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We present a theoretical framework and implementation details for self-energy embedding theory
(SEET) with the GW approximation for the treatment of weakly correlated degrees of freedom
and configuration interactions solver for handing the strongly correlated degrees. On a series of
molecular examples, for which the exact results are known within a given basis, we demonstrate that
SEET(CI/GW) is a systematically improvable and well controlled method capable of giving accurate
results and well behaved causal self-energies and Green’s functions. We compare the theoretical
framework of SEET(CI/GW) to that of GW+DMFT and comment on differences between these to
approaches that aim to treat both strongly and weakly correlated simultaneously.

I. INTRODUCTION

The quantitative simulation of realistic correlated
solids and molecules requires the accurate description
of a large number of degrees of freedom. Only some of
these are strongly correlated. A successful approach has
therefore been the combination of weak correlation meth-
ods, such as the GW method or the density functional
theory in the local density approximation (LDA), with
non-perturbative methods for low-energy effective mod-
els, such as the dynamical mean field approximation.

The polynomial scaling of the weak correlation method
then allows one to treat large systems, while the dynami-
cal mean field approximation replaces the intractable lat-
tice problem with an impurity problem coupled to a self-
consistently adjusted bath, which is numerically solvable.

The combination of band structure methods with dy-
namical mean field theory (DMFT) has enjoyed great
success, in particular when applied to materials with d
and f shells. However, ambiguities at the interface of
the weak- and strong-correlation methods, related in par-
ticular to the choice of “double counting” and the im-
purity interaction parameters in LDA+DMFT#, and to
the proper numerical treatment of general four-fermion
screened interaction terms in GW+DMFT4 have ham-
pered progress. Moreover, the assumption that strong
correlations are spatially localized, which is the premise
of the dynamical mean field approximation, may not be
valid in real compounds.

Recently we introduced an approximation scheme, the
self-energy embedding theory (SEET "2 that does not
suffer from these limitations. First, due to the diagram-
matic nature of the method, no double counting prob-
lem arises. Second, the absence of frequency-dependent
interactions in the strongly correlated part means that
standard multi-orbital impurity solvers can be employed
and no ambiguity in how the Coulomb interactions are
handled exist. Finally, the method does not rely on an
a priori determination of the correlated subspace and in
particular does not assume that strong correlations are
local, but rather introduces a small control parameter
that can be used to adaptively choose orbitals and sys-

tematically converge to the exact solution.

In a series of previous papers” 2 we studied the be-

havior of SEET where the weak-correlation method em-
ployed was the second order perturbation theory (GF2).
In the present paper, we show how SEET performs when
GF2 is replaced by the GW approximation. QM/QM em-
bedding methods for realistic systems are not well stud-
ied, and prior work on non-perturbative strong correla-
tion methods for small systems based on diagrammatic
theory have shown problems ranging from convergence
to the “wrong” fixed point’ to causality violations'.
We show here that no such problems are observed in our
implementation of SEET, and that in fact the precision
achieved with SEET along the entire range from weak
to strong correlations is comparable to state-of-the-art
quantum chemistry wave function methods, to which we
carefully compare. As a testbed, we use small molecular
examples, for which exact or nearly exact reference re-
sults within a given basis set are available. Energies are
straightforward to compare to reference wave function
methods which have entirely different strength and weak-
nesses; agreement therefore provides a stringent assess-
ment of the quality of the result. Agreement for ground
state energies in this context also asserts agreement for all
higher temperatures, as SEET is formulated in a finite-
temperature formalism that has temperature as a small
parameter.

The remainder of this paper proceeds as follows. In
section [[T} we briefly discuss the theoretical setup and
the SEET functional. We then follow with benchmark-
ing and in depth explanation of the numerical results in
Sec. [T} Finally, we present a theoretical discussion sup-
porting our results and conclude in Sec. [V]

II. METHODS

In this paper, we study small molecular systems. The
specification of the interatomic distance and of a finite set
of N Gaussian orbitals fully determines the Hamiltonian



in second quantized form,

N N
H = Ztijazaj + Zvijkla;ra;alaka (1)
ij ijkl

where the operators a} (a;) create (destroy) an electron
in orbital ¢, ¢;; denotes the single-particle contribution,
and v;;,; the Coulomb matrix element.

We express physical properties such as energies and
single-particle response functions in a statistical mechan-
ics approach based on an approximation to the grand
partition function Z = Tre #(H—#")_ Here, 3 denotes
the inverse temperature, p the chemical potential, and
n the density operator. Our temperatures are chosen
low enough that the system has converged to the ground
state, and the chemical potential p is adjusted to yield
the correct particle density.

Within this framework, a functional ®[G] of the
Green’s function G, which contains all linked closed skele-
ton diagrams,1? is used to express the grand potential as

Q=0 Tr(logG™') — Tr(XG), (2)

where the self-energy ¥ is defined with respect to a non-
interacting Green’s function Gg via the Dyson equation

G = Go + GoXG. (3)

The functional formalism is useful because approxima-
tions to ® that can be formulated as a subset of the
terms of the exact ® functional can be shown to respect
the conservation laws of electron number, energy, mo-
mentum, and angular momentum by construction 2% In
addition, ®-derivability ensures that quantities obtained
by thermodynamic or coupling constant integration from
non-interacting limits are consistent I Functional theory
therefore provides a convenient framework for construct-
ing diagrammatic approximations in situations where a
direct solution of the Hamiltonian defined in Eq.[1]is not
possible.

In order to discuss the formalism used in this paper,
we first introduce GF2 and GW, then discuss SEET, and
finally explain in detail the SEET+GW formalism.

A. GF2

The self-consistent second order perturbation the-
ory, GF2, is a ®-derivable diagrammatic approxima-
tion that includes all terms up to second order in the
interaction. 1828 In addition to the frequency indepen-
dent Hartree-Fock terms, Y., the second order self-
energy contains

D) == Y Gu(7)Gn(7)Gg(—7)
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where G(7) denotes the fully interacting Green’s function
in imaginary time that is obtained self-consistently from
¥ = Yo + 2@ and the non-interacting Green’s func-
tion Gy using Eq. The GF2 approach is performed
iteratively, starting from a Hartree-Fock Green’s func-
tion, until ¥ or the total electronic energy is converged
within a predefined tolerance. In contrast to the iterative
perturbation theory often used in dynamical mean field
theory,%” which for the Hubbard lattice interpolates be-
tween perturbation theory and the exact solution in the
limit of the separated Hubbard atoms, GF2 only relies on
perturbation theory and does not recover the correct dis-
sociated limit. Precise calculations of the second-order
results require several numerical optimizations. Our im-
plementation makes use of adaptive grids for both imag-
inary time?! and imaginary frequency?!! Green’s func-
tions.

B. GW

The self-consistent GW method?®2? is a diagrammatic
approximation formulated in terms of renormalized prop-
agators G and renormalized (“screened”) interactions W.
Similar to GF2, it can be written as an approximation to
the Luttinger-Ward (LW) functional 12 and is there-
fore thermodynamically consistent and conserving 1750
However, it does not respect the crossing symmetries 2
The method requires the self-consistent determination
of propagators G, polarizations P = GG, self-energies
¥ = —GW, and screened interactions W. The expres-
sions for G and W are determined by the Dyson equations

G =Gy — GG, W =v+vPW, (5)

where Gy and v are the bare electronic propagator and
Coulomb interactions defined in Eq.

Self-consistent GW is only exact to first order in
v, as the second-order exchange diagram is neglected.
Our implementation of this approximation closely follows
Refs. [12] [18] 29H3T. The Green’s function is initialized
using the Hartree-Fock result. We then construct the
polarization P = GG and obtain W from Eq. (5). After
computing the GW self-energy LW = —GW, we obtain
the updated G by solving Dyson’s equation, thus closing
the self-consistency loop.

In order to reduce the size of W, we perform a Cholesky
decomposition™®32 and truncation on v. This vastly re-
duces the numerical effort (for related decompositions
see Ref. 33). Adaptive imaginary time?” and frequency
grids?! are essential to accurately represent the GW
Green’s function and self-energy.

C. SEET
The self-energy embedding theoryZ ™ is a conserving
approximation to the Luttinger-Ward functional ® de-
signed to treat strongly correlated degrees of freedom. It



consists of a two-step hierarchy in which the functional
of the system is approximated by a solution of the en-
tire system with a weak coupling method, which is then
improved by the non-perturbative solution of correlated
subsets of orbitals. In the most simple case, the strongly
correlated subsets are disjoint (non-intersecting) and the
SEET functional is defined as

SPLIT
©SEET

(I)\tzveak + Z ( strong q)v}s}eak) (6)

Here @, denotes the approximation of the @ func-
tional of the entire system using a weak coupling tech-
nique. The index 7 enumerates the M non-intersecting,
correlated subsets of orbitals A4;, and ®4 is the func-
tional evaluated within the orbital subset A;, using a
weak coupling or a non-perturbative method.

It is much more general to consider multiple inter-
secting orbital subspaces. In this case, as described in
Ref. 10, the SEET functional generalizes to

wedk + § : strong
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where the additional terms account for the double count-
ing of overlapping strongly correlated subspaces. The
ellipse denotes summations over intersections of increas-
ing numbers of subspaces, which enter with alternating
signs ¥ The indices 4, §, k,--- = 1,..., M are used to enu-
merate intersecting orbital subspaces.

The solution of the SEET equations proceeds accord-
ing to Refs. [0l and [I1l. After an initial self-energy of the
system is obtained within the weak coupling method and
correlated subspaces are identified, the algorithm alter-
nates between solving impurity problems with hybridiza-
tion functions determined by the weak coupling part, and
solving the entire systems with propagators that con-
tain impurity self-energies. All impurity problems can
be solved in parallel, making this formalism ideally suited
for high-performance computing environments.

In SEET, unlike in DMFT-type approximations, the
strongly correlated orbitals are not determined a priori,
and are typically not localized. Rather, they are deter-
mined after the solution of the system using the weak
coupling method. We found that diagonalizing the one-
body density matrix allows us to identify orbitals that
have partial occupations significantly different from 0 or
2. These partial occupations can be used to guide the
selection of strongly correlated orbitals. Since the se-
lection is done based on occupation numbers obtained
from weakly correlated method, it can happen that many
orbitals can have similar occupations. Then visualizing

the orbitals and analyzing the contributions of parent
atomic orbitals to each of the partially occupied natural
orbitals can help with the final selection. By gradually
adding more of the strongly correlated orbitals to the
correlated subspace, convergence to the exact limit can
be observed 210

In the following, we compare SEET results based on
the two weak coupling methods, GW and GF2. For
the impurity problems containing strongly correlated or-
bitals, we use a full configuration interaction (CI) impu-
rity solver and its truncated versions3#35 The functional
Ptot  then becomes PR, and Py, respectively, and
the functional ®4i_  is @éf

strong

Several self-consistent iterative procedures developed
in other contexts have been shown to suffer from prob-
lems such as convergence to an unphysical fixed point3
or causality violations?¥ While we cannot exclude that
such problems could occur in principle, we have not ob-
served any convergence to unphysical solutions or non-
causal Green’s functions or self-energies.

D. SEET with GW

The general algorithmic structure of SEET is described
in Refs. [7) and [9. Here, we highlight some aspects of
SEET in combination with GW.

1. Orbital choice

The self-energy embedding can be performed in any
orthogonal basis, including in a localized basis [sym-
metrized atomic orbitals (SAOs) or localized molecular
orbitals (LMOs)] or in an energy basis [natural orbitals
(NOs) or molecular orbitals (MOs)]. Where we use NOs
obtained from the one-body density matrix of the self-
consistent GW or GF2 procedure, we select those or-
bitals to the strongly correlated space which have occu-
pation numbers significantly different from 0 or 2. This
space can then be split into multiple intersecting or non-
intersecting smaller orbital subspaces with fewer corre-
lated orbitals. After the selection of strongly correlated

orbitals is done, quantities such as it = [xtot ]4i

Gtet 14i and [t]4s are expressed in the new basis. Here
weak p

[ijv"e;k] i denotes the quantity X first obtained for the

whole system (denoted with superscript “tot”) and then
restricted to the orbital subspace A;. Only a subset of
the transformed Coulomb integrals [#]4¢, namely those
where all four orbital indices belong to the subset A;,
needs to be evaluated. Here, v stands for all two-body
Coulomb integrals in the AO basis while ¢ stands for all
the two-body Coulomb integrals in the new basis.



2. Double counting

In SEET, the subtraction of doubly counted diagrams
is rigorously defined and unique. No double counting
‘problem’ as in e.g. LDA+DMFT exists?% We subtract
GF2 or GW self-energy evaluated exclusively within each
orbital subset A;. In case of GF2, the double counted
self-energy is evaluated for i,j € A, as,

ey == Y [C&h()]iy Gl (8)

klmnpgeAg
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The Coulomb integrals used in this evaluation are the
transformed integrals [9]?* belonging to the orbital sub-
set As. The Green’s functions, similarly, are the trans-
formed Green’s functions [GE’IEQ( )] belonging to the
orbital subset A;.

A similar procedure is used in GW. Here, the decom-
posed integrals v = Z v vkl are transformed to the
basis of choice (most frequently natural orbltals) in each
orbital subset Aj, yielding [0 ]mnpq > UhinUpy, Where
m,n, p,q orbital indices belong to orbital subset A;. The
polarization is then evaluated in the orbital subspace Ag
using these transformed integrals,

N =2 3 B4, G ()

ijlmeA,

~p, ~u
vuv ]m

(G ()i
(9)
Subsequently, this polarization diagram is used to eval-
uate W (iw) = [1 — II(iw)]~! and, after its Fourier trans-
form, the GW self-energy exclusively in the subset A; is
evaluated as

pre Z Z“zl j

ImeA; pv

G (M W (7)o
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While the Green’s functions, [Gi%; (7)]i:, necessary for
the evaluation of the GW self—energy are constructed as
a truncation of the total Green’s function to the subset
As, the polarization diagram II(7) and W (7) necessary
to construct the double counting corrections are evalu-
ated using the truncated Green’s functions and trans-
formed integrals for the subset A;. We emphasize that
they are not simply truncations of IT{% (1) or W (1)
to the subset A;. Such a definition of these quantltles
would be incorrect and would likely result in a causality
violation of the total self-energy.

3. Total self-energy

The total self-energy (containing both frequency de-
pendent and independent parts ¥ = ¥, + X(iw)) of
strongly correlated orbitals in each of the subsets A4 has
the form

Sl = Bl + (Sswonglly — Eveadi), (1)

where the method describing “weak” correlation is ei-
ther GF2 or GW. The double counting correction is sub-
tracted in the term [X2C, ]4 which is given by Eq. [§]in
the case of GF2 and by Eq. . 110 in case of GW. The self-
energy [Sstrong]** is obtained by solving a quantum im-
purity problem. The construction of the impurity model
for SEET will be discussed in Sec. [[ITD4l

We can rewrite Eq. [I1] as

[E]A [Zembeddmg]lj + [Estrong};}s- (12)

1] weak

beddi
Here [Zf‘:galf "8],; provides an effective correction to
While [X strong]u

the subset of interactions Héiz where 4,5, k,1 € Ag, the

[Estrong]” has all contributions from

: beddi
correction [X077CE] e 4. accounts for all those dia-

grammatic contributions obtained using ¥,,,x; where at
least one of the indices is outside the orbital subset A,
but at the same time at least one of the indices belongs
to As.

4. Impurity problem in SEET

In SEET, the Green’s function restricted to subspace
A, is written as

@t = (G 1 -9 -a) L ()

where A describes a hybridization between the orbital
subset A, and the environment. The self-energy [X]4¢ is
defined by Eq. |11 and [G; '] is the inverse of the bare
Green’s function in the orbital subspace Ay, defined as

(Gl = (i + )1 — [t (14)
Here [t]** denotes a kinetic energy operator truncated to
the subspace A;.

The embedding of correlated orbitals into a back-
ground of other orbitals requires the solution of a quan-
tum impurity problem with an impurity solver algorithm,
which provides the interacting self-energy. The impurity
Go Green’s function is defined as

o' =G5 = (2P - A, (15)
where the frequency independent part of the self-energy
is constructed as

[ZXPCAe = [254 — [2RC)4 (16)
(SR e a, = D Wa(Bigr — 0-50;) (17)
kl

[ZRC 4, = Z Vet (Vijrr — 0.5015),  (18)
KIEA,

with the density matrix v obtained from GF2 or GW.
Note that [Z2¢]4s is used to subtract double counting
coming from the subspace A;.



A quantum impurity solver will obtain an expression
for a_correlated [G'™P]4s given A, [SNPCY]4: and Gy
(Eq. as well as a subset of interactions [0]4. As we
formulate SEET in this work for the Luttinger Ward &
functional, rather than for the Almbladh ¥ functional,
the impurity interactions remain instantaneous.

Using the impurity problem Dyson equation, the self-
energy for a strongly correlated orbital subset is obtained
as

[Zstrong]As = go_l - ([Gimp]AS)_l' (19)

Once this strongly correlated [Zstrong]As is known, the to-
tal self-energy, [2]4+, in subspace s is evaluated according
to Eq. [11]

In general, for a realistic system described by a Hamil-
tonian with non-local one- and two-body interactions, the
hybridization A in the orbital subspace A, contains off-
diagonal terms (i.e. A;; # 0 for i # j). However, let
us note that hybridizations in the MO or NO basis are
often almost diagonal, so that these bases either com-
pletely eliminate the off-diagonal terms or greatly reduce
them. Additionally, the magnitude of the diagonal hy-
bridization elements is often substantially smaller than
those obtained in the local basis of atomic orbitals. We
will come back to these points in Sec.

One of the few impurity solvers able to treat general
hybridization functions and general interactions at low
temperature is the configuration-interaction (CI) method
or its truncated versions (RASCI)*#5. (For later imple-
mentations of these methods see Refs. B7H39). When
applied to impurity problems the CI method relies on
a fit of the hybridization function to a discretized set
of non-interacting bath levels, which we perform on the
imaginary axis.

E. Interactions used for the impurity Hamiltonian

In both periodic and molecular systems, for an orbital
subset A the self-energy as given by Eq. [12] has two con-
tributions. The first arises due to the presence of non-
local interactions and accounts for all those diagrammatic
contributions obtained using ¥,k where at least one of
the indices is outside the orbital subset A, but at the
same time at least one of the indices belongs to A5. The
second one has all contributions from the subset of inter-
actions [77]21@1 where i, j, k,l € As.

For example, for the on-site frequency-independent
part of the self-energy, we have [Yo]i; = Zkl# Vit (Visgr —

2okizs Vet (Viikt — 0.5k )42 32 it (vigr —0.5v403; ) arises
due to the non-local interactions and 0.57;;v;:;; is a con-
tribution from on-site integrals. In this sense, the first
contributions provides a “screening” to the on-site con-
tribution of 0.57;;v44;, thus resulting in a modified over-
all [Xoo]i; value. Exactly the same reasoning can be used
when frequency dependent self-energy is considered.

As long as the contributions to the self-energy from
non-local interactions can be evaluated and the “bare”
self-energy within an orbital subset Ag (evaluated with
diagrams having only [5]221 where i,j,k,l € A;) can
be modified due to them, the overall self-energy has a
proper magnitude. These effects are discussed in details
in Ref. [I1l For a detailed study showing the reduction
of effective local interactions when non-local interactions
are discarded, see Refs. [9 and [40.

Alternatively, if one chooses to neglect contributions
from non-local interactions to the self-energy in the
subset Ag, one can instead a priori modify the value
of the interactions in the subset A, such that the
overall value of the self-energy within the subset re-
mains proper. Using the example with [Y.]; this

0.501i) + 23214 Vit (Vizar — 0.5vi154) = 0.5743Uj441, where
Ui are effective or “screened” interactions that are eval-
uated/chosen such that the effective on-site contribution
to the self-energy recovers [Zoo]is = 0.5 Ussii

With this in mind, it becomes evident why the lo-
cal interactions in GW+DMFT have to be screened. In
GW+DMFT, at the beginning of calculations, one per-
forms a mapping to a small orbital subspace and one
evaluates screened interactions in this orbital subspace
using a constrained RPA approach. This mapping from
the whole space of all possible orbitals to a chosen, small
subspace where both GW and a subsequent DMFT cal-
culation are carried out means that one cannot explic-
itly calculate the contribution to the self-energy coming
from those orbitals that are discarded in the initial map-
ping. Thus, to recover a proper value of the self-energy,
screened interactions in the small orbital subspace have
to be used.

In contrast, no orbitals are discarded in SEET at
any point of the calculation. Thus, the self-energy
contributions arising from non-local interactions (here

[pembedding), ) are evaluated at the GF2 or GW level
and the presence of this explicit contribution effectively
“screens” or changes the value of the self-energy in the
subset A;. This means that the impurity problem in
SEET can be evaluated using only bare subset interac-
tions. We stress that the problem of modification of the
value of the local self-energy in the presence of non-local
interactions is not specific to periodic systems but also
occurs in molecular systems, as shown in Ref. [40. The
lack of an appropriate adjustment of these interactions
is presumably the main cause for the discrepancy be-
tween molecular DMF'T and exact diagonalization results
in Ref. 41l

F. SEET self-consistency

The main algorithmic step in the SEET self-
consistency are as follows (see appendix of Ref. [I1] as
well as Ref. [0l for a more extensive description).



1. Perform a Hartree-Fock (HF') or density functional
theory (DFT) calculation. Then, using this start-
ing point, perform a self-consistent GF2 or GW
calculations yielding G&f, or G&Y, for the entire

system.

2. If using a natural orbital basis, evaluate and diag-
onalize the GF2 or GW density matrix to obtain
natural orbitals and occupation numbers. We de-
fine strongly correlated orbitals as those with occu-
pations numbers significantly different from 0 or 2.
If using a local basis (SAQ), choose the correlated
orbitals based on spatial criteria.

3. Transform all Green’s function and self-energies as
well as t and v integrals®? from the atomic or-
bital (AO) basis to an orthogonal orbital basis such
as, MOs, NOs, LMOs, and SAOs. For details see
Sec [ID Tl

4. Construct using Eq. [§] or Eq. [10] the GF2 or GW
self-energy which will be subtracted to eliminate
the double counting.

5. Construct the impurity Hamiltonian, in which two-
electron term is a subset of bare Coulomb interac-
tion. Note that this interaction matrix was already
transformed to the new orthogonal basis. For de-

tails see Sec. [ID4l
6. Perform the inner self-consistency loop:

(a) For every orbital subset A, use an impurity
solver (RASCI/FCI) to obtain the impurity
Green’s function [G'™P]4s and extract the im-
purity self-energy [Estrong]AS. At the first it-
eration the hybridization A is initialized using
GF2 or GW quantities.

(b) Set up the total self-energy according to
Eq. [}

(¢) Reconstruct the total Green’s function via the
Dyson equation and adjust the chemical po-
tential to obtain a correct electron number for
the whole system.

(d) Update the hybridization A using the new to-
tal Green’s function and self-energy.

(e) Go back to step 6(a) and iterate until conver-
gence is reached.

7. Pass the converged Green’s function to a GF2 or
GW calculation and perform only a single iteration.

8. Go back to step [2] and iterate until outer loop con-
vergence is reached.

In practice, we found that closing the outer self-
consistency loop and performing steps [7] and [§] has little
effect when a natural orbital basis is used. In the SAO
basis, the outer loop has a larger effect and is necessary*.

III. RESULTS

Unless otherwise noted, the ORCA program®? was
used for all calculations using standard methods such as
second-order Mgller-Plesset perturbation theory (MP2),
FCI, complete active space configuration interaction
(CASCI), and n-electron valence state second-order per-
turbation theory (NEVPT2)445, A locally modified ver-
sion of the DALTON codé?® was employed to generate
a restricted HF reference prior to GF2 and GW calcula-
tions.

For all hydrogen chains examined, GF2 and GW
electronic energies were converged to 1075 Ha. All
SEET(CI/GF2) and SEET(CI/GW) calculations were
then executed with the convergence threshold of 10~*
Ha.

The inverse temperature 3 was set at 100 Ha~! or 200
Ha~! depending on the system and geometry. The Mat-
subara frequency grid was generated using the spline in-
terpolation®! with the maximum number of points vary-
ing between 20,000 and 50,000.

We use the following shorthand notation,
SEET(method strong/method weak)-[Ko] stands
for SEET employing “method weak” as a low-level, weak
correlation method for the entire system. The impurity
problems composed of K strongly correlated orbitals
and a number of bath orbitals necessary to fit the hy-
bridization are solved using “method strong”. Moreover,
the two variants of SEET functional are denoted as
SEET(method strong/method weak)-split[L x Ko] and
SEET(method strong/method weak)-mix[Ko].  The
former employs “method strong” to solve impurity prob-
lems created from L non-intersecting orbital subspaces
containing K strongly correlated orbitals while the latter
is executed for intersecting orbital subspaces containing
K strongly correlated orbitals.

A. Hs> molecule
1. Energetics

We first examine the implementation of SEET with
GW as a weak correlation method for the simplest molec-
ular system, Hy in TZ(Dunning) basis*”. In this sys-
tem, there are 2 electrons in 6 orbitals. Our results
using SEET(FCI/HF)-[20], SEET(FCI/GF2)-[20], and
SEET(FCI/GW)-[20] are summarized in Fig.|l] The full
configuration interacting (FCI) method is used as an ex-
act solution within this basis set. The weakly correlated
methods such as restricted HF, GF2 and GW that are
based on restricted HF reference are provided for com-
parison.

In the weakly correlated limit, around the equilibrium
geometry, both GF2 and GW agree qualitatively well
with FCI. In contrast, in the strongly correlated limit,
for large interatomic distances, the GF2 and GW are



qualitatively incorrect resulting in large errors. A sig-
nificant improvement upon all of the weakly correlated
methods is achieved when the SEET(FCI/method weak)-
[20] is executed. For GF2 and GW, the two strongly
correlated impurity orbitals are identified as natural or-
bitals with partial occupancy at large interatomic dis-
tances. These two orbitals can be then systematically fol-
lowed until short interatomic distances are reached. For
HF, we defined strongly correlated orbitals as the highest
occupied molecular orbital (HOMO) and the lowest un-
occupied orbital (LUMO). Though the SEET(FCI/HF)
curve is nearly parallel to the FCI curve for large inter-
atomic distances, its errors are still considerable, with the
maximum error of 0.019 Ha. These errors arise due to
the lack of weak correlation between the strongly corre-
lated impurity orbitals and the remaining (environment)
orbitals. SEET(FCI/GF2) and SEET(FCI/GW), which
can capture strong correlations within the impurity or-
bitals and weak correlations among the environment or-
bitals and between the environment and strongly cor-
related orbitals, yield curves closely following the FCI
curve with maximum errors of 0.005 and 0.009 Ha for
SEET(FCI/GF2)-[20] and SEET(FCI/GW)-[20], respec-
tively.
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FIG. 1. Upper panel: Potential energy curves of Hs in
TZ(Dunning) basis. Lower panel: Errors with respect to the
FCI reference.

Occupation numbers provide an additional insight into
performance or SEET. In Fig. [2] we plot the occupation
numbers as a function of the interatomic distance from
low-level methods as well as different variants of SEET.
FCI occupation numbers are listed for comparison. Both
GF2 and GW occupation numbers differ from 2 and 0

when the interatomic distance is large but remain signif-
icantly different from the FCI reference. All SEET vari-
ants correctly describe the transition from the weakly to
strongly correlated regime and SEET occupation num-
bers follow the trend displayed by FCI very well.
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FIG. 2. Occupation numbers of Hy in TZ(Dunning) as a

function of interatomic distance.

2. Green’s function, self-energy, and hybridization

In this section we will discuss both the hybridization
and impurity self-energy to provide insight into the SEET
performance.

SEET employs an accurate, non-perturbative method
to solve the impurity problem containing strongly corre-
lated orbitals and an approximate method to treat the
remaining weakly correlated orbitals. Consequently, our
major goal is to find an orbital basis that maximizes the
magnitude of the impurity self-energy and minimizes the
magnitude of the hybridization between the impurity or-
bitals and the environment. A small magnitude of the
hybridization means that there is only a small electron
exchange between the impurity and the environment and
essentially only a weak entanglement of the strongly cor-
related impurity orbitals with the environment. The im-
purity self-energy, which illustrates many-body effects
between the strongly correlated orbitals, can be large
since an accurate, non-perturbative method is employed
to calculate it.

Natural orbitals, which are eigenvectors of the one-
body density matrix, are an orbital basis that fulfills the
above criteria. It is evident from the top panel of Fig. [3]
that when the orbitals are strongly correlated for R > 3.6
a.u., the imaginary part of hybridization is small while
the imaginary part of the impurity self-energy is large.
Only for R = 1.4 a.u. the hybridization is larger than the
self-energy. However, in this limit, the system is weakly
correlated and essentially the weakly correlated method
is capable of describing it. From the bottom panel of
Fig.[3| we see that in this weakly correlated limit (R = 1.4
a.u.), the magnitude of the frequency dependent impurity
self-energy is similar to the total self-energy from Eq.
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Consequently, as expected, when hybridizations are large
to achieve quantitative accuracy, it is essential for a well

behaved quantitative theory to contain Zi;::lfdding as de-
scribed in Eq. [I2}

Recently, Ref. [14] reported non-causal hybridizations
for the Hy molecule for large interatomic distances when
the GW+DMFT method was employed (for other recent
GW-+DMFT work see also Refs. [48-50). In SEET, as ev-
ident from Fig. [3| we do not observe any non-causal hy-
bridizations, self-energies, or Green’s functions. In fact,
at large interatomic distances, when natural orbital basis
is employed, the hybridization of the two strongly corre-
lated orbitals with the environment is close to zero. At

present it is unclear if the causality issue observed in
Ref. [14l is a deficiency of the implementation or a more
fundamental theory problem.

B. Hio chain

Here, we will further focus on a detailed com-
parison between SEET(CI/GF2) and SEET(CI/GW).
There are two aspects in which SEET(CI/GF2) and
SEET(CI/GW) can yield different results that we would

like to examine:

(i) the recovery of strong correlations when the
strongly correlated orbitals are partitioned between
multiple impurity problems. This happens when
there are too many strongly correlated orbitals to
contain them in a single impurity that is treated by
a non-perturbative solver,

(ii) the description of weak correlations (outside the
strongly correlated space) among weakly correlated
orbitals.

To access point (i) we employ a simple Hyg chain in
STO-6G*Y basis. In this minimal basis, for large in-
teratomic distances, all 10 orbitals are strongly corre-
lated. This means that if we use a single impurity
to contain all the strongly correlated orbitals, it would
need to contain all 10 of them. Since most solvers, at
low temperatures, cannot handle impurities with more
than 5-6 strongly correlated orbitals, we choose to split
these 10 orbitals into two smaller orbital subspaces con-
taining 6 and 4 orbitals each. This means that strong
correlations that are potentially arising between these
two orbital subspaces are treated only at the perturba-
tive level by GF2 or GW. The results of such a treat-
ment employing SEET(FCI/GF2)-split[60+40] /SAO and
SEET(FCI/GW)-split[60+40]/SAO are listed in the left
panel of Fig.[dl Here, SAO denotes symmetrically orthog-
onal atomic orbital basis that results in almost localized
orbitals.

As expected, both GF2 and GW capture weak cor-
relation at the quantitative level. However, even
though they can partially capture the strong cor-
relations, they are not sufficient to accurately de-
scribe the dissociation limit (strongly correlated limit)
quantitatively. Both SEET(FCI/GF2)-split[6o+40]
and SEET(FCI/GW)-split[60+40] improve dramatically
upon GF2 and GW results at long distances when
strong correlations are present. The differences be-
tween SEET(FCI/GF2) and SEET(FCI/GW) are more
pronounced in the strongly correlated regime than in
the weakly correlated one. While SEET(FCI/GF2)-
split[6o+4o] energies are below the FCI reference past
the distance of 2.8 a.u., such energy overestimation is
much smaller for SEET(FCI/GW)-split[6o+40]. Errors
at the distance of 4.0 a.u. are —0.027 Ha and -0.002 Ha
for SEET(FCI/GF2)-split[60+40] and SEET(FCI/GW)-
split[6o+4o], respectively.



To further examine both (i) and (ii) points simultane-
ously, we employ an Hjo chain in cc-pVDZ?2. In the cc-
pVDZ basis, there are 50 orbitals in total. Forty of them
are weakly correlated while the remaining ten orbitals,
for large internuclear distances, are strongly correlated.
The DMRG reference was taken from Ref. 12l We start
with the examination of SEET results in NOs which are
obtained from the weak correlation method such as GF2
or GW, see the middle panel of Fig. [d] In the NO basis,
orbitals remain delocalized.

In the strongly correlated regime, for large interatomic
distances, both GF2 and GW that are based on restricted
HF reference largely deviate from the DMRG results and
yield underestimated correlation energies. In the weakly
correlated regime, for short intermolecular distances, the
behavior of GW differs from that of GF2. In this regime,
GF2 potential energy curve is always above the DMRG
reference, while the GW curve is below the DMRG ref-
erence, yielding overestimated correlation energies.

Performing SEET and splitting the strongly corre-
lated orbitals into non-intersecting orbital subspaces con-
taining 4 and 6 strongly correlated orbitals significantly
improves the results. In particular, SEET(CI/GF2)-
split[6o+40]/NO noticeably reduces GF2 errors for
the whole range of distances. SEET(CI/GW)-
split[6o+40]/NO, however, only improves GW energies
at long distances where the strong correlations are im-
portant. At short interatomic distances, no visible im-
provement due to SEET(CI/GW)-split[60+40]/NO is ob-
served. The overestimation of GW correlation energy at
short distances cannot be improved by SEET. This is be-
cause in this regime, correlations are dominated by the
weak correlations between the strongly correlated and
weakly correlated orbitals, rather than only the strong
correlations within the space of the strongly correlated
orbitals.

Now, let us focus on longer interatomic distances for
the example of Hyg chain in cc-pVDZ?Z basis using NOs.
Here, in the SEET-split scheme strong correlations be-
tween both the orbitals subspaces containing 4 and 6
orbitals become very important allowing us to examine
point (i) in detail. Simultaneously, in this larger basis
there are of course correlations between the strongly cor-
related orbitals and the remaining weakly correlated ones
giving rise to correlations described by point (ii). How-
ever, for long interatomic distances, the missing strong
correlations appearing in the SEET-split scheme domi-
nate any effects appearing due to the weak correlations.

For large interatomic distances, both SEET(CI/GF2)-
split[6o+40]/NO and SEET(CI/GW)-split[6o+40]/NO
are unable to sufficiently capture the strong correla-
tions present between orbital subspaces containing 4 and
6 orbitals. Both SEET(CI/GF2)-split[6o+40]/NO and
SEET(CI/GW)-split[60+40]/NO result in large nonpar-
allelity errors (NPEs)*® of 0.068 Ha and 0.105 Ha, respec-
tively. These significant NPEs are caused by the failure of
SEET-split scheme in NO basis to recover important cor-
relations between two non-intersecting strongly orbital

subspaces at large interatomic distances.

To investigate if this difficulty can be removed, we
employed the generalized version of SEET (SEET-mix)
allowing for the presence of intersecting strongly cor-
related orbital subspacesi!. NPEs of SEET(CI/GF2)-
mix[60]/NO and SEET(CI/GW)-mix[60]/NO are now
0.013 Ha and 0.015 Ha, respectively. These NPEs are
one magnitude smaller than those of SEET-split scheme,
indicating a proper description of the strong correlations
between intersecting orbital subspaces.

While the NPEs are similarly small for both SEET-
mix scheme with GF2 and GW, it is worth noting that
the SEET(CI/GF2)-mix[60]/NO curve is in a very good
agreement with the DMRG reference with the maxi-
mum absolute error of 0.016 Ha. In contrast, due to
the huge overestimation of GW correlation energy, re-
flected by its very low total energies at short distances,
the SEET(CI/GW)-mix[60]/NO curve remains parallel
to however much below the DMRG reference. We also
observed a similar behavior in the already considered Hy
example in TZ(Dunning) basis. Consequently, once the
SEET-mix scheme is applied the weak correlations de-
scribed by point (ii) are responsible for the overall quality
of results.

When examining the example of Hjp chain in the
minimal STO-6G basis using local SAOs, we observed
that in the strongly correlated regime, SEET(FCI/GW)-
split gives better results than SEET(FCI/GF2)-split. It
is therefore interesting to further examine the behavior
of SEET(FCI/GW)-split versus SEET(FCI/GF2)-split
when localized orbitals are employed for a larger basis
set than the minimal one. To consider such a case, we
continue to focus on the Hyg chain in cc-pVDZ basis. Ten
valence orbitals from the set of fifty NOs are localized us-
ing the Boys localization procedure®®. We will call these
orbitals the localized natural orbitals (LNOs). Let us
note here that both Boys and Wannier localizations are
equivalent when finite systems are considered.

Here, yet again our major goal is to examine points (i)
and (ii) simultaneously. First, we illustrate how strong
correlations between non-intersecting subspaces are re-
covered when using LNO basis. The results are displayed
on the right panel of Figure

While there is no improvement of NPE for
SEET(FCI/GF2)-split[6o+40] (0.062 Ha in LNOs com-
pared to 0.068 Ha in NOs), NPE for SEET(FCI/GW)-
split[6o+40] in LNOs (0.037 Ha) is considerably reduced
from its counterpart in the delocalized NO basis (0.105
Ha).

Similarly to the case of the Hig chain in STO-6G, the
SEET(FCI/GF2)-split[60+40] /LNO curve is below the
DMRG one at long distances implying an overcorrelation
in SEET with GF2. While the NPE of SEET(FCI/GW)-
split[6o+40]/LNO is small, the total energy is overesti-
mated for all intermolecular distances.

In all cases considered, irrespective of the orbital basis
or basis set, we have observed a systematic overcorrela-
tion of total energies when any variant of SEET(CI/GW)



is employed. The overcorrelation present in GW becomes
more pronounced when a larger basis set is used. Conse-
quently, in the SEET(CI/GW) approach, the overcorrela-
tion present in GW itself is similarly affecting the descrip-
tion of weakly correlated orbitals outside the strongly
correlated orbital space (point (ii)). SEET(CI/GW)-mix
scheme was not able to remove these overcorrelations.
For SEET(CI/GF2)-split, we observed the total en-
ergy overcorrelation only at large interatomic distances
when the localized basis SAO or LNO was applied. In
the NO basis, we observed underestimation of correla-
tion energies. These problems in both localized (SAO,
LNO) or energy (NO) basis can be partially relieved when
SEET(CI/GF2)-mix scheme is employed*’.

C. Hj;g chain

We now apply the SEET(CI/GW) implementation to
a much longer hydrogen chain, Hsg in the STO-6G ba-
sis. In quantum chemistry, this is a well-known bench-
mark for strongly correlated methods since for large inter-
atomic distances the full strongly correlated space is large
and contains 50 electrons in 50 orbitals. The reference
solution is available from DMRG calculations.*® For this
system, traditional methods suitable for weakly corre-
lated systems, such as CCSD(T), are unable to converge
past the distance of 2.0 a.u*® We employ here the SAO
basis, which yields almost localized orbitals. In SEET-
split calculations, the full strongly correlated space of 50
orbitals is split into 25 non-intersecting subspaces com-
posed of 2 orbitals each. Correlations arising between
these non-intersecting subspaces are then treated either
by GF2 or GW. The resulting potential energy curves
and total errors with respect to the DMRG reference are
summarized in Fig.

In the weakly correlated regime (R < 2.0 a.u.),
GF2 and GW give results of a similar quality
to SEET(FCI/GF2)-split[25%x20] and SEET(FCI/GW)-
split[25x20].  Both SEET(FCI/HF)-split[25x20] and
SEET(FCI/HF)-mix[60] significantly improve the HF re-
sult. In the strongly correlated regime (R > 2.0 a.u.),
both GF2 and GW based on the RHF reference are un-
able to properly describe strong correlations and display
large underestimation of correlation energies.

For these longer distances, SEET(FCI/HF)-
split[25x20], SEET(FCI/GF2)-split[25x 20], and
SEET(FCI/GW)-split[25x 20] show a large improvement
over the HF, GF2, and GW results, providing energies
that are close to the DMRG reference. As opposed
to SEET(FCI/GF2)-split[25x20], SEET(FCI/GW)-
split[25x20] has a much smaller overcorrelation in the
strongly correlated regime. The total error (-0.522 Ha)
present in SEET(FCI/GF2)-split[25x20] at the distance
of 4.2 a.u. is one order of magnitude larger than that (-
0.055 Ha) obtained with SEET(FCI/GW)-split[25x20].

At large distances, in the minimal basis set when
SAOs are used, these errors arise due to overcorrela-
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tions present in SEET-split scheme with both GF2 and
GW employed as weak correlation methods that are re-
covering correlations between non-intersecting subspaces
of strongly correlated electrons. At least in the min-
imal basis, when SAQOs are used, this overcorrelation
can be removed when SEET(FCI/HF)-split[25%20] or
SEET(FCI/HF)-mix[60] are performed, for details see
Ref. 10l For SEET(FCI/HF)-mix[60]/SAO that uses
intersecting strongly correlated orbital subspaces, the
strong correlation between orbitals is recovered well.

Results for  SEET(FCI/HF)-split[25x20]  and
SEET(FCI/HF)-mix[60] of this quality are only
possible in the minimal basis and when localized orbitals
are employed. In a larger basis, where both weakly
and strongly correlated orbitals are present and where
there are fewer strongly than weakly correlated orbitals,
SEET((FCI/GF2) or SEET((FCI/GW) are necessary to
get quantitative results. We will discuss such a case in
the next section.

D. N> molecule

In this section, we investigate the performance of
SEET in combination with GW and GF2 for an Ny
molecule in the 6-31G basis. This system has 18 orbitals
in total and six of them are strongly correlated for larger
bond distances. Stretching the triple bond of Ng is a
difficult test case for many quantum chemistry methods.
Potential energy curves evaluated with different variants
of SEET and with standard wavefunction methods such
as MP2, CCSD(T), CASCI, and NEVPT?2 are shown in
Fig. [6]

Standard single reference methods such as MP2
and CCSD(T) diverge once the bond is stretched.
CASCI(6e,60) and NEVPT2(6e,60), which capture the
strong correlations arising among 6 orbitals when the
triple bond is stretched well, produce correct dissoci-
ation curves. The NEVPT2(6e,60) energies are much
lower than those of CASCI(6e,60) due to the inclusion of
weak correlations at the perturbative second order level
between 6 strongly correlated orbitals and the remain-
ing 12 weakly correlated orbitals. In CASCI(6e,60), only
correlations among the 6 strongly correlated orbitals are
included, and the electronic effects among the remaining
12 orbitals are only illustrated at the HF level. It is quite
surprising that MP2 gives lower energies than NEVPT2.
This behavior was previously observed in Ref. 56l

To perform the SEET calculation, we use the follow-
ing procedure. First, SEET(FCI/HF)-[60] using HF MOs
is performed. Strongly correlated orbitals are identified
as those 6 valence molecular orbitals with orbital ener-
gies closest to the Fermi level. These strongly correlated
orbitals are delocalized and we do not perform any lo-
calization procedure. On top of the SEET(FCI/HF)-[60]
reference, we carry out one iteration of GF2 or GW. The
resulting natural orbitals as well as Green’s functions and
self-energies coming from this one iteration of GF2 or
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GW are then used to initialize SEET(CI/GF2)-[60] or
SEET(CI/GW)-[60] calculations.

The SEET(CI/HF)-[60] curve is essentially identical
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FIG. 6. Potential energy curves of N2 in the 6-31G basis.

to the CASCI(6e,60) curve. The weak correlations illus-
trated in GF2 and GW part of SEET(CI/GW)-[60] and
SEET(CI/GF2)-[60] contribute to a significant lowering
of the energy when compared to SEET(CI/HF)-[60].

Around the equilibrium geometry, both
SEET(CI/GW)-[60] and SEET(CI/GF2)-[60] yield
energy curves close to MP2 and CCSD(T). Impres-

sively, for stretched bond distances, unlike standard
single reference methods such as MP2 and CCSD(T),
SEET(CI/GF)-[60] and SEET(CI/GW)-[60] curves do
not display any divergent behavior and remain parallel to
those of CASCI(6e,60) or NEVPT2(6e,60). This means
that both SEET(CI/GF2)-[60] and SEET(CI/GW)-[60]
properly illustrate the strong correlations necessary to
qualitatively describe the Ny dissociation. Additionally,
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they also include the weak correlations necessary for
quantitative results. Note that SEET(CI/GF2)-[60]
displays a small kink near the geometry point where
CCSD(T) diverges.

To further highlight that the correct description of cor-
relation in SEET(CI/GF2) and SEET(CI/GW) is not a
fortuitous coincidence, we present a comparison of occu-
pation numbers.

For Ny in the 6-31G basis, CASCI(6¢,60) yields almost
identical occupation numbers to CASCI(10e,160). The
latter method correlates 16 orbitals at the FCI level while
keeping the remaining two orbitals that have very low en-
ergy frozen. A detailed list of all the occupation numbers
in CASCI(6e,60), CASCI(10e,160), SEET(CI/GF2), and
SEET(CI/GW) is provided in the supplement.

For clarity, in Fig[7]only focuses on a comparison of the
CASCI(6e,60) occupation numbers for the six strongly
correlated orbitals m;, 77, my, 7, and 0,07 to different
variants of SEET. It is evident that SEET(CI/GF2)-
[60] and SEET(CI/GW)-[60] all yield occupation num-
bers very similar to those from CASCI(6e,60).

IV. RELATION OF SEET(CI/GW) TO
GW+DMFT

In this paper we discussed the theoretical framework
and implementation for SEET with GW as a weakly cor-
related method and CI as a strongly correlated method.
A related method, GW+DMFT #2928 aims to describe
the same class of physical problems where strongly and
weakly correlated degrees of freedom are treated simul-
taneously. It is therefore instructive to summarize com-
monalities and differences.

The main difference between the two approaches is
that SEET is built as an approximation to the Luttinger-
Ward @ functional, which is a functional of the Green’s
function and the bare interactions, whereas GW+DMFT
is based on an approximation to the ¥ functional, which
is a functional of the Green’s function and the screened

interaction W. These distinct functional constructions
lead to a fundamental difference in the type of impu-
rity problem solved in SEET(CI/GW) and GW+DMFT.
In SEET, the impurity problem is defined by the bare
interactions (transformed to an orbital basis), the non-
interacting impurity Hamiltonian, and the impurity hy-
bridization. Consequently, impurity solvers such as con-
figuration interaction®**° or multi-orbital hybridization
expansion quantum Monte Carlo®® can be employed. In
contrast, the impurity problem in GW+DMFT contains
an additional dependence on the frequency-dependent in-
teractions W. Impurity solvers for GW+DMFT there-
fore have to be able to handle the frequency dependent
interactions and work in an action representation. Only
few such solvers exist, 0263 and they perform much better
when hybridizations are diagonal and interactions are of
the density-density type.®? Consequently, current imple-
mentations of GW+DMFT either neglect the frequency
dependence altogether or simplify the interaction struc-
ture of the impurity problem to simple density-density
terms.

A second major difference is the choice of orbitals,
which is always local in GW+DMFT, whereas SEET em-
ploys the freedom of choosing orbitals that minimize the
hybridization to effectively decouple multiple impurity
problems.

Both of these methods are iterative self-consistent
methods and are started by running an initial GW
simulation. This initial solution may be far from the
‘true’ self-consistent solution. How SEET(GW/CI) or
GW+DMFT recover if the initial weak coupling answer is
very different from the self-consistent fixed point is there-
fore an important question, especially since both SEET
and GW+DMFT are highly non-linear, iterative proce-
dures in which the final self-consistent result may depend
strongly on the starting point.

SEET, when performed in a natural orbital basis (see
the sections on Hy and Ny), is capable of recovering from
a qualitatively very different GW solution within the in-
ner iteration of the self-consistency and the outer loop



has a lesser influence. When SEET is carried out using a
localized orbital basis, the outer loop is very significant
and is necessary to reach quantitative results and smooth
potential energy surfaces

It is an interesting open question how the recovery from
an inaccurate starting point is achieved in GW+DMFT.
Here, the GW solution does not just enter the weakly
correlated part of the system but also determines the
impurity interactions via W. The self-consistent itera-
tion therefore needs to adjust both the interactions and
the hybridizations (rather than just the hybridizations).
It may be for this reason that non-causal physics was
reported for GW+DMFT 2 whereas no non-causal self-
energies or Green’s functions have so far been observed
in SEET.

Finally, the possibility to use the generalized SEET
framework for treating intersecting subsets of orbitals
leads to a systematically improvable method which pro-
vides an internal assessment of its accuracy. While a
similar framework can be performed at the level of the ¥
functional, this has not yet been implemented.

V. CONCLUSIONS

In summary, the major points observed during the nu-
merical tests performed with SEET(CI/GW) are as fol-
lows.

When SEET(CI/GW) is performed and all strongly
correlated orbitals are placed in the impurity, a good
agreement with standard quantum chemistry methods
is achieved. We observe this in particular for the Hs
molecule in the TZ (Dunning) basis and for the Nj
molecule in the 6-31G basis. For Ng both types of corre-
lations, weak and strong, are recovered during the SEET
procedure irrespective of whether GW or GF2 is used
to treat weakly correlated electrons. In the equilibrium
geometry, SEET agrees well with CCSD(T) and MP2.
However, it avoids the divergence at the long distances,
yielding curves parallel to NEVPT(6e,60).

In the case of the hydrogen chains, we observe that
when SEET-split is executed in a localized basis (SAO
or LNO), both SEET with GW and GF2 lead to an

overestimation of correlation energies for large inter-
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atomic distances. SEET(CI/GW) leads to potential
energy curves more parallel to the FCI answer than
SEET(CI/GF2). However, when LNOs are employed in
a lager basis, SEET(CI/GW) yields overestimated elec-
tronic energies for all distances, not just for large dis-
tances. The generalized version of the SEET functional
with GF2, SEET(CI/GF2)-mix, can partially remedy
this situation. In contrast, a similar improvement of
SEET-split(CI/GW) by performing SEET(CI/GW)-mix
is unlikely, since the overestimation of SEET-split does
not only come from using non-intersecting orbital sub-
spaces but also from the GW approximation itself.

When the energy basis (NO) is used in conjunction
with larger basis sets, we observe that for large inter-
atomic distances SEET-split with both GF2 and GW
leads to an underestimation of the total electronic en-
ergy. For small intermolecular distances SEET(CI/GW)
and GW lead to an overestimation of the correlation en-
ergy. As for the case of a localized basis, we observe that
SEET-mix(CI/GF2) can help with recovering the corre-
lations among strongly correlated orbitals and improve
the results for the energies. SEET-mix(CI/GW) results
in potential energy curves that are more parallel to the
exact answer. However, it cannot repair the energy over-
estimation due to GW itself.

For SEET(CI/GW) performed in a larger basis sets,
additional studies are necessary not only to assess how
correlations inside the strongly correlated space are re-
covered but also how they are captured in the space of
weakly correlated orbitals. In particular, the errors aris-
ing due to the overestimation of correlation effects among
the weakly correlated orbitals when a large orbital basis
is used are presently unclear. These questions require
studies involving molecular cases where the strong cor-
relations do not arise due to bond stretching but are in-
trinsic due to the presence of d- and f-electrons.

VI. ACKNOWLEDGEMENTS

D.Z. and T.N.L. acknowledge funding by DOE Grant
no. ER16391. A.S. was supported by the NSF grant no.
CHE-1453894. E. G. and J. L. are funded by the Simons
collaboration on the many-electron problem.

* On leave from: Ho Chi Minh City Institute of Physics,
VAST, Ho Chi Minh City, Vietnam

1 A. Georges and G. Kotliar, [Phys. Rev. B 45, 6479 (1992).

2 A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg,
Rev. Mod. Phys. 68, 13 (1996).

3 G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko,

O. Parcollet, and C. A. Marianetti, Rev. Mod. Phys. 78,

865 (2006).

S. Biermann, F. Aryasetiawan, and A. Georges, Phys. Rev.

Lett. 90, 086402 (2003)!

N

5 S. Biermann, F. Aryasetiawan, and A. Georges, “Elec-
tronic structure of strongly correlated materials: Towards
a first principles scheme,” in [Physics of Spin in Solids:
Materials, Methods and Applications, edited by S. Halilov
(Springer Netherlands, Dordrecht, 2005) pp. 43-65.

6 P. Werner and M. Casula, Journal of Physics: Condensed
Matter 28, 383001 (2016).

“ A. A. Kananenka, E. Gull, and D. Zgid, Phys. Rev. B 91,
121111 (2015).

8 T. N. Lan, A. A. Kananenka,
Journal of Chemical Physics 143,

and D. Zgid, [The
241102 (2015),


http://dx.doi.org/10.1103/PhysRevB.45.6479
http://dx.doi.org/ 10.1103/RevModPhys.68.13
http://dx.doi.org/10.1103/RevModPhys.78.865
http://dx.doi.org/10.1103/RevModPhys.78.865
http://dx.doi.org/10.1103/PhysRevLett.90.086402
http://dx.doi.org/10.1103/PhysRevLett.90.086402
http://dx.doi.org/10.1007/1-4020-2708-7_4
http://dx.doi.org/10.1007/1-4020-2708-7_4
http://stacks.iop.org/0953-8984/28/i=38/a=383001
http://stacks.iop.org/0953-8984/28/i=38/a=383001
http://dx.doi.org/10.1103/PhysRevB.91.121111
http://dx.doi.org/10.1103/PhysRevB.91.121111
http://dx.doi.org/http://dx.doi.org/10.1063/1.4938562
http://dx.doi.org/http://dx.doi.org/10.1063/1.4938562

10

11

12

13

14
15

16

17

18

19

20

21

22

23

24

25

26

27

28
29

30

31

32

33

34

35

36

http://dx.doi.org/10.1063/1.4938562.

T. Nguyen Lan, A. A. Kananenka, and D. Zgid, Journal
of Chemical Theory and Computation 12, 4856 (2016).
T. N. Lan and D. Zgid, The Journal of Physical
Chemistry Letters 8, 2200 (2017), pMID: 28453934,
http://dx.doi.org/10.1021/acs.jpclett.7b00689.

D. Zgid and E. Gull, New Journal of Physics 19, 023047
(2017).

M. Motta, D. M. Ceperley, G. Kin-Lic Chan, J. A. Gomez,
E. Gull, S. Guo, C. Jimenez-Hoyos, T. Nguyen Lan, J. Li,
F. Ma, A. J. Millis, N. V. Prokof’ev, U. Ray, G. E. Scuse-
ria, S. Sorella, E. M. Stoudenmire, Q. Sun, I. S. Tupitsyn,
S. R. White, D. Zgid, and S. Zhang, ArXiv e-prints (2017),
arXiv:1705.01608 [physics.comp-ph].

E. Kozik, M. Ferrero, and A. Georges, Phys. Rev. Lett.
114, 156402 (2015).

J. Lee and K. Haule, Phys. Rev. B 95, 155104 (2017).

J. M. Luttinger and J. C. Ward, Physical Review 118,
1417 (1960).

G. Baym and L. P. Kadanoff, Phys. Rev. 124, 287 (1961).
G. Baym, Phys. Rev. 127, 1391 (1962).

J. J. Phillips and D. Zgid, The Journal of Chemical Physics
140, 241101 (2014).

J. J. Phillips, A. A. Kananenka, and D. Zgid,
The Journal of Chemical Physics 142, 194108 (2015),
http://dx.doi.org/10.1063/1.4921259.

A. A. Kananenka, J. J. Phillips, and D. Zgid, Journal
of Chemical Theory and Computation 12, 564 (2016),
http://dx.doi.org/10.1021 /acs.jctc.5b00884.

A. A. Kananenka, A. R. Welden, T. N. Lan, E. Gull, and
D. Zgid, Journal of Chemical Theory and Computation 12,
2250 (2016), http://dx.doi.org/10.1021 /acs.jctc.6b00178,
A. A, Rusakov and D. Zgid, The Jour-
nal of Chemical Physics 144, 054106 (2016),
http://dx.doi.org/10.1063/1.4940900.

A. R. Welden, A. A. Rusakov, and D. Zgid, The Journal
of Chemical Physics 145, 204106 (2016).

N. E. Dahlen and R. van Leeuwen, The
nal of Chemical Physics 122, 164102
http://dx.doi.org/10.1063/1.1884965.

N. E. Dahlen and U. v. Barth, Phys. Rev. B 69, 195102
(2004).

N. E. Dahlen and U. von Barth, The Journal of Chemical
Physics 120, 6826 (2004).

H. Kajueter and G. Kotliar, Phys. Rev. Lett. 77, 131
(1996).

L. Hedin, Phys. Rev. 139, A796 (1965).

A. Stan, N. E. Dahlen, and R. van Leeuwen, EPL (Euro-
physics Letters) 76, 298 (2006).

C.-O. Almbladh, U. V. Barth, and R. V. Leeuwen, Inter-
national Journal of Modern Physics B 13, 535 (1999).

A. Stan, N. E. Dahlen, and R. van Leeuwen, |The Journal
of Chemical Physics 130, 114105 (2009).

H. Koch, A. S. de Méeras, and T. B. Pedersen, |J. Chem.
Phys. 118, 9481 (2003).

F. Caruso, P. Rinke, X. Ren, A. Rubio, and M. Scheffler,
Physical Review B 88, 075105 (2013).

D. Zgid and G. K.-L. Chan, [The
nal of Chemical Physics 134, 094115
http://dx.doi.org/10.1063/1.3556707.

D. Zgid, E. Gull, and G. K.-L. Chan, [Phys. Rev. B 86,
165128 (2012).

M. Karolak, G. Ulm, T. Wehling, V. Mazurenko,
A. Poteryaev, and A. Lichtenstein, |[Journal of Electron

Jour-
(2005),

Jour-
(2011),

37
38

39

40

41

42

43

44

45

46

47
48

49

50

51

52
53

14

Spectroscopy and Related Phenomena 181, 11 (2010),
proceedings of International Workshop on Strong Corre-
lations and Angle-Resolved Photoemission Spectroscopy
2009.

C. Lin and A. A. Demkov, Phys. Rev. B 88, 035123 (2013).
Y. Lu, M. Héppner, O. Gunnarsson, and M. W. Haverkort,
Phys. Rev. B 90, 085102 (2014).

A. Go and A. J. Millis, ArXiv e-prints
arXiv:1703.04928 [cond-mat.str-el].

A. A. Rusakov, J. J. Phillips, and D. Zgid, The
Journal of Chemical Physics 141, 194105 (2014),
http://dx.doi.org/10.1063/1.4901432.

N. Lin, C. A. Marianetti, A. J. Millis, and D. R. Reichman,
Phys. Rev. Lett. 106, 096402 (2011).

Only a subset of v integrals has to be transformed to the
new orthogonal basis.

F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2, 73
(2012).

C. Angeli, R. Cimiraglia,
Phys. 117, 9138 (2002).
C. Angeli, R. Cimiraglia, S. Evangelisti, T. Leininger, and
J.-P. Malrieu, J. Chem. Phys. 114, 10252 (2001).

K. Aidas, C. Angeli, K. L. Bak, V. Bakken, R. Bast, L. Bo-
man, O. Christiansen, R. Cimiraglia, S. Coriani, P. Dahle,
E. K. Dalskov, U. Ekstrom, T. Enevoldsen, J. J. Erik-
sen, P. Ettenhuber, B. Ferndndez, L. Ferrighi, H. Fliegl,
L. Frediani, K. Hald, A. Halkier, C. Hattig, H. Heiberg,
T. Helgaker, A. C. Hennum, H. Hettema, E. Hjertenzes,
S. Hgst, I.-M. Hgyvik, M. F. lozzi, B. Jansik, H. J. A.
Jensen, D. Jonsson, P. Jgrgensen, J. Kauczor, S. Kirpekar,
T. Kjergaard, W. Klopper, S. Knecht, R. Kobayashi,
H. Koch, J. Kongsted, A. Krapp, K. Kristensen, A. Lig-
abue, O. B. Lutnzes, J. I. Melo, K. V. Mikkelsen, R. H.
Myhre, C. Neiss, C. B. Nielsen, P. Norman, J. Olsen,
J. M. H. Olsen, A. Osted, M. J. Packer, F. Pawlowski,
T. B. Pedersen, P. F. Provasi, S. Reine, Z. Rinkevicius,
T. A. Ruden, K. Ruud, V. V. Rybkin, P. Salek, C. C. M.
Samson, A. S. de Meras, T. Saue, S. P. A. Sauer, B. Schim-
melpfennig, K. Sneskov, A. H. Steindal, K. O. Sylvester-
Hvid, P. R. Taylor, A. M. Teale, E. I. Tellgren, D. P. Tew,
A. J. Thorvaldsen, L. Thggersen, O. Vahtras, M. A. Wat-
son, D. J. D. Wilson, M. Ziolkowski, and H. gren, Wiley
Interdisciplinary Reviews: Computational Molecular Sci-
ence , n/a (2013)!

T. H. Dunning, J. Chem. Phys. 55, 716 (1971).

J. M. Tomczak, M. Casula, T. Miyake, and S. Biermann,
Phys. Rev. B 90, 165138 (2014).

T. Ayral, S. Biermann, and P. Werner, |Phys. Rev. B 87,
125149 (2013).

L. Boehnke, F. Nilsson, F. Aryasetiawan, and P. Werner,
Phys. Rev. B 94, 201106 (2016).

W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem.
Phys. 51, 2657 (1969).

T. H. Dunning, J. Chem. Phys. 90, 1007 (1989).
Nonparallelity errors (NPEs) are defined as the difference
between the largest and smallest errors with respect to the
reference data. Methods with small NPEs may not give an
exact total energy but result in many useful data since the
shift in total energy is then only a constant shift.

S. F. Boys, Rev. Mod. Phys. 32, 296 (1960).

J. Hachmann, W. Cardoen, and G. K.-L. Chan, J. Chem.
Phys. 125, 144101 (2006).

A. Y. Sokolov and G. K.-L. Chan, [The
nal of Chemical Physics 142, 124107

(2017),

and J.-P. Malrieu, J. Chem.

Jour-
(2015),


http://dx.doi.org/http://dx.doi.org/10.1063/1.4938562
http://dx.doi.org/10.1021/acs.jctc.6b00638
http://dx.doi.org/10.1021/acs.jctc.6b00638
http://dx.doi.org/10.1021/acs.jpclett.7b00689
http://dx.doi.org/10.1021/acs.jpclett.7b00689
http://arxiv.org/abs/http://dx.doi.org/10.1021/acs.jpclett.7b00689
http://stacks.iop.org/1367-2630/19/i=2/a=023047
http://stacks.iop.org/1367-2630/19/i=2/a=023047
http://arxiv.org/abs/1705.01608
http://dx.doi.org/10.1103/PhysRevLett.114.156402
http://dx.doi.org/10.1103/PhysRevLett.114.156402
http://dx.doi.org/10.1103/PhysRevB.95.155104
http://dx.doi.org/10.1103/PhysRev.118.1417
http://dx.doi.org/10.1103/PhysRev.118.1417
http://dx.doi.org/10.1103/PhysRev.124.287
http://dx.doi.org/10.1103/PhysRev.127.1391
http://dx.doi.org/10.1063/1.4884951
http://dx.doi.org/10.1063/1.4884951
http://dx.doi.org/http://dx.doi.org/10.1063/1.4921259
http://dx.doi.org/http://dx.doi.org/10.1063/1.4921259
http://dx.doi.org/10.1021/acs.jctc.5b00884
http://dx.doi.org/10.1021/acs.jctc.5b00884
http://arxiv.org/abs/http://dx.doi.org/10.1021/acs.jctc.5b00884
http://dx.doi.org/ 10.1021/acs.jctc.6b00178
http://dx.doi.org/ 10.1021/acs.jctc.6b00178
http://arxiv.org/abs/http://dx.doi.org/10.1021/acs.jctc.6b00178
http://dx.doi.org/http://dx.doi.org/10.1063/1.4940900
http://dx.doi.org/http://dx.doi.org/10.1063/1.4940900
http://dx.doi.org/http://dx.doi.org/10.1063/1.4940900
http://dx.doi.org/10.1063/1.4967449
http://dx.doi.org/10.1063/1.4967449
http://dx.doi.org/http://dx.doi.org/10.1063/1.1884965
http://dx.doi.org/http://dx.doi.org/10.1063/1.1884965
http://dx.doi.org/http://dx.doi.org/10.1063/1.1884965
http://dx.doi.org/10.1103/PhysRevB.69.195102
http://dx.doi.org/10.1103/PhysRevB.69.195102
http://dx.doi.org/10.1103/PhysRevLett.77.131
http://dx.doi.org/10.1103/PhysRevLett.77.131
http://dx.doi.org/10.1103/PhysRev.139.A796
http://stacks.iop.org/0295-5075/76/i=2/a=298
http://stacks.iop.org/0295-5075/76/i=2/a=298
http://dx.doi.org/10.1142/S0217979299000436
http://dx.doi.org/10.1142/S0217979299000436
http://dx.doi.org/10.1063/1.3089567
http://dx.doi.org/10.1063/1.3089567
http://dx.doi.org/10.1063/1.1578621
http://dx.doi.org/10.1063/1.1578621
http://dx.doi.org/ 10.1103/PhysRevB.88.075105
http://dx.doi.org/http://dx.doi.org/10.1063/1.3556707
http://dx.doi.org/http://dx.doi.org/10.1063/1.3556707
http://dx.doi.org/http://dx.doi.org/10.1063/1.3556707
http://dx.doi.org/10.1103/PhysRevB.86.165128
http://dx.doi.org/10.1103/PhysRevB.86.165128
http://dx.doi.org/ http://dx.doi.org/10.1016/j.elspec.2010.05.021
http://dx.doi.org/ http://dx.doi.org/10.1016/j.elspec.2010.05.021
http://dx.doi.org/10.1103/PhysRevB.88.035123
http://dx.doi.org/10.1103/PhysRevB.90.085102
http://arxiv.org/abs/1703.04928
http://dx.doi.org/http://dx.doi.org/10.1063/1.4901432
http://dx.doi.org/http://dx.doi.org/10.1063/1.4901432
http://dx.doi.org/http://dx.doi.org/10.1063/1.4901432
http://dx.doi.org/10.1103/PhysRevLett.106.096402
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1002/wcms.81
http://scitation.aip.org/content/aip/journal/jcp/117/20/10.1063/1.1515317
http://scitation.aip.org/content/aip/journal/jcp/117/20/10.1063/1.1515317
http://scitation.aip.org/content/aip/journal/jcp/114/23/10.1063/1.1361246
http://dx.doi.org/ 10.1002/wcms.1172
http://dx.doi.org/ 10.1002/wcms.1172
http://dx.doi.org/ 10.1002/wcms.1172
http://dx.doi.org/ 10.1103/PhysRevB.90.165138
http://dx.doi.org/10.1103/PhysRevB.87.125149
http://dx.doi.org/10.1103/PhysRevB.87.125149
http://dx.doi.org/10.1103/PhysRevB.94.201106
http://dx.doi.org/http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/http://dx.doi.org/10.1063/1.1672392
http://dx.doi.org/http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1103/RevModPhys.32.296
http://dx.doi.org/10.1063/1.4916315
http://dx.doi.org/10.1063/1.4916315

57

http://dx.doi.org/10.1063/1.4916315.

“See supplemental material at [url will be inserted by pub-
lisher| for occupation numbers and orbital energies at dif-
ferent interatomic distances of the nitrogen dimer in the
6-31g basis set.”.

S. Biermann, |[Journal of Physics: Condensed Matter 26,
173202 (2014).

P. Werner and A. J. Millis, Phys. Rev. B 74, 155107 (2006).
F. F. Assaad and T. C. Lang, Phys. Rev. B 76, 035116
(2007).

15

51 P, Werner and A. J. Millis, Phys. Rev. Lett. 99, 146404
(2007).

52 P. Werner and A. J. Millis, Phys. Rev. Lett. 104, 146401
(2010).

%3 E. Gull, A. J. Millis, A. I. Lichtenstein, A. N. Rubtsov,
M. Troyer, and P. Werner, Rev. Mod. Phys. 83, 349
(2011).


http://arxiv.org/abs/http://dx.doi.org/10.1063/1.4916315
http://stacks.iop.org/0953-8984/26/i=17/a=173202
http://stacks.iop.org/0953-8984/26/i=17/a=173202
http://dx.doi.org/10.1103/PhysRevB.74.155107
http://dx.doi.org/10.1103/PhysRevB.76.035116
http://dx.doi.org/10.1103/PhysRevB.76.035116
http://dx.doi.org/10.1103/PhysRevLett.99.146404
http://dx.doi.org/10.1103/PhysRevLett.99.146404
http://dx.doi.org/10.1103/PhysRevLett.104.146401
http://dx.doi.org/10.1103/PhysRevLett.104.146401
http://dx.doi.org/ 10.1103/RevModPhys.83.349
http://dx.doi.org/ 10.1103/RevModPhys.83.349

	Testing self-energy embedding theory in combination with GW
	Abstract
	Introduction
	Methods
	GF2
	GW
	SEET
	SEET with GW
	Orbital choice
	Double counting
	Total self-energy
	Impurity problem in SEET

	Interactions used for the impurity Hamiltonian
	SEET self-consistency

	Results
	H2 molecule
	Energetics
	Green's function, self-energy, and hybridization

	H10 chain
	H50 chain
	N2 molecule

	Relation of SEET(CI/GW) to GW+DMFT
	Conclusions
	Acknowledgements
	References


