
on the chemical potential as

S +dp) — f(u—dpn) = 2%&?(% (19)
We evaluated the derivative dx/d6u analytically using
Eqgs. (15) and (16) and then performed a numerical summation
over Matsubara frequencies and wave vectors involving half of
the Brillouin zone. We choose B = 40/eV, which corresponds
to a temperature of 290 K. In this case, sampling of the
Brillouin with 121 x 121 k points and summation of 200
(1000) fermionic Matsubara frequencies are required to reach
convergence for the triangle (nonlinear bubble) diagram at
bosonic Matsubara frequencies €2, = 2zn/f in the range of
n=1,...,20.

A symmetry analysis shows that there are only two
independent components of the tensor X, Xixx = —Xxyy =
—Xyxy = ~ Xyyx and Xyyy = —Xyxx = —Xaxy = —Xayx [10].
With the choice of coordinates made here, the K and K’ points
of the Brillouin zone are on the positive/negative x axis (see
Fig. 1). Thus valley polarization breaks inversion symmetry
with respect to the x direction, x — —x, but the y - —y
symmetry is preserved. Thus, we have x,,, = 0 and we will
show the results only for xyx-

The computational results for the case of finite chemical
potential u = 0.2¢ are shown in Fig. 3. For the case u = 0,#' =
0 one finds dy,xx/du = 0, due to electron-hole symmetry.
Nearest-neighbor hopping ¢’ breaks this symmetry and leads
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(O]

FIG. 3. (Color online) Computational results for A=
—(ha))”’;% (in the units of e’a/h, a is the lattice constant)
as a function of real frequency w (in the units of #/h). The total
answer is the sum of the triangle and bubble contributions.

tononzero d .y, /dp even at © = 0 and according to Ref. [17]
we have ¢’ & 0.1¢. Our calculations show, however, that for
u = 0.2¢ the effects of finite ¢ are negligible leading only to
a few-percent corrections.

One can see from Fig. 3 that a dimensionless quantity A
characterizing the valley-polarization induced SHG is pretty
large, of the order of ten, despite the smallness of the ratios
t'/t and p/t. It is consistent with the computational results
[20-22] on SHG in chiral nanotubes which turned out to be
strongly enhanced in comparison with conventional materials
without inversion symmetry. A comparison with the results of
Ref. [14] shows that the valley-polarization induced SHG will
be dominant if |84/t > 0.01vg/c ~ 3 x 107>, Note, that one
additional smallness in order of magnitude originates from the
factor 3/8m ~ 0.1 in Ref. [14] and another one from the fact
that A ~ 10.

Typical nonlinear crystals have second-order nonlinear
susceptibilities on the order of § = 0.1 to 100 pm/V [10].
It is interesting to see which amount of valley polariza-
tion is required to reach this order in graphene. From
the current density j = xE?> we obtain the oscillating
in-plane charge density |o| =]j|/c and the associated
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electric field E,, = o/ey = x E*/eoc = % E>. With photon
energies on the order of iw = 1.5 eV & 0.5f and A ~ 10 we
find thus %/8u = —A(e3a/h)/[eoc(hiw)?] ~ 1(A/V)/eV =
100 (pm/V)/eV. Thus du 2 1 meV is required to reach
X =0.1pm/V.

This means that SHG is, indeed, a very efficient tool to
probe the valley polarization in graphene. Our results show that
“triangle” and “bubble” contributions to the second-harmonic
generation are, in general, comparable. Also, one can see that
they have quite a similar frequency dependence. An alternative
way to probe the valley polarization is the photogalvanic effect,
thatis, generation of dc current under laser pulses. This process
is described by the quantity X, (w,w,0) which is of the
same order of magnitude as xqg,(@,w,2w) calculated here.
It would be very interesting to probe both of these effects
experimentally in graphene with valley polarization.

In monolayer MoS,, valley polarization is controllable by
(linear) optics [11,12]. Symmetry-wise MoS, corresponds to
graphene with broken sublattice symmetry (i.e., Dsj,), where
Mo atoms occupy sublattice A and the S atoms reside on
sublattice B. Thus, there is no y — —y mirror symmetry
and y,,, 7 0 even in the absence of valley polarization. The
initial x — —x mirror symmetry of MoS, ensures, however,
that nonzero .., requires additional symmetry break as
provided, e.g., by valley polarization. Thus, the concept of
nonlinear optics and photogalvanic effects to detect valley
polarization is partly transferable to MoS,. It works with light
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which is linearly polarized in the x direction but not in the y
direction.

Lattice matched graphene-hBN (hexagonal boron nitride)
heterostructures have proven to allow for nonlocal transport
phenomena based on the valley degree of freedom over
micron scale distances [15]. It appears thus highly promising
to combine the advantages of MoS, (optical generation of
valley polarization [11,12]) with those of graphene (trans-
port properties). Finally, for graphene (not lattice matched
to hBN) very close to the neutrality point a flavor Hall
effect has been observed which could be of spin or valley
origin [23]. Measuring SHG could solve this puzzle, since
only valley but not spin polarization would lead to an SHG
signal.

Note added. Recently, a related work, Ref. [24], reporting
similar results has been published. While Ref. [24] focuses on
lower energies (the authors of that work use Dirac spectrum
with trigonal warping corrections, instead of the full tight-
binding spectrum as in the present work), the conclusions
drawn here and in Ref. [24] are in agreement.

The authors acknowledge financial support from European
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Graphene Flagship and the Deutsche Forschungsgemeinschaft
(DFG) through SPP 1459. M.LK. also acknowledges financial
support from the European Research Council Advanced Grant
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VII. GENERAL CONCLUSIONS AND PERSPECTIVES

The work presented in this thesis has contributed to the devel-
opment of an approximation improving over EDMFT, which takes
local correlations from EDMFT and includes in a proper way non-
local correlations. It is based on the exact path-integral transforma-
tion from numerically exact local solutions to pure non-local dual
variables. This technic serves a way to include non-local correlation
to EDMFT already at the propagator level in the diagrams and is
by construction free of double-counting problems. This way of in-
cluding non-locality gives an improvement in the phase boundary
between the charge-ordered and the Fermi liquid phase compared to
the EDMFT+GW in the V-decoupling schema. It is also shown,
that previous approaches, such as EDMEFT4+GW and TRILEX, can
be easily derived from the exact dual transformations. Moreover,
the dual way of exclusion of the double-counting can be straightfor-
wardly extended to all EDMFT++ approaches. Therefore, for the
same computational complexity as the standard EDMFT4+GW ap-
proach. The non-trivial ”dual boson” way of including local vertices
in the first-principle EDMFT+GW approach opens a new direction
in the description of collective excitations in solids.

Additionally we derived the bosonic action for charge degrees of
freedom of the extended Hubbard model. In the region where the
charge fluctuations are prominent, the local four-point vertex of the
underlying impurity model does not depend on the fermionic frequen-
cies. In the region where the charge fluctuations are well-developed
one can decisively determine by looking at the deviation of the dou-
ble occupancy from its maximum. As our study shows, the latter
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corresponds to a large value of the double occupancy and can be dis-
tinguished for a broad range of values of Coulomb interaction. Re-
markably, the local Coulomb interaction may even exceed half of the
band-width. Thus, in the case of well-developed charge fluctuations,
the derived quantum bosonic problem can be mapped onto an effec-
tive classical Ising model formulated in terms of a pair interaction
between local electronic densities. Importantly, this pair interaction
can be obtained calculating a convolution of two non-local Green’s
functions without vertex corrections. To our knowledge, the derived
simple formalism was never presented in the literature before and is
believed to be applicable to a very broad class of alloys and ordered
systems.

Finally, we showed that second harmonic generation is, indeed, a
very efficient tool to probe the valley polarization in Graphene. The
"bubble” and the "triangular” diagrams which were calculated have a
comparable magnitude. The third diagram of third order with three
curly lines and a bubble, which is a constant, gives no contribution.
The frequency dependence of both diagrams has similar behavior.
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