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ABSTRACT: In the present work, we introduce a self-consistent density- interacting fragments KS system
functional embedding technique, which leaves the realm of standard :.“_(‘1: o e o
energy-functional approaches in density functional theory and targets X — “e —

directly the density-to-potential mapping that lies at its heart. Inspired by e e
the density matrix embedding theory, we project the full system onto a set Energy o KS potential

of small interacting fragments that can be solved accurately. Based on the [} -
rigorous relation of density and potential in density functional theory, we |\
then invert the fragment densities to local potentials. Combining these
results in a continuous manner provides an update for the Kohn—Sham
potential of the full system, which is then used to update the projection.
We benchmark our approach for molecular bond stretching in one and
two dimensions and show that, in these cases, the scheme converges to
accurate approximations for densities and Kohn—Sham potentials. We demonstrate that the known steps and peaks of the exact
exchange-correlation potential are reproduced by our method with remarkable accuracy.
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1. INTRODUCTION (DMRG).'® These methods, although becoming more and
more efficient, still have high computational cost and thus are
only able to describe relatively small systems.

A pathway to use accurate methods on a larger scale is
provided by embedding theories. The general idea behind
embedding consists of dividing a system into one or more
fragments of interest and an environment, which is then
considered only indirectly. With this partition, the need of
performing an expensive calculation on the full system is
circumvented. An established group of embedding theories are
various density-functional embedding methods'’~* that have
been successfully applied to a large range of complex systems,
such as molecule adsorption on metallic surfaces,” proton
transfer reactions in solution,”* and photophysical properties of
natural light-harvesting complexes,” to name a few. They
provide ways of calculating a system that is weakly bounded to
an environment by representing the environment by an external
field. Opposed to that, embedding methods such as dynamical-
mean-field theory (DMFT),”*"** density-matrix-embedding
theory (DMET),””™*' and density-embedding theory

Over the past decades, density functional theory (DFT) has
become a well-established and successful method that is able to
accurately describe molecular and condensed matter systems.
One reason for its success can be attributed to its computational
efficiency as all physical observables of interest are functionals of
the ground-state density n(r)." The most popular technique to
find the density of the system accurately is the Kohn—Sham
(KS) DFT, where the density of the full interacting system is
computed via an auxiliary noninteracting system.” All
interactions and correlations of the interacting system are
mimicked by the so-called exchange-correlation (xc) potential,
which is usually determined as the derivative of the xc energy
functional E, [n] that is unknown and has to be approximated in
practice.”™® A remaining challenge is to find functional
approximations describing other wanted observables O[n].
Another issue with DFT is that, although significant progress
in functional development over the years has been achieved,
approximate DFT functionals usually still struggle to describe

systems with strongly correlated electrons.” The dissociation 3253 : '
limit of the H, molecule is a good example for a simple system (DET) consider correlations between the system and the

that is not easy to describe with commonly used approximate environment more .explicitly and thus are successful‘ in
DFT functionals. Those functionals that are optimized to be able describing systems with strongly correlated electrons. This is

to mimic the dissociation of H,”~" do not perform equally good achieved by mapping the full system onto a fragment that is
on other problems.” embedded into a, in some cases, correlated, bath. In the latter

There are alternative methods that are able to describe two methods, only the fragment is described accurately, while

strongly correlated electrons accurately. One big group are

wave-function methods, such as full configuration interaction Received: January 23, 2019
(FCI) methods'® and density-matrix-renormalization group Published: September 6, 2019
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the rest of the system is described with a lower-level calculation.
Here, the challenge is the connection between the high-level and
low-level calculations.””*' 3¢

All mentioned embedding methods are tailored to describe
the behavior of the fragments accurately. Opposed to that, we
use in the present work the embedding idea to improve our
large-scale description of the full system by including insights
from small fragments. To this end, we introduce a feedback
algorithm, which combines DMET with density inversions
based on the one-to-one correspondence of density and
potential in exact DFT. Our approach is closely related to the
DET" realization of DMET with the main difference being that
we partition the system into strongly overlapping fragments.
Although the idea of overlapping fragments was considered
before in bootstrap embedding,”* the procedure itselfis different
to ours. This results in a self-consistent density-functional
embedding (SDE) technique, which allows to explicitly
construct approximations to the xc potential with increasin§
accuracy. Here, no optimized-effective potential (OEP)*””
procedure needs to be employed since it is not the energy that is
approximated but directly the local xc potential. In our context,
we are not using an explicit expression of the xc potential in
terms of the density but rather employ a direct numerical
construction. We use the embedding to find numerically local
approximations to the density-potential mappings that give
direct access to the xc potential. Once the optimal KS system is
obtained, we gain information about observables from those
interacting fragment wave functions, which serve as an
approximation to the full interacting wave function. To put it
differently, we approximate the involved potential-density maps
of standard DFT as a combination of local maps. In the limit that
the fragment describes the full system, we find also the exact KS
potential.

The paper is organized as follows. In Section 2, we introduce
the proposed SDE method step by step. In Section 3, we present
the Hamiltonian for two electrons in a heteroatomic model
system in one and two dimensions, which we use to benchmark
our approach. The results for the energy, density, and KS
potential of the introduced systems are shown in Section 4.
Finally, a summary of the SDE method and an outlook toward
more general applications are given in Section S.

2. THEORY

2.1. Density Functional Theory. In this section, we
introduce key aspects of DFT and issues of standard DFT
approximations that we wish to address with our approach.
Based on the Hohenberg—Kohn (HK) theorem,' in KS DFT,’
the ground-state density n(r) of a target interacting many-body
system is obtained through a set of auxiliary one-body (KS)
equations with an effective local (KS) potential vgg[n](r)
(atomic units are used throughout the paper)

VZ
[_7 + vis(r) ]q’f(r) = £0,(r) 1)

The difference between the KS potential and the external
potential v (r) of the interacting system is the so-called
Hartree-exchange-correlation (Hxc) potential vy, [n](r) that
accounts for all the interactions and kinetic correlations of the
interacting system. This potential is usually obtained by
approximating the corresponding Hxc energy functional
Eiy[n] and then taking the functional derivative of the latter
with respect to the density.
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Although highly successful, there are several issues with this
approach. From a formal perspective, it is shown that the exact
functionals as defined by Lieb are not functionally differ-
entiable.”” So, to provide the main ingredient, regularizations
need to be done.”” Further, it is very hard to systematically
increase the accuracy of known approximate functionals.*" Also,
even if we had an accurate approximate functional, it would
usually be given in terms of KS orbitals, and a numerically
demanding OEP procedure””*® would be needed to obtain the
KS potential. Furthermore, there is the often overlooked but
important issue of how to construct other observables from the
KS Slater determinant as any observable that cannot be
expressed directly in terms of the density needs to be
approximated in terms of the latter.

Here, we avoid these issues by following a different path,
which involves no explicit approximate expression for Ey, [n] or
Vieln]. Instead, we first introduce a formal approach that
employs density-potential mappings of DFT directly (see, e.g,
ref 42) and then make this approach practical by applying
approximations to it. Following the HK theorem, for a given
density n¥, there is a interacting system with the external
potential v[n®] that produces this density. Also, exactly the
same density can be re]groduced by the noninteracting system
with the potential vs[n]. Hence, an interacting density n(x)
can be uniquely inverted to both an interacting potential
v[n?](r) and a noninteracting potential vg[n?](r). The Hxc
potential is then defined by the difference of those two potentials

sl 101(1) = 10(x) + vlnP1(x) = o[n?](x)
V1 V1(x)

@)

Solving the single-particle eigenvalue equations (eq 1) for
Vgs[Vex 1], we obtain the updated density nl+D, Starting with
some initial density n(”), this scheme converges at the true
ground-state density n that is produced by the external potential
Vexe = v[n], and we have also found the noninteracting potential
vgsln] = vg[n] to reproduce this density.

Note that the fixed-point iteration scheme introduced above
does not need any explicit expression of an energy functional.
However, it is obvious that the scheme itself is not practical at all.
To avoid solving the exact Schrodinger equation (SE) for one
interacting system with v,,, we ended up performing inversions
not only to obtain the noninteracting vs[n")], which in principle,
is feasible,">~*° but also to obtain the interacting v[n®], which
would involve solving the interacting SE multiple times at each
step and hence increase the numerical complexity of the
problem instead of decreasing it.

The method we present in this paper targets directly at
approximating the fixed-point iteration scheme in a way that no
inversion for v[n] is necessary. Within our approach, the
connection between v[n] and # is given by a projection (that we
introduce in Section 2.4), and the exact SE is solved in smaller
subsystems.

2.2. Self-Consistent Density-Functional Embedding
Method. The fundamental idea of the SDE approach is to
replace the mapping between the global KS potential and the
corresponding density by dividing the system into a set of
fragments {i} and mapping those onto a set of auxiliary
interacting systems with a corresponding set of external
potentials {v'}, interacting wave functions {| ¥)'}, and densities
{n'}. Here, no interacting inversion is needed, and we also get an
approximated mapping between the KS Slater determinant |®,)
and the ground-state wave function of the system [¥,).
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Figure 1. General SDE idea: properties of an interacting electronic system with an external potential v, and a ground-state wave function |¥,) are fully
determined by its electronic density n(r), which can be uniquely reproduced by a noninteracting system (KS system). The interacting system is divided
into fragments. For each fragment (orange), the system is projected onto a smaller auxiliary interacting (embedded) system. The embedded system
consists of the fragment, which remains unchanged by the projection, and the part of the system that includes interaction and correlation with the
fragment (depicted in violet). Each of the embedded systems is then solved on a wave-function level, yielding an accurate density that then can be
uniquely mapped onto an auxiliary noninteracting system with the same density. These accurate local potentials are then used to improve the global KS
description of the full system. The whole process is repeated self-consistently until convergence of the global KS potential is reached.

The SDE method is depicted schematically in Figure 1. It
consists of the following parts, to each of which we assign a
distinct subsection:

1. The full system is described in terms of its ground-state
density n(r) by means of KS DFT, as we have discussed in
Section 2.1.

2. The system is divided into fragments. Our proposed
partition differs significantly from partition DET***” or
DMET,*" and we will introduce our “continuous
partition” in Section 2.3.

3. For each fragment, the full system is projected onto an
embedded system, where the fragment is embedded into
an effective bath. In this paper, the choice for the projector
is inspired by the DMET approach, which we explain in
detail in Section 2.4.

4. For each fragment, an accurate calculation is performed
with a wave-function method. The fragment wave
functions are then used to calculate accurate fragment
densities. These wave functions also serve as a local
approximation to the mapping between the KS Slater
determinant and the ground-state wave function
|Dy[n])—=I¥o[n]), from which we can directly calculate
correlated observables via O[n] = (¥[n]IOI¥[n]). We
explain how this calculation is performed in practice in
Section 2.5.

S. Finally, for each fragment i, an auxiliary noninteracting
system is found that reproduces the density n, and the set
of obtained potentials {vg[n']} is then used to update the
global KS potential. How this is done in practice is
explained in Section 2.6. The SDE scheme is applied self-
consistently, and the algorithm is also explained in Section
2.6.

As we divide our system into fragments in real space, we will,
for the sake of convenience, consider only systems that are
discretized on a real-space grid throughout the paper.

2.3. Continuous Partition. We continue by considering the
problem of dividing the full problem into fragments. Generally,
the fragments have to cover the full system and should be
selected small enough to be calculated with required accuracy.

In embedding approaches such as subsystem DFT** and also
in the framework of partition DFT,* the system is divided into
non-overlapping fragments, which are weakly bounded to one
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another. In other words, the partition is dictated by density
distribution and correlations within the system and cannot be
chosen arbitrarily. Therefore, those approaches are not
applicable when connections along fragments become impor-
tant.

In DMET,””™"' the system is also divided into non-
overlapping fragments. The partition itself can be chosen
arbitrarily as particle transfer between the fragment and the rest
of the system is possible within this approach. The size of the
fragments is dictated mostly by the correlation length in the
system.”” Hence, the amount of correlation, which is captured
with the DMET method is constrained by the size of the
fragment. Thus, by increasing the fragment size, a convergence
toward the exact solution is feasible, which makes the method
systematically improvable. Dividing the system into non-
overlapping fragments, however, causes artificial discontinuities
in local observables such as density’,”* which sometimes also
leads to convergence problems.*® This is one reason why DMET
can have convergence problems when applied to inhomoge-
neous systems.”” For such systems, a simple single-shot
embedding is usually performed,”" which still provides very
good results for the energies, which is, after all, the target of the
DMET method.

In SDE, we employ the same type of projection as in DMET
(see Section 2.4), but since we are particularly targeting the
density, we further introduce a partition that guarantees that all
fragments connect smoothly to one another. Specifically, we
define a continuous partition, where the system is covered by
overlapping fragments, as depicted in Figure 2. The idea of using
overlaps to remove edges of a fragment was first introduced in
bootstrap embedding,”* where densities of overlapping frag-
ments are matched to one another through additional self-
consistency loops. Here, we use a much simpler scheme. We
sweep through the system by just going one grid point further for
each fragment calculation, and when computing local
observables such as the density, we only take into account the
grid point in the middle of each fragment. Hence, our partition is
constructed such that the local observables are continuous on
the real-space grid. The accuracy can be improved by selecting
the grid spacing appropriately. In practice, this has to be
balanced with the computational cost as for any real-space
implementation.

DOI: 10.1021/acs.jctc.9b00063
J. Chem. Theory Comput. 2019, 15, 5209—-5220


http://dx.doi.org/10.1021/acs.jctc.9b00063

Journal of Chemical Theory and Computation

(a)
7
|@ o

)\ooooooo

(A .

Q

e @ @ (o 6 o
Io o ole 'I\ ° I y
kg_ﬂ:m_gJ{,_.af \®_o_ o
o o o0

Figure 2. Visualization of the partition procedure: To obtain a
continuous density, we sweep through the system by just going one site
forward for each fragment calculation. Then, only the physical
properties of the centering site are taken into account when considering
local observables. The upper image (a) shows the partition in 1D,
whereas the lower image (b) illustrates the partition in 2D. Projections
P; onto embedded systems as well as effective bases depicted by
different kinds of crosses are explained in Section 2.4. This partition
procedure can be extended to 3D in a straight-forward manner (not
shown).

2.4. Projection onto the Embedded System. Having
decided on how to divide the system into fragments, we now
treat each fragment separately and find an effective description
for the corresponding embedded system (see Figure 1). We
want the embedded system to be such that it describes the
physics on the fragment as accurately as possible. As depicted in
Figure 1, we have to project the full system onto an embedded
system for each fragment.

Out of a manifold of possible projections, we adopt
here the projection used in DMET**™! as it provides an
efficient way of including static correlations between the
fragment and the rest of the system, which we call bath from
now on.

The DMET method can be understood as a complete active
space (CAS) calculation under the assumption that the fragment
basis functions are always in the active space. What then remains
to be found are the orbitals that build up the remaining part of
the active space, which we here call the correlated bath. It is
constructed such that it has the same dimensionality N, as the
basis that spans the fragment.

Since the construction of the DMET projection has already
been introduced in the literature multiple times,” ™" we leave
the step-by-step instructions on how we do it in practice to the
Appendix, and we give a visualization of the projection in Figure
3. By solving a mean-field Hamiltonian for the full system, we
obtain a new smaller set of orbitals in which we then express the
interacting Hamiltonian H of the full system to obtain the
Hamiltonian H,_;, for the embedded system.

2.5. Fragment Calculation. For each fragment i, we obtain
the embedding Hamiltonian H},,as described in Section 2.4 and
then diagonalize it to obtain the ernbedding wave function

I¥...) and the corresponding density n' of this embedded
system.

In the present work, we use exact diagonalization (ED) to
solve for the ground-state wave function of the embedded

21,26,29
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Figure 3. Visualization of the decomposition of the system into the
fragment and bath and the projection onto the embedding part (CAS)
and environment. The dots depict the sites, which correspond to our
chosen initial basis set, and the crosses depict the orbitals after
projecting. To describe the physics of the fragment, only the embedding
part is considered.

system. We emphasize that also other solvers, such as
DMRG,'**** coupled cluster,”>* selective CI approaches,*
or Monte Carlo methods,”** can be used for the fragment
calculation.

The correlated embedding wave functions can then be used to
calculate the energy of the full system E; or any other correlated
observable. As described in ref 30, the energy of the full system
E, can be approximated as a sum of fragment energies, which are
calculated by taking a part1a1 trace of the corresponding
embedding density matrix” pl, = [P ) (Wl In the SDE
approach, for each fragment i, only the middle site a; is
considered for obtaining properties of the full system (see
Section 2.3). The site value of an observable is calculated by
tracing out all CAS orbitals of the fragment i except for the site o;
(see Appendix for a detailed definition of CAS). An observable
of the full system is then obtained as a sum over values for every
site. Hence, taking for example the energy, we adopt the formula
from ref 30 to

E,=(H) ~ Z E, Z Treas- a(/)emb emb)

()
where N denotes the number of fragments, which is equal to the
number of grid points. Here, we have approximated the full wave
function by a set of fragment wave functions. The correlation
length that can be captured within this approximation is limited
by the fragment size.

The formula above can be applied to any other observable.
Thus, we circumvent the usual problem in DFT of finding
explicit functional dependence O[n] between an observable of
interest O and the density n by simply using the embedding wave
functions instead of the density.

Before moving on to improving the KS description of the full
system, we have to add an additional constrain to the fragment
calculations. As in DMET or partition DFT, we have to make
sure that, when patching the system back together, we retain the
correct particle number N in the full system

Ay - N=0 )

Following ref 31, we achieve this by adding and self-consistently
optimizing a chemical potential y to the embedding
Hamiltonian of each fragment

ﬁeimb - ﬁeimb +u Z

ae meg

©)

where 71, denotes the density operator on site @, and the index a
runs over all fragment sites. The constant y in eq 5 is added only
to the fragment part of the embedding Hamiltonian to achieve a
correct particle distribution between the fragment and the
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environment. In other words, the chemical potential is a
Lagrange multiplier, which assures that the constraint in eq 4 is
fulfilled.

2.6. Self-Consistency. So far, we have discussed how,
starting from an initial guess for the KS potential (we usually
start with vgg = v,,), we project the full system onto a set of
interacting embedded systems with {H.,, ¥ ) by - We
now want to use this set of quantities to update the KS potential
of the full system.

For each fragment i, the Hamiltonian contains a one-body
part hi_; and a two-body part W:,_,

A ~t A
H(:mb = hemb + W(:mb (6)

Following the KS construction, the corresponding density
nLyp can be reproduced by an auxiliary noninteracting system
with

. ni ; ;

Helmb,MF = hemb + 1/)elmb,ch[neI:mb] (7)
where the correlations are mimicked by the Hxc potential
Vhiye, emby Which is defined as the difference of one-body terms of
the interacting and noninteracting systems. In practice, this
potential is obtained either by analytical®® or numerical
inversion**~* or by a robust minimization routine as usually
employed in DMET.”" The specific inversion scheme that is
used to compute the results presented later in this paper will be
introduced in Section 3, together with the model Hamiltonians
we use for Section 4. The idea of using the density rather than
the one-body reduced density matrix (IRDM) to obtain the
embedding potential has already been introduced by Bulik et al.
within the DET approach.”” This method, however, does not
target a KS system that, in principle, reproduces exactly the
density of the interacting system. A major difference between
DET and our approach is, besides the connection to unique
mappings in DFT, the continuous partition introduced in
Section 2.3 that results in an accurate approximation of the
global KS potential.

To this aim, we approximate the Hxc potential of the full
system vy, on each site @, by the corresponding value of Dy, b
on the same site.

1/ch(ai) = 1§Iilxc,emb(ai) (8)
The KS potential is then updated according to eq 2 as
ﬁI(S(ai) = 0ext(ai) + ﬁIilxc(ai) (9)

This yields the new KS Hamiltonian I:IKS =T+ \A/'Ks, which is
then used to calculate a new set of projections P,. This is done
until convergence (see algorithm in Figure 4). Eventually, we
obtain an accurate density and KS potential from which also
correlated observables can be calculated as described in eq 3.
The SDE algorithm can be improved by increasing the fragment
size, and it converges to the exact solution. Note that the choice
of reproducing accurately the density of the interacting
embedded system by a noninteracting one, which has also
been used in DET,** is crucial as it is based on rigorous one-to-
one relations between densities and potentials in DFT and gives
us a well-defined target for the inversion. This would not be the
case with any other quantity such as, for example, the IRDM
(which is used in DMET), since the IRDM of an interacting
system cannot be reproduced exactly by a noninteracting one, as
for example, comprehensively discussed in ref 32.
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Figure 4. Visualization of the SDE algorithm: The full system can be
uniquely mapped onto a noninteracting KS system. The system is
divided into overlapping fragments such that a continuous
reconstruction of the full system is possible. An initial guess for the
global KS system is made, from which a projection is built for each
fragment. Then, for each fragment, the embedding Hamiltonian is
calculated, and the corresponding ground-state wave function and
density are computed. A self-consistency cycle is added to maintain the
correct particle number. As soon as the correct particle number is
ensured in the full system, the density of every fragment is inverted and
yields an updated vy, on each site independently. This potential is then
used to update the KS system. The procedure is repeated until self-
consistency. In pink, we mark those parts of the algorithm that are close
to the DMET approach.

As in SDE, we adopt the projection from DMET, to illustrate
the distinction between the two methods, that we mark in Figure
4 in pink, which are parts of the algorithm that SDE shares with
DMET. Both methods coincide only for fragment size N, = 1
as only then there is no difference in partition (single-site
fragments cannot overlap) and also between the density and
1RDM on the fragment (as there are no off-diagonal elements).

To complete the introduction of the SDE method, we now
turn to its numerical cost. The cost of fragment calculations in
SDE grows exponentially with the fragment size N,g, and the
cost for the underlying calculation of the noninteracting system
grows quadratically with the total number of grid points N. This
has to be multiplied by the number of fragments, which is also N,
and the needed self-consistency iterations 7, yielding a total
scaling of 4> News . N®. 7. This is, of course, more expensive than
a usual DFT calculation (that is, N* - # in local density
approximation (LDA)), but cheaper than the exponentially
growing cost of an FCI calculation.

3. DIATOMIC MOLECULE MODEL IN ONE AND TWO
DIMENSIONS

In this section, we introduce the model Hamiltonians, which we
use to validate our approach (see Section 4), and also the
inversion scheme used for all results.

The SDE approach so far is valid for all closed systems that can
be represented by a time-independent Schrodinger equation. To
benchmark our method and to show its efficiency, we describe
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the two-electron bond stretching of a heteroatomic molecule in
one and two dimensions (see Figure 5).

We model this system with the following Hamiltonian” on a
1D/2D real—space grid®”’

do yete
Z (Cl+10' Ci o 1oct+1(r -

A

ZA 2 Zﬁi,a)

+ Z lextnt c + Z
i,j,0,0' 2\ (Ax(l - ]))2 + a (10)

where ?:* and ¢; , are the usual creation and annihilation
operators of an electron, respectively, with spin ¢ on site i, and
o= cJf o is the corresponding density operator. In 2D, the
index i becomes a double index with

i - (lx! ly)

i+1 = (. + 1), (G, i+ 1)

Aol

i—j =G+ G =) (11)
The spacing Ax is determined by the box size L in direction x
and the number of grid points N, and as the external potential,
we employ a double-well potential v,,.

The first part of the Hamiltonian takes into account the
kinetic energy of the molecule by means of a next-neighbor
hopping term. The second term in eq 10 is the external potential,
which mimics the ions of the molecule and depends on the
considered dimension. In the one-dimensional case, the external
potential on each point is given by

(-9 +a J(xi+gz)2+a

N-1

* 2@+ a)
(12)

). The numbers z, and z, determine the

D _
vi,ext -

with x, = Ax(i -
depth of each well. In our case, they take values between 0 and 2,
and we will characterize the potential by their difference Az =z,

— 2,. In the two-dimensional case, the external potential takes
the form

2D 1D 1
V; =V

iext ix,ext' 2
\/Ax (1 - Ny_l) +a
2 (13)

accounting for both the charge distributions of the ions in x and
y directions.

The third term of the Hamiltonian takes into account the
interaction of the electrons. We model the electronic interaction
as well as the core potentials by the soft-Coulomb interaction,
which avoids the singularity at zero distance. To do so, we
include a softening parameter o = 1.

N

~

C..........

-—
Az

1D
ext

Figure S. Visualization of the 1D H, molecule. The real space is
discretized on a grid with N sites. The two atoms are modeled through a
symmetric double-well potential vig.
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One reason for choosing a problem that only includes two
electrons is that, for this example, we can analytically invert the
density n of the interacting problem to yield the potential vg[n]
of the auxiliary noninteracting system that has the same density.
As the ground state of a two-electron problem is always a singlet,
it is valid that

n(r) = 2lg,(r) (14)

Insertmg this property into the one-body equations (eq 1)
yields*®

(V2/2 = v[n](x))y/n(x) e
Jn(x) ’ (15)

where v[n] is the external potential of the interacting system,
which yields the same density n. The constant &, can be chosen
arbitrarily as it only fixes the gauge. We choose it such that
Vie(r) vanishes at the boundaries. The formula above is given in
the real-space domain, but it can be applied to any quantum
lattice system™ as there is a one-to-one correspondence between
tdensity and potential for those systems.”® The exact inversion
formula can therefore be applied to every embedded system with
two electrons, hence, to every embedded system resulting from
our model. Note that, although the exact inversion formula can
only be used for the special case of two electrons, there are
different ways to expand this toward the treatment of more
particles. The analytic inversion can either be replaced by
numerical inversion schemes™~* or by the robust minimization
scheme used in DMET.”’!

1;ch[”l] (r) =

4. RESULTS

To demonstrate the feasibility of our approach, we calculate
densities, KS potentials, and total energies of model
Hamiltonians introduced in Section 3. Although our numerical
results are limited to 1D and 2D model systems, we still discuss
cases that are notoriously difficult to capture for standard KS
DFT.

4.1. Dissociation of the One-Dimensional H, Molecule.
Common DFT functionals such as the local density approx-
imation (LDA”) or generalized gradient approximations
(GGA™) fail to describe the dissociation limit of the H,
molecule. This failure is attributed to the so-called static
correlation error, which is related to fractional spin states.'*
Common approximate functionals, however, violate this
condition and predict wrong energies for fractional spin states,
resulting in the wrong dissociation limit.

Although there are methods such as the strictly correlated
electron functional,” functionals based on the random phase
approximation (RPA)S’S) and on GW combined with RPA,”
the exchange-correlation potential by Baerends et al,,”"** whic h
were designed to overcome these issues, modehng the bond
stretching of H, remains a challenging test for any new
functional.

In Figure 6, we show how the SDE method performs in this
test case. We plot the ground-state energy of the Hamiltonian in
eq 10 with Az = 0 as a function of 1nteratom1c distance
calculated with FCI, one-dimensional LDA-DFT,*® one-site
DMET (DMET(l)) that is equivalent to one-site SDE
(SDE(1))>, srngle -shot DMET with five fragment sites
(DMET(5s-5))°, and five-site SDE (SDE(S)). The initial
guess for the projection for both SDE and DMET is built
from the one-body part of the Hamiltonian in eq 10. The exact
(FCI) energy curve shows the following well-known behavior:
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Figure 6. Ground-state energy of the 1D H, molecule, calculated with
FCI (black dashed line), one-dimensional LDA (green dashed line),
five-site single-shot DMET (turquoise circles), five-site SDE (blue
stars), and single-site DMET/SDE (red dash-dotted line). While LDA
and DMET(1)/SDE(1) fail to describe the correct long-distance
behavior, both DMET(Ss-s) and SDE(S) show excellent agreement
with the exact result. The following set of parameters has been used (see
Section 3): number of real-space grid sites N = 120, box size L = 20,
potential well difference Az = 0, and softening parameter a = 1. Atomic
units (a.u.) are used throughout the paper.

when varying the distance of the two core potentials d, the curve
has a minimum corresponding to a stable molecule. For smaller
core distances, the energy grows due to the repulsion of the two
cores. Increasing the distance d— oo leads to the vanishing of the
binding energy, resulting in two separate atoms.

As discussed above, LDA does not predict the correct
dissociation behavior of H, due to the static correlation error,
and the energy of the two separated atoms is overestimated.
One-site embedding methods DMET(1)/SDE(1) also fail to
describe this behavior correctly as static correlation cannot be
captured with such small fragment sizes. They perform even
worse than LDA for large distances.

In contrast, both SDE and single-shot DMET show excellent
agreement with FCI for N, = S. Both curves are on top of the
FCI result. DMET even results in slightly better energies for
intermediate distances. This might seem surprising at first
glance, but the SDE algorithm is optimized to provide good
densities and potentials and, as widely discussed in the
literature,*" this does not necessarily go hand in hand with
more accurate energies. The difference in energy between SDE
and DMET is, however, negligible, and in the next section, we
show that SDE indeed does provide excellent densities and KS
potentials.

4.2. Peaks and Steps in the KS Potential. For the H,
model, the KS system needs to describe the repulsion of the two
electrons. As the system does not include an actual interaction
term, this repulsion needs to be mimicked bgr the KS potential.
As has been investigated in various works,”*"** we expect to
see a peak that prevents the two electrons from being at the same
atom. In Figure 7, we plot the density and KS potential obtained
with SDE for fragment sizes of 1, S, and 9 sites and compare
them with the exact density and exact KS potential.

The density from the SDE calculations for the two larger
fragment sizes agrees quantitatively with the exact density. We
also see a peak at position x = 0 in the KS potential for both
SDE(S) and SDE(9) calculations. This peak is slightly
overestimated for Ni,, = S but agrees quantitatively with the
exact solution as the fragments get bigger (Nfrag = 9). The
SDE(1)/DMET(1) results are also plotted. As already discussed
in the case of the energy, both density and potential deviate
strongly from the exact solution. The peak in the KS potential
accounting for strong correlations in the system is missing
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z (au.)
— SDE(5) -- SDE(1) -- exact
— SDE(9) - LDA Vet (1.

Figure 7. Density distribution n(x) and KS potential vg(x) with
SDE(S) (blue solid line), SDE(9) (orange solid line), SDE(1) (red
dash-dotted line), LDA (green dashed line), and FCI (black dashed
line). The exact and SDE solutions for fragments sizes larger than one
agree quantitatively. The SDE KS potential in these cases shows the
expected peak in the center, which mimics the electron—electron
interaction. For Ng,, = 5, this peak is slightly overestimated but
converges quickly to a quantitatively exact result for Ng,, = 9. The
SDE(1) and LDA results, on the other hand, differ significantly from the
exact solution. The peak in the KS potential is missing completely. The
following set of parameters has been used: N = 120, L = 20, and d = 10.

completely, and hence, also the density distribution deviates
strongly from the exact solution. The same applies to results
obtained with LDA.

Further, we compare SDE densities to the ones from our real-
space implementation of single-shot DMET that showed good
results for ground-state energies of the model in the previous
section. In Figure 8, we plot the deviation of the approximate
densities An from the exact ones (FCI) for both methods for
Nipg = 5. We see that the DMET density deviates stronger from
the exact solution than the SDE density. Furthermore, in
DMET, we clearly see a peculiarly shaped density, especially at
fragment boundaries. This behavior is caused by the fact that
there is no smooth connection between the fragments. This
comparison reveals the need of our type of partitioning to have
accurate densities.

As the next challenge, we consider more general situations
such as bond stretching of heteroatomic molecules, such as LiH,
that can also be modeled by the Hamiltonian of eq 10 by
considering an asymmetric external potential. The SDE results
are plotted in Figure 9, and also here, we observe excellent

0.0000=

An (a.u.)

—0.0001

—10 =5 0 5

Figure 8. Deviation of densities An from FCI reference results for five-
site SDE (blue solid line) and five-site single-shot DMET (turquoise
solid line with circles). SDE density exhibits smooth behavior, while
DMET density shows discontinuities at fragment boundaries. The
following set of parameters has been used: N = 120, L = 20, and d = 10.
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Figure 9. Density distribution n(x) and KS potential vig(x) for an
asymmetric external potential with SDE(S) (blue solid line), SDE(9)
(orange solid line), and FCI (black dashed line). Both SDE results agree
with the exact solution and show expected peak and step in the KS
potential. The following set of parameters has been used: N = 120, L =
20, and d = 10.

agreement with exact results for both density and potential. We
observe an asymmetric density distribution, which is mimicked
by a KS potential that, in addition to the peak observed in the
symmetric case in Figure 7, has a step between the two wells.
The appearance of the step and its importance in KS DFT is, to
this day, a widely discussed issue in the literature.”*~*

Even though approximate functionals, for example, those
based on the exact-exchange approximation, do reproduce the
step in the KS potential,é8 to the best of our knowledge, so far,
there does not exist any approximate energy functional that can
reproduce both peaks and steps®” at the same time. Within the
SDE approach, we achieve both claims, and that is why we
believe that, with SDE, we provide a new path toward accurate
KS potentials even for strongly correlated systems.

4.3. Convergence Behavior. In contrast to conventional
DEFT approaches, the SDE method can be improved systemati-
cally simply by increasing the size of the fragments, and from our
numerical evidence, we deduce that this improvement is
systematic. In Figures 10 and 11, we see the deviation of our
results from the exact solution for different properties Q of the
system, integrated over the whole space

AQ — Z IQiSDE _ Qiexactl.Ax ( )
i 16

where Ax is the grid constant.

In Figure 10, we plot the deviation of the density An and KS
potential Avgg between the SDE calculation and the exact result.
We consider two different core distances (d = 0 and d = 10),
which correspond to weak and strong static correlation between
the electrons. In both cases and for both chosen properties, we
observe a monotonous decrease in AQ with increasing fragment
size up to a quantitative agreement of the two solutions. Already
for the smallest considered fragment size N, = 3, the deviations
are relatively small, which is of the order of the fourth digit for
the density An < 10~*and of the order of the first digit for the KS
potential Avig = 107"

In Figure 10, we show the deviation of the total energy E, of
the SDE method from the exact calculation. Again, we consider
one example with weakly static correlated electrons and one
example with strongly static correlated electrons. For weakly
correlated electrons, the difference in energy decreases, and
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Figure 10. Integrated deviation of the density (upper graph) and KS
potential (lower graph) of the SDE calculation from the exact solution
for weakly static correlated (d = 0) and strongly static correlated
electrons (d = 10). In both cases, we observe a decrease in the error
between the two calculations. While, in the weakly correlated case, the
error estimate is higher for small fragments and decreases faster, in the
strongly correlated case already, the calculations for small fragments are
very good and decrease slower. Already for (meg =3), the error is of the
order of An < 107* Parameters ford = 0: N=120,L = 10, Az=0,and
= 1; parameters for d = 10: N =120, L =20, Az=0,and a = 1,
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[
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e
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Figure 11. Difference of the total energy between the SDE and the exact
solution AE, with and without rescaling with respect to the particle
number. We consider two different core distances (d = 0, upper graph,
and d = 10, lower graph), which correspond to weak and strong
correlation between the electrons. For the weakly static correlated
system, already for N, = 9, the error between the two calculations is
below our selected accuracy limit. For strongly static correlated
electrons, d = 10, we observe that the energy estimate of the SDE
calculations for N, > 9 is too low compared to the exact solution. The
deviation in energy is very low for small fragment sizes (AE, < 107°).
Parameters for d = 0: N =120, L = 10, Az =0, and a = 1; parameters for
d=10: N=120,L =20, Az=0,and @ = 1.

already for an fragment size of Nj,,, = 7, the deviation from the
exact solution is below a chemical accuracy of 1.6 mhartree.
For strongly (static) correlated electrons, we observe that the
SDE energy becomes smaller than the exact energy for a range of
fragments between Ng,, = 9 and N, = 20. This is because the
SDE method is not variational and the estimate for the energy
therefore can also be lower than the exact energy. Also, for this
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observable though, already for small fragments, our estimate is of
order AE, < 1075, which is far below the chemical accuracy.
Since we approximate the wave function of the full system by a
set of fragment wave functions, the total particle number
calculated with fragment wave functions is not necessarily
correct. The employed optimization of the chemical potential

leads to the correct number for (N ) up to a desired accuracy

((N)y — N1 < 107°). As the energy difference is of the same
order of magnitude, we further rescale the energy with respect to
the particle number

Ey™" — ESPRN/(N) (17)
to see if we achieve a better convergence behavior. We indeed do
as we can also see in Figure 11. Nonetheless, the calculated
energy can still be lower than the exact energy, meaning that we
still observe the nonvariational nature of our approximation.

4.4. Application to Systems in 2D. To demonstrate that
the SDE method can be applied to higher-dimensional models,
we here discuss the H, molecule and a model heteroatomic
molecule in two dimensions.

In Figure 12, we plot the density n, KS potential g, external
potential v,,,, Hartree-exchange-correlation potential vy, and
deviations from the exact solution An and Avy,. for the two-
dimensional H, model. We observe a homogeneous density
distribution around the two core potentials that is consistent
with the external potential. The Hartree-exchange-correlation
potential, which mimics the interactions of the electrons as well
the kinetic correlations in the interacting case, shows a peak in
the middle of the molecule. Our observations are consistent with
the exact solution of this problem.

For a model heteroatomic molecule, we plot in Figure 13 the
same properties as for H,. The density for the heteroatomic
molecule in the two-dimensional case is asymmetrically
distributed between the two cores, again consistent with the
external potential. In the Hartree-exchange-correlation poten-
tial, additional to the peak accounting for the interaction of the
electrons, we also observe a step that accounts for the
asymmetric distribution of the density.
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Figure 12. H, molecule in two dimensions. Plotted are the density ,
the Hartree-exchange-correlation potential vy, as well as their
difference from the exact reference An and Avy,, respectively, the
KS potential vy, and the external potential v,,, with SDE(4 X 4). We
observe a homogeneous density consistent with the external potential.
Vixe Shows the peak accounting for the interactions of the two electrons.
We observe good agreement with the exact reference. The following set
of parameters has been used: N, = 40, N, =20, L, = 20, L, = 10, d = 10,
and Az =0.
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Figure 13. Heteroatomic molecule in two dimensions. Plotted are the
density n, the Hartree-exchange-correlation potential vy, as well as
their difference from the exact reference An and Ay, respectively, the
KS potential vg, and the external potential v,,, with SDE(4 X 4). We
observe an asymmetric density consistent with the external potential.
Vpy again shows the peak accounting for the interactions of the two
electrons. Additionally, a step accounting for the asymmetric
distribution of the density can be observed. Again, we observe good
agreement with the exact reference. The following set of parameters has
been used: N, = 40, N,=20,L,=20,L, =10, d =10, and Az =0.5.

5. CONCLUSIONS AND OUTLOOK

We present a self-consistent density-functional embedding
(SDE) approach, which is a way to apply KS DFT without
any explicit functional expressions but approximating the
density to potential mapping. To this end, we employ a
DMET-inspired algorithm, which reconstructs the KS potential
of the global system from its local fragments. To achieve this
goal, we use fragments that strongly overlap with each other.
Observables O are calculated through a set of fragment wave
functions that avoid the need of explicit functionals O[n]. SDE
yields accurate results for two-electron systems in one and two
dimensions for moderate fragment sizes. Not only we can very
accurately reproduce the exact potential energy surfaces of these
systems but also the peaks and steps in the KS potential
predicted by the exact solution. Additionally, from our
numerical evidence, the SDE method appears to be systemati-
cally improvable by increasing the size of the fragment, and it
converges to the exact solution.

To calculate larger fragment sizes and particle numbers with
SDE, a wide range of solvers based on DMRG, **54 coupled
cluster,”* > selective CL> or quantum Monte Carlo®*° can be
included into the algorithm. Further, to treat larger particle
numbers, the analytic inversion scheme in eq 15 has to be
substituted by a numeric one, as for example, proposed in refs
43—4S, or simply be replaced by robust optimization schemes,
as in conventional DMET.>" We expect to face one challenge
with respect to the treatment of larger systems, and that is the
storage and projection of the electron—electron interaction
term, which numerically is stored in a large tensor of fourth order
(and thus also grows by fourth order with respect to the system
size). To treat larger systems, either we have to find an efficient
way of storing the interaction tensor of the original system and
then project it to the embedded system or we could employ the
noninteracting bath picture from DMET,* which circumvents
the treatment of the interaction tensor for the full system
altogether.

In this work, we provide a promising group of methods that
combine functional methods with embedding schemes, yielding
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systematically improvable results. Work to extend the method to
larger systems is underway.

B APPENDIX

The Construction of the Projection
Here, we give step-by-step instructions on how the projection in
DMET is constructed and how it is modified in SDE to account
for different particle numbers in the system.

As discussed in Section 2.4, the projection is nothing but a
single-particle basis transformation optimized to describe the
physics of the fragment. The new basis is found as follows:

1. The Hamiltonian of the full system with M electrons is
approximated by a noninteracting single-particle Hamil-
tonian hmfj with corresponding single-particle eigenvalue
equation hmfgaj(r) = quoj(r)‘ From this, we calculate the
spin-summed 1RDM in the grid basis. It is a N X N matrix
that reads

M/2
Y =22, @ (5)e(x)
j=1 (18)
The fact that only the lowest M/2 eigenvectors contribute

is a direct consequence of the fact that this IRDM is built
from a noninteracting wave function. In the case of an
interacting one, all N eigenvectors (pj(r) would contribute
with some occupation number A, which lies between 0
and 2.

. Having set up the 1RDM matrix y, we separate it in
different submatrix blocks, namely, one that would
correspond to those grid points that belong purely to
the fragment, two blocks that contain one grid point on
the fragment and one on the bath, and one block that has

only bath grid points.
N1 VN o Ngtt 77 NN
nyrag I nymg Nirag }/Nfrag+l I nyrag+1 N
y:

MNiag#11 B Neaghl  MNiggt! Niggtl MNigg#1 N
W TN Npggtl N Npggtl W N
Yiag  Virag—bath

=lr
yfrag—ba(h Yoath

Here, without loss of generality, we have assumed that the

fragment contains the first N, grid points of the system.
3. We then diagonalize the submatrix . Its eigenvalues 4,
will be all between 0 and 2 containing up to Ng,
: . 7 s 70
eigenvalues with 0<4; <2. B
. From the eigenvectors @; y,(r) with 0 <4;<2, we build
the correlated bath orbitals of our CAS in real-space basis
as

0, lfﬂ < Nfrag

@, corr.ba (l‘) = ~
I bath\ "4 (pj‘bath(rﬂ)l else (19)
5. Having obtained in this way the correlated bath orbitals,
we also use a set of orbitals to describe the fragment. The
fragment orbitals will be as many as the size of the
fragment, and each of them will have a coefficient 1 at a
specific fragment point and 0 elsewhere. The embedding
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Hamiltonian flemb is constructed by projecting the full
Hamiltonian H in the subspace that is spanned by the set
of the aforementioned orbitals. In other words, H,,, is
obtained by a basis transformation of the original
Hamiltonian.

The number of correlated bath orbitals in the CAS is equal to
Ni;,g as long as 2Nfrag<M<2(N - Nﬂag) holds;”® otherwise, the
number of correlated bath orbitals is smaller. As DMET was
constructed for Hubbard-type lattice systems, for which the
condition above mostly holds, in DMET, the orbital
construction that we just described is used without modifica-
tions.

In SDE, we now modify the orbital construction of DMET to
get Ni,, correlated bath orbitals regardless of the particle
number M. For the low particle numbers that are considered in
this paper, we achieve this by artificially including correlations
into the 1RDM of the full system by including higher-energy
single-particle orbitals. To do so, we adjust the formula of eq 18
to

N 2 forj < M/2 -1
frag
Yy = D 0 (1) (x,)12 = NNy — M/2) forj = M/2
j=1 ;
n forj > M/2
(20)

with some small value 7 and then continue with the orbital
construction from 2. The actual value of # is not of great
importance as it is only used to include higher-lying orbitals into
the IRDM, and the same CAS would be obtained for different
values of 7. In our implementation, # = 0.01 is chosen.

Note that eq 20 is valid only for M<2Ng,,,. For large particle
numbers M>2(N — Nfrag), the procedure can be adapted in a
straight-forward manner due to particle—hole symmetry.
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B ADDITIONAL NOTES

'We show a numerical example in Section **.
*Note that embedding wave function |¥
urely environmental contributions.
We use atomic units (a.u.) throughout the paper.

wnp)’ includes also
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*Of course, the formula has to be adapted to the Hamiltonian of
this system.

°DMET(1) is the only version of DMET that we could apply to
the model systems studied here self-consistently. It is also the
only case in which DMET and SDE results coincide (for details,
see Section *©).

®Note that results of the single-shot approach in DMET are
independent of the type of matching as no update of the mean-
field embedding potential is performed. Hence, the results could
also have been labeled DET(Ss-s) if the same initial embedding
potential would have been used.

“In DMET, the choice ofA hy¢ is not fixed, and usually, the Fock
operator is used. In SDE, h,¢is the single-particle operator of the
KS system.
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