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Single-Molecule Junctions (SMJs) are key platforms for the exploration of electron transport at the molecular scale.
In this work, we present a method that employs different exchange-correlation density functionals for the molecule
and the lead domains in an SMJ, allowing us to choose the optimal one for each part. This is accomplished using a
formally exact projection-based DFT-in-DFT embedding technique combined with the non-equilibrium Green’s func-
tion (NEGF) method to predict the zero-bias conductance. The effectiveness of the approach is illustrated through
transport calculations on SMJs with benzene-1,4-diamine (BDA) and its tetramethylated and tetrafluorinated variants,
using the CAM-B3LYP range-separated hybrid functional for the embedded molecule and the PBE functional for the
electrodes. The findings indicate a substantial improvement in the accuracy of the predicted zero-bias conductance
compared to traditional modeling using the PBE functional across the entire system. The causes for the noted improve-
ment are demonstrated through the examination of alterations in the energy levels of the embedded molecule, along

with variations in the electrode-molecule interactions.

I.  INTRODUCTION

The study of molecular electron transport is of significant
scientific interest across various disciplines, including ma-
terial science and biochemistry. Single-Molecule Junctions
(SM1Js), which are built from a single molecule connected to
two or more metallic nanoscale leads, represent an important
platform for studying charge transport at the molecular level.
The primary focus of the measurements carried out for these
systems is the zero-bias conductance, which is mainly deter-
mined by the alignment of the ionization potential (IP) and
the electron affinity (EA) of the molecule relative to the Fermi
level of the metal leads.” ?

The transport properties of the SMJs can be calculated us-
ing quantum transport theory, with the electronic structure
usually described by mean-field models. Based on Koop-
mans’ theorem, the IPs and EAs can be predicted as the op-
posites of the energies of the corresponding occupied and
unoccupied molecular orbitals, respectively. This approach
is particularly effective for the first IP within the Hartree-
Fock approximation and is often extended to predict all IP
and EA values using the corresponding orbital energies. It
is widely accepted and commonly applied to all mean-field
models for electron transport calculations.” In most cases,
density-functional theory (DFT) is used to calculate these
molecular orbital energies, due to its efficiency and favor-
able computational cost.”> > However, the most widely applied
Perdew-Burke-Ernzerhof parametrization® of the GGA func-
tional, called simply the PBE functional or just PBE hereafter,
which is known to describe the electronic structure of metallic
systems well, is known to overestimate the energy of the high-
est molecular orbital (HOMO) and underestimate that of the
lowest unoccupied MO (LUMO) in molecules, which results
in an overestimation of the zero-bias conductance.” The main
reason for this discrepancy is commonly attributed to the self-

interaction error and the poor description of the interaction
effects in the metal-molecule interface.’

A more reliable electronic structure methodology should
thus provide reasonable IPs and EAs for the investigated
molecule, while also being appropriate for the metallic parts
in the system. Several techniques were introduced to address
this issue. In the DFT+X method,? * ? different constant shifts
are applied to the occupied and unoccupied energy levels. The
correction involves two components: one adjusts the occupied
and unoccupied energy levels on the basis of the first IP and
EA of the gas-phase molecule, while the other incorporates
the effect of the metal surface, typically using a classical elec-
trostatic model.

Alternatively, many-body theory can also be employed, in-
stead of the single-particle picture, to improve the accuracy of
the energy levels. The GW method® ? is currently regarded
as the state-of-the-art technique in this family, which applies
many-body perturbation theory on top of ordinary DFT. It
was found to perform effectively for both molecules’* and
metals,” while also providing a good description for metal-
molecule interfaces.’ * Although it has been demonstrated to
predict zero-bias conductance with a good agreement with ex-
perimental values,’ * it is significantly more computationally
demanding which limits its applicability.

An alternative approach to improving the accuracy of en-
ergy levels of the molecule without the high computational
cost of many-body methods is the use of more sophisticated
DFT functionals, such as hybrid or range-separated hybrid
(RSH) variants. These functionals have been shown to pro-
vide significantly better molecular orbital energies for gas-
phase molecules.” > Despite their advantages however, hy-
brid functionals often struggle to accurately describe the elec-
tronic structure of metals, as they are generally parameter-
ized for gas-phase molecules or semiconducting and insulat-
ing materials.” > This discrepancy can be partially mitigated
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by first-principle guided tuning of the parameters of RSH
functionals in the transport calculations for each investigated
system separately. With these optimized parameters, the cal-
culated conductance is found in close alignment with the mea-
sured experimental data.’ *

In this study, we propose a framework for using distinct
functionals for the molecule and the leads in the SMJ, se-
lecting the most appropriate one for each component. This
approach avoids the need for fine-tuning the employed func-
tional, thereby reducing the computational cost and increas-
ing the transferability and theoretical appealingness of the
model. We realize this by employing a quantum embedding
method to evaluate the electronic structure of the SMJ. We in-
vestigate the benzene-1,4-diamine (BDA) molecule, as well
as its 2,3,5,6-tetramethyl-substituated and 2,3,5,6-tetrafluoro-
substituated variants (called Me4-BDA and F4-BDA hereafter,
respectively). BDA is widely considered as a textbook exam-
ple in electron transport studies due to its extensively docu-
mented properties, which have been thoroughly investigated
in both experimental’ *>? and theoretical’ ** contexts. The
BDA molecule’s popularity in these studies is primarily due
to its favorable characteristics, particularly its classification as
a good conductor, with a measured zero-bias conductance of
(6.44+0.2)-1073 Gp,” which is well-defined and not very sen-
sitive to the precise configuration of the SMJ.> Me4-BDA and
F4-BDA have also been investigated in several electron trans-
port studies,’ * their measured conductances being larger and
smaller to that of BDA, respectively.’

In Section ?? a theoretical overview of the used methodol-
ogy is presented. In Section ?? computed results are reported
for the isolated molecules, identifying a DFT functional suit-
able for these systems. Section ?? discusses results on the
transport properties of the investigated molecules obtained
with the embedding model, in comparison to those from ordi-
nary PBE calculations. The paper finishes with conclusional
thoughts and outlook in Section ??.

1. METHODOLOGY
A. Transport calculations

In quantum transport theory, the investigated SMJ is di-
vided into two leads and a transport region, the latter referred
to as extended molecule, as shown in Figure ??. The leads
are modeled as periodic semi-infinite systems to account for
the bulk conductor’s influence on the extended molecule. The
extended molecule (EM) consists of the molecule under study
and metallic contact regions, referred to as electrodes through-
out this paper to distinguish them from the bulk leads.

The state-of-the-art method to determine the electron trans-
port through SMJs is the non-equilibrium Green’s function
(NEGF) theory.” > The key quantity in these calculations is
the so-called transmission function, T, which describes the
probability of an electron being transported through the ex-
tended molecule. Within the NEGF formalism, the transmis-
sion function can be determined from the Green’s function of

Left Lead Extended Molecule Right Lead
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FIG. 1. Schematic representation of the division of the single-
molecule junction into the extended molecule, and the leads for
transport computations.  The detailed structure of the extended
molecule with a BDA molecule used in the calculations, is also
shown.

the extended molecule, based on the Meir-Wingreen formula®
T(E,V)=Tr[G"(E,V)T'L(E,V)G*(E,V)I'r(E,V)], (1)

where G’/ represent the matrix Green’s functions for the ex-
tended molecule and I';, and I'k denote the left and right cou-
pling matrices, respectively. In the present case, G* = (G")".
The transmission function depends on the energy E of the
transported electron and the bias voltage V, determined by the
difference between the chemical potentials y;, and ug of the
left and right leads, respectively, as V = (i, — Ug)/e.

The matrix Green’s function of the EM that describes its
electronic structure, is defined as

G'(E,V)=((E41i)Sey —Hgy — ZL(E, V) —Zg(E,V)) ",
2
where Hpgy, is the Hamiltonian matrix of the extended
molecule and Sgyy is the overlap matrix of the atomic orbitals
(AOs) in the EM, while 37 and X} are the retarded self-
energies of the left and right leads, respectively. The term 14,
with 1 being an infinitesimally small number, is introduced to
prevent singularities in the matrix of the Green’s function at
the eigenvalues of the system. The self-energies characterize
the interaction between the leads and the extended molecule.
The coupling matrices are derived from the self-energies as

Ty r(E,V) = —2Im S g(E,V)]. 3)

The self-energies are calculated from the so-called surface
Green’s function of the leads via a commonly used recursion
algorithm.” For a detailed description of the NEGF theory,
the reader is referred to the excellent article of Verzijl and
Thijssen,’ as well as to Refs. ? and ? .

The zero-bias conductance can be determined based on the
Landauer formalism® from the zero-bias transmission func-
tion evaluated at the Fermi level (Er) of the leads,

Y =%T(Ep,V =0), 4)

where %, is the quantum unit of conductance (2¢2 /h).

The matrix Green’s function of the extended molecule is
obtained from electronic structure calculations, usually based
on mean-field DFT models, where the Hamiltonian matrix
HE), is approximated by the self-consistent Kohn—Sham Fock
matrix (Fockian) Fgys. Note that the electronic structure cal-
culation on the EM does not include the effect of the leads,
which is taken into account only via the self-energies in the
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transmission calculation. In a fully self-consistent transport
calculation, the DFT calculation is adjusted so that the elec-
tronic structure of the system is recalculated iteratively from
the Green’s function until convergence is achieved. In this
scenario, periodic boundary conditions (PBC) are required not
only for the leads but also for the extended molecule. How-
ever, a good approximation is realized by using a non-self-
consistent Green’s function built from the electronic struc-
ture of the EM calculated without PBC, combined with lead
self-energies obtained from calculation where PBC is applied
solely in the transport direction.” The disadvantage of this ap-
proach is that the band-like structure of the bulk spectra is not
fully recovered, resulting in dense drops in the transmission
function in the respective domains. These regions generally
do not impact the interpretation of the transport in the vicin-
ity of the Fermi level significantly. Despite these artifacts,
such calculations are notably useful for simulating mechani-
cally controlled break junction experiments where needle-like
contacts are used. Additionally, employing finite EM calcula-
tions allows for a wider variety of electronic structure methods
and computational tools to be utilized.

B. Huzinaga embedding approach

The combination of different DFT functionals for the
molecule and the electrode domains of the EM can be
achieved using an appropriate embedding technique. In
this work we suggest the approach described by Hégely et
al,’ which is a formally exact, projection-based embedding
method founded on the Huzinaga equation. The system (in
our case, the extended molecule, EM) is divided into two pre-
defined parts, shown in Figure ??, the active subsystem (the
molecule in the SMJ, denoted by M) and the environment (the
metal clusters that model the electrodes, denoted by EI). In
the first step, a DFT calculation on the entire system (also
called supersystem hereafter) is performed using the func-
tional chosen for the environment, called functional I here-
after, solving the equations for the usual Kohn—Sham Fockian

Fry = h+L'Dgy] )

where h is the core Hamiltonian of the supersystem and
L![Dgy] stands for the two-electron and exchange-correlation
part of the Kohn—Sham matrix, evaluated from the supersys-
tem density Dgys using functional 1. The matrix (formulated
in the atomic orbital (AO) basis) can be divided into blocks
corresponding to the subsystems as

Fy FEIM)
Fey = . 6
EM <(FE1M)T FE[ ( )

The occupied molecular orbitals (MOs) produced in the first
SCEF step are then localized to the individual subsystems using
the SPADE (Subsystem Projected AO DEcomposition) algo-
rithm by Claudino and Mayhall.> The localized orbitals be-
longing to different fragments are used to construct the Fock
matrix of the active subsystem under the influence of the em-
bedding potential, obtained from density of the environment

as
F = h+L"Dy] + (L'[Dey] — LIDy)), (7

with L [Dj/] being the two-electron part of the Fockian of the
molecule, evaluated using the functional chosen for the active
domain, called functional II. The remaining terms in Eqn. ??
give the embedding potential. Dy, denotes the density of the

active subsystem obtained with functional I, while Dy is that
of the embedded active subsystem, evaluated using functional

II. The localized orbitals defining this latter density (C) are
obtained by solving the eigenvalue equations of the Fockian,
with a constraint that the orthogonality of the orbitals of the

different domains is enforced.” > * This is achieved by solving
the Huzinaga-type equation’

(F — SPY, F — FPY,S — SPy, F — FPy,S + 2SP), FPy,S)C = SC&, (8)

where S is the overlap matrix of the atomic orbitals, Py, and
P}, are the projectors of the occupied and virtual orbitals of
the environment, respectively, and fisa diagonal matrix con-
taining the orbital energies of the embedded orbitals. Further
details of this embedding approach can be found in Refs. ? ?
929
The equations are solved in an iterative, self-consistent

manner, producing the converged density Dy of the molecule.
The supersystem Fockian is then constructed using the block
of the Fock matrix obtained with functional II that corre-
sponds to the AOs of the active subsystem (Fy), with the re-
maining blocks taken from Fgy, as

= Fu  Frim

Fey - <(FE1M)T ¥y, ) . 9)

The eigenvectors of this supersystem Fockian provide the su-
persystem MOs, Cgy. Note that during the second SCF pro-
cedure the embedding potential introduced in Eqn. ?? is kept
constant, and only affects the F); block.

The role of the orbitals of the molecule can be characterized
by the overlap between the supersystem MOs and the orbitals
localized to the molecule in the embedding calculation, given
by

S;,"“X = max (CEMSC)M,qGM (10)

where C contains the localized orbitals and the p and ¢ de-
note the supersystem MOs and the orbitals localized to the
molecule, respectively. This maximum element characterizes
the extent to which the orbitals of the molecule can mix into a
particular orbital of the EM.

As discussed in detail in Refs. 2 and ? , the result of
the embedding calculation depends on the choice of the vir-
tual space in the second SCF procedure. In embedded corre-
lation calculations (e.g. Wave function-in-DFT models) one
normally aims at a virtual space that resembles that of an iso-
lated active fragment to the highest possible extent, which is
effectively achieved using a projected atomic orbital (PAO)
procedure.” In the present DFT-in-DFT model this issue is
of modest importance, as the embedded subsystem density is
much less sensitive to the particular choice of this space. This
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means that not just an appropriately parametrized PAO gen-
eration should provide satisfactory results, but applying the
SPADE localization to the virtual domain, or even the adop-
tion of the complete (untruncated) supersystem virtual space
are viable options (see also Section ?? below).

C. Computational Details

The equilibrium structures of the isolated molecules were
obtained from gas-phase optimization using the PBE func-
tional and the aug-cc-pVDZ basis set. The Hartree—Fock
and DFT calculations on these systems were carried out with
the Turbomole’ > program system, while for the reference
CCSD and CCSD(T)(a)* calculations (see below) the CFOUR
program’ was used. The core electrons were excluded from
the correlation treatment in these calculations.

The EM model systems were built by placing the molecules
between two gold clusters, representing the electrodes, in
a configuration denoted as (III’,III’) in the classification by
Quek et al.” Each electrode consisted of a 4-atomic tetra-
hedral gold tip unit attached to six 3x3 Au(111) atomic lay-
ers, corresponding to two principal layers, with an Au-Au
distance of 2.885 A. The stacking of the layers was done to
comply with one-dimensional periodic calculations,” simu-
lating the needle-like contacts of break-junction experiments.
The constructed EM models were subsequently optimized us-
ing the PBE functional, under the constraint that only the
molecule and the gold tip units were allowed to undergo struc-
tural changes. The structure of the BDA extended molecule
obtained from this procedure is shown in Figure ??, while co-
ordinates for all EM models are available in the Supplemen-
tary material. For comparisons with results from Ref. ? |
another EM model with BDA was built using the structure of
the molecule and gap parameters taken from that work, that
is, the distance between the Au atom tips set to 9.90 A and
the N-Au distances tuned to 2.55 A. This system is given in
Table S8. Gold clusters identical to those in the EM models,
without the tetrahedral tip unit, were used as the supercell in
the periodic lead calculations.

In the optimization of the EM models and the DFT-in-DFT
embedding calculations, the aug-cc-pVDZ basis set was used
on the atoms of the molecules, while for the gold atoms the
cc-pVDZ-PP basis set,” in combination with the def-PP-ECP
effective core potential (ECP),” was applied. The embedding
calculations were done with the MRCC program system.” *
As the fitting basis in the SCF calculations, the universal basis
by Weigend® was used.

The calculations for the leads were carried out with the Tur-
bomole RIPER program’ using the PBE functional, with the
basis set, effective core potentials and fitting basis matching
those in the embedding calculations. The periodic boundary
conditions were applied only in the transport direction, result-
ing in a Fermi level of 5.20 eV, which is in good agreement
with the experimental value of 5.31 eV.’

The zero-bias transmission functions (Eqns. ?? and ??)
were calculated using an in-house Python code. In this im-
plementation the non-self-consistent matrix Green’s function

is constructed from the Fock matrix of the EM, obtained either
through supersystem DFT (see Eqn. ??) or DFT-in-DFT em-
bedding (see Eqn. ??) calculations, with the 1 parameter set
to 3-1073 eV. The self-energies are computed from the results
of the periodic calculations for the lead, based on the standard
decimation technique’ as described in detail in Appendix D
of Ref. ? . The transmission functions are evaluated from -7.0
eV to 0.0 eV on a uniform grid with 0.01 eV resolution.

I1l.  RESULTS AND DISCUSSION
A. Benchmarking functionals on the isolated molecules

A principle requirement for a DFT functional suitable for
transport calculations is to accurately predict the IPs and EAs
by the orbital energies of the molecule in gas phase. There-
fore, various functionals were benchmarked against a high-
level many-body correlated method for the isolated molecules.
Besides the Hartree-Fock (HF) method, the PBE functional
and the PBE0O’ and B3LYP® hybrid functionals have been
evaluated. Furthermore, the HSE06®° and CAM-B3LYP?
range-separated hybrids were also considered, as this type of
functionals were previously identified as favourable choices
for IP and EA predictions.? ? As reference, the EOM-
CCSD(T)(a)* model by Matthews and Stanton’ was used for
BDA, which has been found previously a very accurate pseu-
dotriples coupled-cluster variant for similar applications.’ * ?
For Me4-BDA and F4-BDA, EOM-CCSD reference data were
acquired. Figure ?? shows the first three IPs and EAs of the
investigated molecules, as predicted by the various methods
using different basis sets. The individual values are available
in the Supplementary material.

By comparing to the reference, it is clear that the PBE func-
tional shows the largest errors, about 3 eV for all IPs, regard-
less of the basis set. For the EAs, the errors of PBE are gen-
erally smaller, between 1.2 eV and 2.2 eV in absolute terms
if diffuse basis sets are used (which should normally be the
choice for calculating anionic systems). However, the wrong
sign of the EA in all such cases is particularly alarming that
the energy levels predicted by this functional are qualitatively
wrong for the investigated molecules.

The tested hybrid functionals, as well as the HSE06 range-
separated hybrid all show a significant, 1.6 eV —2.6 eV under-
estimation for the IPs, which is also surprisingly insensitive to
the basis set size. The error increases with the order of ion-
ization, indicating that simply shifting the spectra by a chosen
constant should not be expected to mitigate the inaccuracy of
these methods in a general way. The absolute errors of the
electron affinities in diffuse basis sets are below 1 eV in most
cases, except for F4-BDA where the values are notably larger,
up to 1.8 eV. Moreover, almost all predicted values still have
the wrong sign. The only functional providing satisfactory
results in this regard is CAM-B3LYP which also shows the
smallest deviation from the reference in absolute terms. Fur-
thermore, this functional also shows the best accuracy for the
IPs among the tested variants, with an underestimation below
0.7 eV, which shows a remarkably small variation with the
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FIG. 2. The first three ionization potentials (IPs) and electron affinities (EAs) of the isolated BDA, Me4-BDA and F4-BDA molecules in
electron volts, using the cc-pVDZ (DZ), cc-pVTZ (TZ), aug-cc-pVDZ (aDZ), and aug-cc-pVTZ (aTZ) basis sets. In HF and DFT calculations
the IP and EA values are obtained as the opposites of the corresponding orbital energies, according to Koopmans’ theorem.

basis set or the state in question. The difference is particu-
larly notable for F4-BDA where no other functional produced
an error below 2 eV for any IP. This benchmark indicates that
CAM-B3LYP clearly stands out as the best DFT functional for
the BDA analogues, providing reasonable energy levels even
without empirical shifts or corrections.

B. Transport calculations on the SMJs

Transport calculations according to Section ?? have been
performed for SMJs containing the BDA, Me4-BDA and F4-
BDA molecules, using the embedding schema introduced in
Section ?? in a CAM-B3LYP-in-PBE fashion for the extended
molecule, that is, the CAM-B3LYP functional was used for
the molecule and PBE for the electrodes. For both the oc-

cupied and the virtual domains of the active subsystem the
SPADE localization was used (see the end of Section ?? for
details). To investigate the effect of the localization scheme,
the BDA transport curves calculated with different virtual
spaces are also shown in the Supplementary material. The
results are remarkably insensitive to the particular choice of
this space, with the transmission curves showing minuscule
variations in the vicinity of Er depending on the virtual space
used. For comparison, calculations using PBE across the en-
tire EM systems were also performed.

Figure ?? shows the transmission curves (see Eqn. ??) of
the BDA SMIJ on a logarithmic scale, obtained from the su-
persystem PBE and the embedding calculations. The results
obtained for Mes-BDA and F4-BDA are shown on Figures S2
and S3, respectively. The CAM-B3LYP-in-PBE curve in Fig-
ure ?? runs below PBE in almost the entire investigated energy
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FIG. 3. Transmission function (7') obtained from the supersystem PBE (blue curve) and CAM-B3LYP-in-PBE embedding (red curve) calcula-
tions for the BDA SMI. The Fermi level is marked with gray dashed line , while the magenta asterisk indicates the experimental conductance’

value. The maximum overlaps (S”%) of the EM eigenvectors with localized orbitals of the embedded molecule (see Eqn. ??) at the PBE level
are shown with blue bars, while those from the CAM-B3LYP-in-PBE model are shown in red.

range and a similar behavior is observed for F4-BDA. In the
case of the Me4-BDA system the CAM-B3LYP-in-PBE curve
follows this trend up to 0.5 eV above the Fermi level, indi-
cating that the embedding model predicts significantly lower
transmissions around Er than ordinary PBE. This can be re-
garded as an improvement, as PBE was previously found to
overestimate the experimental conductivity of all investigated
variants.” ?

In Table ??, the zero-bias (Er) conductance values are
shown numerically. The value obtained for BDA with su-
persystem PBE is in line with that of Jin et al.,” considering
also the significant differences in the calculation methodol-
ogy and the SMJ model structures. With the CAM-B3LYP-
in-PBE embedding, a reduction of the PBE transmission by a
factor of 5.8 is observed, the predicted value showing much
better agreement with the experimental value. The absolute
error (1.1 -1073%)) is now comparable to that of the compu-
tationally much more expensive GW transport technique (2.8
-1073%,) published by Jin and co-workers.” A similar de-
crease of the CAM-B3LYP-in-PBE conductance with respect
to the PBE one can be seen for F4-BDA, that is, by a factor of
5.9, nevertheless the absolute error relative to the experimen-
tal value is somewhat larger (2.7 -1073%). For Me4-BDA the
PBE value is reduced by a factor of 3.3 with CAM-B3LYP-
in-PBE, the calculated transmission still considerably overes-
timating the experiment (by a factor of 1.9). This in contrast
to the case of BDA and F4-BDA, where a slight underestima-
tion of the experimental conductance is found. The agreement
is, nevertheless, significantly improved compared to PBE and
the embedding model correctly reproduces also the trend of

the measured conductivity in the F4-BDA, BDA, Me4s-BDA
series. Nevertheless, the relative differences between the dif-
ferent variants appear to be exaggerated by the embedding cal-
culations. The reason behind this finding may be the fact that
the predicted values are nominally much smaller, which mag-
nifies the impact of other possible sources of inaccuracy, in
particular the sensitivity of the simulation to the structural pa-
rameters of the SMIJ. This is illustrated on Fig. S4 where the
transmission functions for the BDA system are presented also
with the geometry sourced from Ref. ? , showing a notable
difference of the predicted values around Er. A comparison
to the respective supersystem PBE results indicates that the
embedding model is clearly more sensitive to the structure.

Figure ?? also shows the maximum overlaps S’,’}“x (see Eqn.
??) of the supersystem MOs with those localized to the BDA
molecule in the embedding method, evaluated at the corre-
sponding EM orbital energies. The identical quantities for the
ordinary PBE calculations, shown as blue bars in Fig.??, are
those obtained from a PBE-in-PBE embedding model. Note
that in this latter variant the embedding is exact, that is, it pro-
duces the same density for the EM as that of a supersystem
PBE calculation and the embedding is used solely to distribute
the density into the subsystems using the same orbital local-
ization methodology. Generally, maxima in the transmission
curve are accompanied by increased maximum overlaps at
the adjacent EM eigenvalues, indicating that the charge trans-
mission is larger where some molecular states can mix more
strongly with those of the electrodes in the EM orbitals. Since
most EM orbitals with energies around Er are predominantly
those of the electrode domains,’ this finding is in line with the
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TABLE I. Calculated and experimental zero-bias conductances (¥)
in units of 10734 (=2-1073¢%/h)

Method @(Mes-BDA) ¥(BDA) % (F4-BDA)
Experimental? 8.2+0.2 6.4+0.2 5.5£0.2
GWP 4.15 3.67 1.74
PBE 52.2 30.9 16.7
CAM-B3LYP-in-PBE 15.8 53 2.8

2 Experimental values taken from Ref. ? .
® Values taken from Ref. ? .

interpretation of the transport as the result of a perturbation of
the electrode states by the molecule. By comparing the PBE
and the embedding results in Figure ??, a drop in the SI","”‘ val-
ues in the latter case is clearly observable. This phenomenon
should be a consequence of the change of the energy levels of
BDA in the CAM-B3LYP model, shifting the orbitals of the
molecule away from those of the electrodes in the investigated
energy domain.

This is also demonstrated in Table ?? which shows for all
systems the energies associated with the three highest occu-
pied and three lowest unoccupied localized orbitals of the
molecules, i. e. the eigenvalues (&) of the Huzinaga oper-
ator that correspond to the active subsystem. The numbers
show that by employing the CAM-B3LYP functional to the
molecule, the orbital energies are shifted to lower values for
the occupied orbitals and to higher values for virtual orbitals,
respectively. The Fermi level of the electrodes falls into the
HOMO-LUMO gap which increases almost two-fold (7.98
eV, 7.84 eV, and 8.56 eV with the embedding model vs. 4.06
eV, 4.33 eV, and 4.48 eV with PBE for the BDA, Mes-BDA,
and F4-BDA systems, respectively). A larger discrepancy of
the molecular and electrode energy levels reduces the extent
of mixing between the corresponding eigenvectors, resulting
in a lower predicted transmission at the affected energies.

This finding is in line with the philosophy of the DFT+X
techniques’ > * that manually shift the eigenvalue spectrum
of the molecular block by a chosen constant. However, the
introduction of such tuning parameters into the model reduces
the generality and robustness of these methods and the use of
a constant shift for all orbitals should not be appropriate at
cases where several molecular levels affect the transmission
around Er. The proposed embedding model is free of such
ambiguities.

IV. CONCLUSION

Single-molecule junctions are challenging systems for elec-
tronic structure modeling due to the qualitatively different
properties of the metal and molecule domains. In this study
we presented an alternative methodology for transport cal-
culations in SMJs that allows a selection of the exchange-
correlation functionals such that each part of the system is
described with an appropriate method. This is achieved by a
formally exact projection-based DFT-in-DFT embedding ap-

proach which does not deteriorate the computational scaling
of the method. In fact, since the molecule represents a rel-
atively small part of the SMJ, the embedding calculation in-
volves a minimal computational overhead compared to a sim-
ple supersystem calculation, even if a sophisticated exchange-
correlation functional is used for the active subsystem.

The performance of the proposed methodology was demon-
strated by transport calculations on SMIJs involving BDA,
Me4-BDA, and F4-BDA. By using a DFT functional for the
molecules that is found to be appropriate on the basis of sim-
ple gas phase property calculations, the accuracy of the pre-
dicted zero-bias conductance could be improved significantly
compared to a conventional modeling that uses the PBE func-
tional for the whole system. The performance is found to
approach that of the computationally much more expensive
many-body models. The reason of the observed enhancement
could be explained by analyzing changes in the molecular en-
ergy levels and the entanglement of the molecule and elec-
trode wave functions.

Nevertheless, we do not regard the presented application as
the overall limit of the accuracy that is achievable with the
embedding approach. The use of a better suited DFT func-
tional for the different domains, that of a more complete basis
set, or the adoption of a high-level wave function-based model
for the active subsystem could potentially deliver even supe-
rior performance. We consider the principal advantage of the
embedding approach that it allows to design an appropriate
methodology without the need of tuning parameters for the
transport calculations, e.g. by introducing artificial spectrum
shifts.
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SUPPLEMENTARY MATERIAL

The Supplementary material supplied with this article
presents the coordinates of the investigated molecules (Tables
S2-S4), the SMIJs (Tables S5-S8) and lead model systems (Ta-
ble S1 and Figure S1). The first three IP and EA values of
the gas-phase molecules, calculated at different levels with
different basis sets are summarized in Tables S9-S11. The
calculated transmission functions of Me4-BDA and F4-BDA
are illustrated on Figures S2 and S3, respectively. The com-
parison of BDA transmission functions obtained in different
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TABLE II. Orbital energies (67’, in eV) of the three highest occupied (HOMO-2, HOMO-1, HOMO) and lowest virtual (LUMO, LUMO+1,
LUMO+2) molecular orbitals of the embedded subsystem, obtained from PBE-in-PBE and CAM-B3LYP-in-PBE embedding calculations on
the extended molecule. Values relative to the Fermi level (Er = 5.20) are shown in parentheses.

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
BDA
PBE-in-PBE —855 (=3.35) —6.75 (—155) —6.48 (—128) —2.10 (3.10) —1.76 (3.44) —1.02  (4.18)

(
CAM-B3LYP-in-PBE —1125 (-6.05) —891 (-3.71) —842 (-322) —0.16 (504) 007 (527) 009 (5.29)

Mey-BDA
PBE-in-PBE —8.92 (—3.72) —7.62 (—242) —678 (—1.58) —2.62 (2.58) —2.15 (3.05) —121  (3.99)
CAM-B3LYP-in-PBE —11.66 (—6.46) —9.87 (—4.67) —878 (—3.58) —0.69 (451) —038 (4.82) —0.01 (5.19)

F,4-BDA
PBE-in-PBE —8.67 (—3.47) —7.14 (—194) —6.81 (—1.61) —233 (2.87) —220 (3.00) —2.16  (3.04)
CAM-B3LYP-in-PBE —11.63 (—6.43) —9.71 (—4.51) —9.03 (—3.83) —047 (4.73) —041 (479) —036 (4.84)

geometries and from different virtual space localizations are
shown on Figures S4 and S5, respectively.
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