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ABSTRACT: In this work, we extend the applicability of standard Kohn—Sham DFT (KS-
DFT) to model realistically sized molecule—metal interfaces where the metal slabs venture
into the tens of nanometers in size. Employing state-of-the-art noninteracting kinetic energy
functionals, we describe metallic subsystems with orbital-free DFT and combine their
electronic structure with molecular subsystems computed at the KS-DFT level resulting in a
multiscale subsystem DFT method. The method reproduces within a few millielectronvolts
the binding energy difference of water and carbon dioxide molecules adsorbed on the top and
hollow sites of an Al(111) surface compared to KS-DFT of the combined supersystem. It is
also robust for Born—Oppenheimer molecular dynamics simulations. Very large system sizes
are approached with standard computing resources thanks to a parallelization scheme that
avoids accumulation of memory at the gather—scatter stage. The results as presented are
encouraging and open the door to ab initio simulations of realistically sized, mesoscopic

molecule—metal interfaces.

ensity Functional Theory (DFT) and specifically Kohn—

Sham DFT (KS-DFT) dominate the landscape of ab
initio computational chemistry and materials science.”” The
low computational cost compared to accurate quantum
chemical methods and the retained accuracy make KS-DFT
the method of choice for most chemistry, physics and material
science applications.

The computational cost of standard KS-DFT implementa-
tions is proportional to N°, where N is a measure of the system
size.” While this is generally excellent, it in fact restricts the
application of DFT to systems of reduced size (generally 1—2
nm). So far, such a limitation has not stopped modelers from
using KS-DFT in predictive ways. They typically formulate
model systems of much reduced sizes compared to realistic
systems but still of significance so that useful predictions can
be extracted from the models. Given this background, it is not
surprising that, besides the unavoidable approximations
intrinsic in practical implementations of KS-DFT* (ie., the
need to employ approximate exchange—correlation func-
tionals), one of the errors typically invoked in DFT simulations
is finite-size effects. These arise when the systems afforded by
the modeler are still too small to provide an accurate
description. Finite-size effects in computational material
science were identified almost at DFT’s conception® and are
still very much a subject of work toward finding mitigating
corrections and workarounds.”’

To attack the computational scaling problem of KS-DFT,
several avenues of research are being pursued, involving divide
and conquer®™'* as well as many-body expansions'>~>> and
real-space methods™*°~** which can be used in conjunction
with ideas of embedding.*""**
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In this work, we also subscribe to the concept of divide and
conquer by advancing the method of density embedding also
known as subsystem DFT (sDFT). sDFT was popularized by
Wesolowski and Warshel in 1993"° with antecedents by
Senatore and Subbaswamy® as well as Cortona.*” sDFT
prescribes to split the system into smaller, interacting
subsystems, i.e., the electron density is given by the sum of
the subsystem electron densities,

® =Y 5
g E/} (1)

the energy functional given by subsystem additive and
nonadditive parts,

Ns
Ellpy, vad] = D Elpy, vidd + E™Upy, vi)]
=1 (2)

The additive term is comprised of the sum of ground-state
functionals of the electron densities of the subsystems. The
nonadditive term, E", includes Coulomb interactions among
electrons and nuclei of different subsystems as well as the
nonadditive exchange—correlation (xc) and noninteracting
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Figure 1. (a) Workflow of a single SCF cycle of the proposed method. OF-DFT is used for the first subsystem to obtain the electron density p,(r).
A KS-DFT solver (in this work, QE) is used for the other subsystems. The memory gather—scatter step is described in part b and is used to
generate the total electron density from the subsystem ones. (b) Parallelization of work and data in eDFTpy. (b1) Work-related subsystem MPI
communicators (comm_sub) which in this case handle four subsystems of different sizes, associated with six, three, five, and four MPI tasks for
the four subsystems. (b2) Same communicators in the stack orderlng of comm world (ie, MPI_COMM WORLD) and also highlighting the
spatial extend of the subsystems in the FFT grid. (b3) So-called “region” communicators (Comm region) which are used to handle the memory
when gathering and scattering a subsystem density or potential on the global FFT grid which maps on comm world. The use of
comm_region avoids the gathering of global data on a single CPU, which would be unfeasible for large systems such as the ones we target with

the proposed method.

kinetic energy functionals which we denote hereafter by NAXC
and NAKE, respectively. They are defined as follows,

2 E lp],
I=1

Ny
T {p )1 = Tipl = D, Tip,]
I=1

EX[{p,}1 = E,lp] —

©)

sDFT is similar to KS-DFT in that it is exact in principle.
However, in addition to KS-DFT, sDFT’s practical imple-
mentations require the approximation of both NAXC and
NAKE. For NAXC, one can borrow the same (pure) density
functionals employed in KS-DFT implementations (such as
local and semilocal functionals). For NAKE, the situation is
more delicate, as we discuss later in this manuscript, where
generally subsystems can only be weakly interacting in order to
keep the simulations quantitatively close to a KS-DFT
simulation of the entire system.**”>' We refer the interested
reader to several reviews on sDFT>™° for additional details.

In practice, the KS equations with constrained electron
density are solved for each subsystem. Namely,

1
_EVZ + vs[pl](r) + vgmb(r)}qﬁil(r) = 8,-1451.1(1') @

where the embedding potential, v},,,(r), is given by

U (1) = vglp = p1(0) + D wly () + v (x) + vl (r)
J#I

(s)
The potential terms with superscript nad refer to the functional
derivatives with respect to p; of the nonadditive functionals in
eq 3. The external potential of subsystem ] is indicated by
v(r), and vy[p — p;](r) is the electronic Hartree potential
computed for the electron density of the subsystems in the
environment, ie., p(r) — p;(r). Once eq 4 is solved, it is
possible to reconstruct the new, updated subsystem electron
densities by p,(r) = Y; ng!(r) where n; are the occupation
number associated with each subsystem KS orbital, ¢{(r). We
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remark that, for sake of clarity in the presentation, we did not
explicitly show k-point sampling. However, in our simulations,
we have the capability to perform it.

A major issue in sDFT is the fact that subsystems can
become large—and sometimes very large. For example, when
dealing with interfaces such as the case of molecules at
surfaces, the surface should be treated as a single subsystem.
However, even considering subsystem-based electronic basis
sets to expand the subsystem KS orbitals, ¢, (sometimes
referred to as “monomer basis™’ and achieved also in plane
wave basis sets by expanding the Hamiltonian of each
subsystem as in eq 4 in a separate plane wave basis associated
with reduced simulation cells*”**) and considering that the k-
point sampling can be carried out exclusively for the surface
and not for the molecular subsystems,” the computational
cost associated with the surface overpowers all other
subsystems. Therefore, even with sDFT at hand, simulations
of realistically sized interface systems have been scarce.”’ In
particular, in this work we focus on metal—molecule interfaces.

In recent years, orbital-free DFT (OF-DFT) has emerged as
a useful electronic structure method for materials science
applications,”' = for systems at equilibrium as well as out of
equilibrium.”* "% Simple metals and some semiconductors
have been successfully modeled with OF-DFT for either
bulk,®” ™% clusters,’””" or surfaces.”””> Thus, it is conceivable
that OF-DFT can be employed as the electronic structure
solver for metallic subsystems in a sDFT simulation keeping
KS-DFT as the solver for molecular subsystems. Given the
reported accuracy of OF-DFT for metals, we expect the
resulting sDFT method to maintain an accuracy similar to
standard sDFT (i.e., where KS-DFT is used for the metallic
subsystem as well). However, and most importantly, OF-DFT
would allow us to cut down significantly on the computational
time to solution.

There are several implementations of sDFT which are
suitable for molecular”””* and periodic systems.”®”>~"’
Because of the emphasis on 1nterfaces, we will be considering
the so-called slab calculations,”® which require taking into
account periodicity in the horizontal plane. Therefore, for
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Figure 2. Systems considered in this work. (a) Single molecule of water on a 4 X 4 slab of Al(111) varying the number of layers in the slab from 1
to 100. (b) Single water molecule on a Al(111) surface of varying supercell dimensions, from 2 X 2 to 18 X 18.
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Figure 3. Timing to solution in seconds for the systems in Figure 2. Parts a and b are related to parts a and b of Figure 2. Surface area is measured
in supercell size where n X n involves a supercell slab with n Al atoms along each of the two horizontal lattice vectors in each layer.

molecular systems, we use KS-DFT implemented in Quantum
ESPRESSO (QE),” which we recently developed into an
object-oriented Python code called QEpy.*® For the metallic
slab subsystems, we use OF-DFT implemented in DFTpy.®*

The solvers for OF-DFT and KS-DFT are generally
fundamentally different. OF-DFT solvers®' variationally
minimize the energy functional by real-space minimization
(typically involving a line search algorithm) to find the electron
density associated with minimum energy while constraining it
to integrate to the number of electrons. KS-DFT solvers,
instead, use the so-called self-consistent field (SCF) method.
SCF is iterative, and rather than minimizing directly the energy
functional, the KS equations [similar to eq 4] are solved by
diagonalization of the KS Hamiltonian.

When combining OF-DFT with KS-DFT subsystems, one
wishes the electronic structure solvers to be as similar as
possible to produce an efficient, fast code. Therefore, typical
OF-DFT solvers may not be compatible with an efficient sDFT
implementation involving simultaneously OF-DFT and KS-
DEFT subsystems. Recently, however, our group formulated an
iterative solver for OF-DFT called orbital ensemble SCF (OE-
SCF) which is similar to the standard SCF but is specific to
OF-DFT. In short, OE-SCF is iterative with respect to the
Pauli, Hartree, and exchange—correlation potentials. These are
kept fixed during a variational minimization. In doing so, the
fixed potentials need to be evaluated only a handful of times
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rather than hundreds or thousands of times when a
conventional variational minimization is employed. Additional
details about OE-SCF can be retrieved in the original
publication.”” The opportunity is in the possibility to update
the embedding potentials for every SCF cycle for the KS-DFT
subsystems, and every OE-SCF cycle for the OF-DFT
subsystem. The resulting efficient algorithm is summarized in
Figure la, while in Figure 1b we present a sketch of the
parallelization scheme developed for this purpose in the in-
house sDFT code eDFTpy.*

To describe the algorithm, we assume each subsystem starts
with an initial guess electron density. For the OF-DFT
subsystem, we begin from an electron density given as the sum
of atomic contributions. For the KS-DFT subsystems, we rely
on the QE initial guess, which is a combination of atomic
contributions and contributions from random wave functions.
First, the OF-DFT subsystem carries out a single OE-SCF
cycle utilizing the entire number of CPUs available in the
comm_world MPI communicator (MPI stands for Message
Passing Interface). Then, the KS-DFT subsystems split the
available CPUs (or CPU cores) according to user input (each
subsystem uses the comm sub subsystem communicators to
carry out the work simultaneously). Once the SCF cycle is
complete in each KS-DFT subsystem, the electron densities are
broadcast to the global system simulation cell which is mapped
onto the comm world MPI communicator. At that stage, if

https://doi.org/10.1021/acs.jpclett.2c01424
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Table 1. Binding Energies (Eg, Computed as the Sum of the Energies of Isolated Molecule and Slab Removed of the Energy of
the Interacting Molecule + Slab system) of H,O and CO, Deposited on the Top (top) and Hollow (hol) Site of the Al(111)

Surface, Varying the Number of Surface Layers (n)

E% (meV) E&r — El (meV)

system method NAKE n=1 n=2 n=3 n=4 n =40 n=1 n=2 n=3 n=4 n =40
H,0 sDFT revAPBEK 81 74 70 70 69 Ny 54 S0 47 S3
LMGP 40 34 33 30 30 52 48 49 49 45

KS-DET 29 —-16 -11 8 - 80 74 70 71 -

CO, sDFT revAPBEK —111 —-111 —109 —-109 —108 —4S5 —44 —44 —46 —44
LMGP —181 —181 —180 —181 —181 —44 —42 —43 —45 —44

KS-DFT —351 —356 —327 —324 - —48 —41 -36 =35 =

“The relative stability of the top and hollow adsorption sites is also given. The calculations are labelled sDFT for our new subsystem DFT method
and KS-DFT for the calculation of the full system with QE employing the effective local pseudopotentials for the Al ions (LPP). Results computed
with ultrasoft pseudopotentials (USPP) are available in the Supporting Information.

it is determined that the electronic structure has not
conver§ed, the electron densities are sent to the DIIS
mixer,”” then potentials are updated, and finally, they are fed
back to the SCF cycle.

The key to obtain efficient timings of execution is in the load
balancing of the resources (optimal number of CPUs to each
KS-DFT subsystem). Therefore, the algorithm needs to be able
to (1) run the simulations with a custom number of CPUs for
each KS-DFT subsystem. This can be achieved in eDFTpy and
embedded QE package (eQE*®’®) by user input. However,
eQE does not support OF-DFT subsystems. (2) Due to the
possibility of approaching very large system sizes, handling the
parallelization of data (memory) is particularly complicated.
For example, the memory handling developed previously by us
in eQE relies on gathering the data of each subsystem
communicator onto a single processor which allocates the
simulation cell of the entire system. This would not be
appropriate here because due to the large system sizes
considered the memory requirement to allocate the full
simulation cell is simply not available to a single process (or
single compute node). For this reason we developed a
completely new parallelization scheme (described in Figure
1b) that, by defining physical regions of space and associating
to them “region” MPI communicators (comm region),
completely avoids gathering data of the entire system on single
processors. Data gathering only occurs within a region, and a
specially built map copies the data from the region to arrays
handled by comm world.

We present computational timings to solution for three
model systems which, due to their size, are completely
inaccessible to mainstream KS-DFT methods. However, we
show that with our method, they are within reach of
commonplace computational resources available to most
researchers. Figure 2 depicts two of the systems considered
which consist of a single water molecule deposited on top of an
Al(111) surface of different sizes in terms of thickness or
surface area. In Figure 3 we report the associated wall times to
solution in comparison to (where available) KS-DFT carried
out by QE. The Methods lists the computational details of the
simulations. The figure shows that the new sDFT method
scales almost linearly with system size, while the KS-DFT
method (represented here by QE) scales much more steeply.
Specifically, the time needed by QE to compute a water on a 4-
layer Al(111) system is twice as the time needed by sDFT to
compute water on a slab of 100 layers Al(111) using the same
computational resources! We reach a similar conclusion when
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varying the surface area; i.e., SDFT reaches linear-scaling times
to solution with respect to the slab surface area.

Even though the dimensionalities reached by our method
are generally outside of mainstream KS-DFT solvers, for small
system sizes, we can carry out KS-DFT simulations of the
entire system using QE which we can use as a benchmark of
accuracy. There are two aspects of our simulations that make
them more approximate compared to KS-DFT: ie., we use
pure density functionals for computing the electronic structure
of the metallic slab as well as the interaction among
subsystems. Thus, we compare our simulations against KS-
DFT results (i.e,, KS-DFT is the benchmark) computed with
QE for the entire system for a few model systems of small size.
In Table 1, we show the binding energy in millielectronvolts of
water and CO, on the top and hollow sites of the Al(111)
surface with a varying number of layers in the metal slab. We
list the computational details in the Methods. In Table S1 in
the Supporting Information, we also report sDFT results with
the Al surface computed at the KS-DFT level.

We note that our method, labeled sDFT, produces binding
energies that agree with the benchmark to within 100 to 150
meV which is the generally accepted accuracy of DFT
simulations for the type of systems considered. Inspecting
the results for the binding energies of the top adsorption site
for water, we note that the KS-DFT benchmark predicts a
binding energy that is positive for 1 and 4 Al surface layers, but
is negative for 2 and 3 layers. sDFT predicts all binding
energies to be positive. This is not too concerning because the
KS-DFT binding energies with negative values are very small in
magnitude (up to —16 meV).

Particularly significant is the fact that our sDFT method can
reproduce very accurately the relative stability of the
adsorbates on the top and hollow sites. These are not trivial
quantities to reproduce, especially considering that for water
the top adsorption site is more stable than the hollow site,
while for carbon dioxide is the opposite. As expected,
comparing the performance of the semilocal revAPBEK and
the nonlocal LMGP NAKE functionals, we see that LMGP
brings the sDFT result much closer to the KS-DFT
benchmark. This is expected because LMGP was shown to
be superior to revAPBEK in reproducing weak intermolecular
interactions.*>**

We should remark that sDFT constrains the number of
electrons in each subsystem to remain constant throughout the
SCF procedure. Therefore, our method is expected to become
approximate whenever there is a strong molecule—metal
charge transfer. We also remark that even though we do not

https://doi.org/10.1021/acs.jpclett.2c01424
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consider corrections for the inclusion of van der Waals
interactions (which are typically missed by GGA exchange—
correlation functionals, such as PBE) our analysis is still
meaningful as a van der Waals correction would only apply to
the exchange—correlation functional while in our method, the
functional under scrutiny is the noninteracting kinetic energy,
T.[p].

In Table S2 of the Supporting Information document we
also report values of dipole moments computed along the
vertical, z, direction for molecule, metal surface, and the
combined system molecule + metal surface. The sDFT dipole
moments (whether with the surface computed with OF-DFT
or with KS-DFT) are in good agreement with the values
computed with KS-DFT of the combined molecule + metal
system. For both water and CO,, we note that the surface
dipole partially cancels out the molecular dipole. Also, for
water the z dipole for the top adsorption site is larger in
magnitude compared to the hollow adsorption site. For CO,,
the dipole, instead, increases in magnitude. Such behavior is
captured by sDFT.

In Figure 4, we report total energies calculated with KS-DFT
and sDFT (with two NAKE functionals) along an NVT BO

FT T T T T T T T T
—— KS-DFT
0.0 - -0 -sDFT (LMGP) 7
-+ sDFT (revAPBEK)| |
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)
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Figure 4. Total energies along a 200-step NVT BO dynamics carried
out with KS-DFT for a water molecule on a frozen monolayer
Al(111) surface sampling geometries beyond the top and hollow
adsorption sites. KS-DFT (blue solid line). sDFT energies are
computed with revAPBEK and LMGP NAKE functionals (dotted and
dashed lines) and are evaluated every 10 steps (20 structures in total).

dynamics. The figure shows that sDFT recovers the correct
energy landscape, including energy local minima and local
maxima. Even though the agreement is within about 50 meV
when LMGP NAKE is used and 100 meV when revAPBEK is
used, the fact that SDFT recovers the correct energy landscape
is of note and shows that the new method if applied to BO
dynamics simulations for this system would produce predictive
results. In the Supporting Information, Figure S1, we also show
that a 100-step NVE BO dynamics carried out with the new
sDFT method for water on a 10-layer Al(111) surface
conserves the total energy along the dynamics with a small
energy drift of 3 (meV/atom)/ps.

Finally, to show the capabilities of our method for modeling
more realistic interfaces, we model wet aluminum surfaces by
considering a 4-layer slab of Al(111) solvated by a multitude of
water molecules. We start from a system containing 256 water
molecules and increase to 640 water molecules simply by
increasing the surface area of the slab and including a
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proportional number of water molecules in the system. In part
a of Figure S, we show a snapshot of the system, and in part b,
we report the wall time and parallel efliciency.

Inspecting the wall times for the systems in the figure, we
notice they are all very small, less than 150 s. Given the system
sizes considered, this is to be considered a very successful test.
Additionally, the parallel efficiency (probing the parallel
scalability of the code) shows that in going from 512 to
1280 cores the loss is merely 20%. Once again, this indicates a
very successful test of efficiency for our implementation and
algorithm. Even with a fairly modest set of CPU cores, it is
possible to run simulations of such large system sizes in wall
times that would support carrying out converged Born—
Oppenheimer dynamics simulations within a reasonable time
window.

In conclusion, we presented a new subsystem DFT method
tailored to model molecule—metal interfaces. We show that
massive computational savings can be achieved by employing
orbital-free DFT as the electronic structure solver for metallic
subsystems without compromising on the accuracy of the
results. Specifically, by employing a new-generation nonlocal
noninteracting kinetic energy functional, LMGP, as both the
electronic structure solver for the metallic subsystems and as
the nonadditive kinetic energy functional, the accuracy of the
subsystem DFT simulations approach the parent Kohn—Sham
DFT of the combined total system for model systems
comprised of adsorbed water and CO, on Al(111) with
varying slab layer number and surface area. With the resulting,
new subsystem DFT method, we find a linear computational
scaling in the limiting cases of many metal slab layers (up to
100 layers) as well as the metal slab surface area (up to 18 X 18
supercells), and we also show that a system composed of a wet
4-layer Al(111) surface slab solvated by 640 water molecules
can be solved in less than 150 s employing 1280 CPU cores.
The combination of KS-DFT and orbital-free DFT in a single
electronic structure method is therefore useful in extending the
applicability of DFT to interface system sizes of realistic sizes
virtually with no loss of accuracy in the predictions. In the
future, more work needs to be done to assess the applicability
of the method to metals beyond aluminum and to other
interface structures. Work along these lines is ongoing.

B METHODS

The surfaces are modeled with at least 25 A vacuum between
periodic slabs. This ensures that the interactions between the
studied systems and their periodic images are negligible along
the z axis. All sDFT calculations were performed with eDFTpy,
a Python-based density embedding software.”” eDFTpy is
based on the all-Python code implementing OF-DFT in a
plane wave basis set, DFTpy.°* All KS-DFT calculations were
performed with the Quantum ESPRESSO (QE) package.”’
eDFTpy also employs QE for solving the electronic structure
of the KS subsystems. However, to better integrate the Python
codebase of eDFTpy, we developed a Python interface to QE,
QEpy.”® We use the revised Perdew—Burke—Ernzerhof
(revPBE) exchange—correlation functional. Because we rely
on OF-DFT to solve for the electronic structure of metallic
subsystems, and for evaluating the interaction between
subsystems with nonadditive functionals, we need to employ
pure functionals of the electron density for the noninteractin%
kinetic energy. For this purpose, in this work, we use LMGP’

and revAPBEK.”” While revAPBEK is a GGA functional of
straightforward evaluation (it depends only on the density and
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Figure S. (a) Snapshot of the system considered as an example of multiple KS-DFT subsystems interacting with a OF-DFT metal slab. (b) Parallel
efficiency (circles) and wall time (diamonds) when the system grows proportionally in Al(111) surface area and number of water molecule (top
axis) as a function of the number of CPU cores employed in the simulations (bottom axis).

its gradient), LMGP is a nonlocal functional with density-
dependent kernel whose evaluation requires specialized
software implementations which are available in DFTpy,
eDFTpy, and eQE.®”**’® revAPBEK was only used as
nonadditive functional. The GBRV ultrasoft pseudopotentials
(USPP) are adopted for KS-DFT. In KS-DFT calculations, the
kinetic energy cutoffs of wave function and density are 40 and
400 Ry, respectively, and a 9 X 9 X 1 k-point mesh is used.
When OF-DFT is used as a solver for the Al(111) surfaces, we
use the bulk-derived local pseudopotentials (LPP)** and a
cutoff of 200 Ry. In Figure 3a and Tables 1, S1, and S2 we also
use the LPP as the Al pseudopotential in KS-DFT, and we
adopt plane wave cutoffs of 100 and 400 Ry for wave functions
and density, respectively.
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