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ABSTRACT

A novel electronic structure methodology to describe electron transport in single-molecule junctions (SMJs) within non-equilibrium Green’s
function theory is presented. The approach is based on a formally exact, projection-based quantum embedding technique that combines
correlated many-electron wavefunction models for the molecular region with a density functional theory (DFT) description of the metallic
electrodes. This is achieved by constructing a specialized Hamiltonian for the molecular domain, leveraging Dyson orbitals correspond-
ing to the ionized and electron-attached states of the embedded molecule. The effectiveness of this wavefunction-in-DFT embedding
scheme is demonstrated through transport calculations for SMJs containing benzene-1,4-diamine and its substituted derivatives, employ-
ing Hartree-Fock, SOS-ADC(2), and CCSD methods for the molecular subsystem. The results show a marked improvement in the predicted
zero-bias conductance compared to conventional DFT-based transport modeling employing the PBE functional. The proposed methodology
provides a systematic way to select the most suitable electronic structure methods for the different parts of the system, maintaining a bal-
ance between accuracy and computational cost, while ensuring a proper description of electronic correlation within the molecule, which may
notably impact electron transport in certain systems.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0313307
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I. INTRODUCTION

Single-molecule junctions (SMJs), consisting of a single
molecule connected to metallic nanoscale leads, provide a funda-
mental platform for investigating charge transport through molec-
ular systems. Understanding these phenomena continues to attract
significant attention across various fields, including material science
and biochemistry. The key measurable quantity in these systems is
the zero-bias conductance, which is primarily determined by the
alignment of the energy levels of the molecule relative to the Fermi
level of the metallic leads."”

In theoretical studies, the conductance is typically evalu-
ated using the non-equilibrium Green’s function (NEGF) for-
malism combined with a mean-field electronic structure method.
In most cases, density-functional theory (DFT) is employed
due to its convenience and balance between accuracy and
computational cost.”* However, standard functionals such as the

Perdew-Burke-Ernzerhof (PBE)® parametrization of the GGA func-
tional, although well suited for metallic systems, often provide a
qualitatively incorrect description of the molecular frontier orbital
energies. PBE was several times found to significantly overesti-
mate the energy of the highest occupied molecular orbital (HOMO)
and underestimate that of the lowest unoccupied molecular orbital
(LUMO), resulting in a systematic overestimation of the zero-bias
conductance.”” In our recent study,’ we proposed an embedding
framework that addresses this issue by treating the molecule and
the metallic leads with distinct DFT functionals chosen accord-
ing to their respective electronic characteristics. This DFT-in-DFT
embedding approach outperformed the conventional NEGF-DFT
model employing a single PBE functional. The main advantage of
this scheme arises from the ability to select a separate functional for
the molecule that predicts its energy levels with satisfying accuracy,
while maintaining the computational efficiency of the method. Suit-
able functionals could be identified by benchmarking the accuracy
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of the ionization potential (IP) and electron affinity (EA) values they
provide for the isolated molecule. It was demonstrated that the use
of different functionals for the molecule and the electrodes allows
a more balanced description of both parts without any empirical
adjustment or system-specific tuning. The accuracy of molecular
energy levels can be further improved by using wavefunction theory
(WFT) methods, which provide a proper, first-principles treatment
of electron correlation, and several models are known to predict IP
and EA values with high reliability. In this study, we extend our
previous DFT-in-DFT embedding framework to a wavefunction-in-
DFT (WFT-in-DFT) scheme, where the molecular region is treated
at a correlated WFT level and the metallic environment is described
by DFT. This extension retains the same embedding formulation
based on the Huzinaga equation,” which enables an exact subsys-
tem separation and the consistent coupling of regions described by
different electronic structure methods.

We assess the performance of the new WFT-in-DFT embed-
ding approach with the same test set as in our previous study,’
including the benzene-1,4-diamine (BDA) molecule and its 2,3,5,6-
tetramethyl- and 2,3,5,6-tetrafluoro-substituted variants (denoted
as Mes-BDA and F4-BDA, respectively). These molecules serve
as well-established benchmarks in single-molecule transport stud-
ies due to their well-characterized experimental conductances.'’ "
To evaluate the accuracy of the molecular description within the
embedding framework, we compute and analyze the IP and EA
values at different levels of theory, including the coupled-cluster sin-
gles and doubles (CCSD) and the scaled opposite-spin second order
algebraic-diagrammatic construction [SOS-ADC(2)] methods, for
both isolated and embedded molecules.

Il. METHODOLOGY

We begin the presentation of the proposed methodology by
briefly summarizing the key aspects of the transport calculations
and the embedding scheme in Secs. II A and II B, whereas the
main developments specific to the WFT-in-DFT formulation are
discussed in detail in Secs. II C and IT D.

A. Transmission calculation

The zero-bias conductance, which is the main quantity investi-
gated experimentally, can be obtained from the Landauer formula,'”

¢ =% T(Er,V =0), (1)

where % = 2¢°/h is the quantum of conductance and T(Eg, V = 0)
denotes the value of the transmission function at the Fermi level, Er,
corresponding to zero applied bias, V. The transmission function is
the key quantity determined in theoretical approaches, as it describes
the probability of electron transport through the system. For this
purpose, the most widely used approach is the non-equilibrium
Green’s function (NEGF) theory.l'H Within this framework, the
SMJ is modeled as an extended molecule (EM), which consists of
the investigated molecule and two metallic electrodes, connected
to semi-infinite metallic leads that serve as electron reservoirs rep-
resenting the external circuit. According to the Meir-Wingreen
formula,’” the transmission function can be calculated from the
Green’s function of the EM as follows:
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T(E,V) =Tr[G'(E,V)TL(E, V) G"(E, V) Tz(E, V)], (2)

where G are the retarded and advanced Green’s function matrices
of the EM, and Tz denote the coupling matrices of the leads. In
general, the Green’s function matrix in the atomic orbital (AO) basis
is evaluated as follows:

G'(E, V) = [(E+in)Sem - Hew — 21(E, V) - 2(E, V)], (3)

where Hgy and Sgy are the Hamiltonian and overlap matrices of
the EM, and X/ represent the self-energies of the left and right
leads. The latter are also used to determine the coupling matrices.
In the NEGF-DFT framework, Hguy corresponds to the Kohn-Sham
Hamiltonian obtained from a DFT calculation for the isolated EM,
while the self-energies are derived from the periodic Kohn-Sham
Hamiltonians of the leads, determined in separate periodic calcula-
tions for the lead(s) using the same DFT functional. A more detailed
description of the NEGF formalism, the construction of the lead self-
energies, and the practical aspects of the transmission calculations
can be found in our previous work® and in Refs. 3, 4, 14, 16, and 17.

B. Huzinaga embedding approach

The use of different methods in the molecular and electrode
regions of the extended molecule (EM) can be realized with the
projection-based embedding (PbE) approach of Hégely and co-
workers,” which is founded on the Huzinaga equation.'® The pro-
cedure has been presented in detail in our recent study,® we only
reiterate the key points of this concept here. In the PbE frame-
work, the supersystem—corresponding to the EM in the present
case—is partitioned into an active subsystem (the molecule, M) and
an environment (the electrodes, El). An initial self-consistent field
(SCF) calculation is first performed for the entire supersystem with
a mean-field method that is suited for the environment. A natural
choice for the latter is, in our case, DFT with a functional appropri-
ate to describe the electrodes (L'), for example, PBE.® The resulting
Kohn-Sham molecular orbitals (MOs), which are eigenvectors of the
Fock matrix Fey, are then localized using an appropriate algorithm
to divide the supersystem density into molecular (M) and electrode
(El) domains. Subsequently, the orbitals of the M domain are reop-
timized with the so-called high-level functional L", in such a way
that the space (and thus, the density) of the EI domain is kept frozen
and the orthogonality of the M and El subspaces is retained.

This procedure produces the embedded Fock matrix,

By = hyy + L' [Dyr] + hy + (L'[Dey] - L'[Du]) (4)

Vemb.

where the last three terms, including the core Hamiltonian hg; and
the two-electron contribution of the electrodes—expressed as the
difference (L'[Dgy] — L'[Dy])—define the so-called embedding
potential Vemp,, with Dp being the respective one-particle density
matrices. The first two terms correspond to the molecule, with hy
being its core Hamiltonian and L"[Dy] being the two-electron con-
tribution, evaluated using LY. In DFT-in-DFT embedding, this is the
functional assigned to the active domain (functional II), whereas in
WFT-in-DFT embedding, the Hartree-Fock (HF) method is used.
The orbitals generated in this step (i.e., the eigenvectors of Feum)
are hereafter referred to as Huzinaga orbitals (HOs), with C being
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the corresponding HO coefficient matrix. These are applied in a
subsequent WFT step to compute the ionic many-electron states
of the embedded molecule. While the actual localization scheme
applied for separating the two subsystems was not found to affect
the DFT-in-DFT results to a notable extent,” it is expected to be
much more important when a WFT method is employed. The com-
monly used choice for localization is the subsystem projected atomic
orbital decomposition (SPADE),"” which performs well for the occu-
pied space but often leads to a nonphysical behavior when applied
to the virtual space.”””' Therefore, the projected atomic orbitals
(PAOs)*” were recommended in recent studies’ >’ to obtain the vir-
tual space in WFT-in-DFT calculations involving correlated wave
function models.

C. Dyson orbitals

One way to capture many-body effects in a molecular orbital
picture is using Dyson orbitals (DOs),”"*" that are one-electron
functions emerging from the overlap of the neutral and ionic
many-electron wave functions,

n—1
$i(rn) = \/5/ Ve(ra..stn) "Yo(rpsr2,. ..o 1n) drae . dry,
(5)

n
x(Te) = n+ o2 ... Tn+1 x(Fes¥25 o o5 ntl
$e(re) =/(n+1) [ ¥o ) " )

><d1‘2. . .drn+1,

(6)
where "%, and "', denote the electronic wave functions of the
xth ionized and electron-attached states, respectively; ", denotes
the electronic wave function of the neutral molecule; and ¢%(r;,) and
¢%(r.) denote the DO corresponding to the ionized and electron-
attached states, respectively. They can be easily obtained as expanded
on the basis of the MOs (or in our case, the HOs) as

() = 3 (Wl i) = X dgi(r), ()

i

virt.

$e(r) =Y ("Fola

a

A", )ga(r) = Y diaga(r), (8)

where the dy; and dy, expansion coefficients are the Dyson ampli-
tudes, which represent the contribution of each MO to the cor-
responding ionized and electron-attached states, respectively. An
important property of DOs is that they do not form an orthogo-
nal set, and the full set defined by Eqs. (5) and (6) can be linearly
dependent.”*

D. Construction of an effective Hamiltonian for NEGF

The principles of transport calculations using DFT-in-DFT
embedding were described in our previous paper.® Following those
ideas, in this paper, we present the generalization for correlated,
many-electron methods.

In mean-field methods, the Koopmans picture® is applied to
describe the ionized and electron-attached states by directly associ-
ating them with the molecular orbitals and the corresponding orbital
energies, the Hamiltonian is thus simply given by the Fock matrix or
the Kohn-Sham Hamiltonian. In contrast, within a many-electron

ARTICLE pubs.aip.org/aipl/jcp

framework, such a one-electron representation of the Hamiltonian
is not inherently available. However, it can be constructed by using
the IP and EA energies together with the corresponding DOs, where
the Hamiltonian is considered diagonal with the electronic energies
forming its diagonal elements. To incorporate such results into the
NEGF framework, one needs to define a procedure for construct-
ing an effective Hamiltonian matrix for the EM that is suitable for
computing its Green’s function [see Eq. (3)], required for evaluating
the transmission function [see Eq. (2)]. For the molecule, the many-
electron states obtained from the embedding calculation can be used
to define an effective many-electron Hamiltonian in a spectral form

("), -

where d,i/qE denotes the Dyson amplitudes of the many-electron ion-
ized (I) and electron-attached (E) states in the basis of the HOs of the
molecule, and AEY and AEF? are the corresponding IPs and EAs,
respectively. The left superscript explicitly denotes that this matrix
is written in the basis of the HOs.

The construction of this matrix formally requires the knowl-
edge of all possible many-electron states of the molecule. Because
obtaining all such states is infeasible in practice, a Koopmans-type
approximation can be applied for the states that are not explicitly
determined at the correlated level, by using the HF HOs correspond-
ing to the molecule, Cy, and the respective orbital energies, Eu,
obtained from the second SCF procedure (see Sec. II B). An effec-
tive Fock matrix for the complementary space of the DOs is built
as

) ZAE“dxp(dxq)i ©)

x=1

Z AELd},(d),

Pr0) (I PIE)g (I PIE) S g I.E
7P’SM+P’£MP’, (10)

where P"¥ is a projector, which projects onto the space spanned by
the determined many-electron states. This projector is defined as

N; . Ng - .
B = 3 (7 )yhaldg) + 2 (77), (), (A1)
xy= xy=

where .# is the overlap matrix of the DOs, and N; and Ng
denote the number of ionized and electron-attached states explic-
itly determined, respectively. The effective Hamiltonian matrix for
the molecule is then constructed by adding the projected HF Fock
matrix to the many-electron effective Hamiltonian, Eq. (9), which is
obtained only for a subset of many-electron states,

HOW,, = HOHS + F0 (12)

This approach effectively corrects the HF description of the embed-
ded molecule within the energy window defined by the selected
many-electron states. With the resulting effective Hamiltonian
matrix, a mixed effective Hamiltonian matrix for the EM can be
constructed. For the DFT-in-DFT embedding presented in Ref. 8,
this step was performed in the AO basis: the molecular block of the
supersystem Fock matrix (Fgy) obtained in the first SCF step was
replaced by the molecular block of the Fock matrix (Fgar) of the sec-
ond SCF step. Here, we use a slightly different procedure. Since the
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molecular Hamiltonian (°H,,) is available only in the HOs of the
molecule, the supersystem Fock matrix (Fgy) obtained in the first
SCE step is transformed to the basis of the HOs,

HOFgy = CEen €7, (13)

which allows the substitution of the effective Hamiltonian [Eq. (12)]
into the block corresponding to the HOs of the molecule as follows:

HO HOI
HOyymix . Hy Frim
Hey = | ot T  HOpI | (14)
("Frm) Fg
Finally, this effective Hamiltonian matrix is transformed back to the

AO basis as

THOHET CSew, (15)

Hgﬁ =Sem C
which now can be used to construct the Green’s function of the
extended molecule using Eq. (3), enabling the calculation of the
transmission function.

As introduced in Ref. 8 for the DFT-in-DFT case, the impact of
the molecule on the orbitals of the EM can be characterized by the
following quantity constructed from the overlap between individual
supersystem MOs and the HOs of the embedded molecule,

. 1 = -
Sp = @%4 ‘(CEM SEMm CM)

pql’ (16)

where ny is the total number of the HOs of the molecule, p and g
denote supersystem MOs and the HOs of the molecule, and Cpy and
Cu contain the AO expansion of the eigenvectors of Hyiy and that of
the HOs of the molecule, respectively. Thus, this number indicates
the extent to which the orbitals of the molecule mix into a particular
orbital of the EM.

lll. COMPUTATIONAL DETAILS

Test calculations were performed for the systems investigated
in Ref. 8. Details on obtaining the molecular structures and EM
model systems are described in that work.® The aug-cc-pVDZ basis
set was used on the atoms of the molecules, and the cc-pVDZ-
PP basis set,” in combination with the def-PP-ECP effective core
potential (ECP),”® was applied for the gold atoms. The embedding
calculations were performed with the MRCC program system,” "
where both arbitrary-level coupled-cluster models’ and different
variants of the ADC(2) method® ™ are available as the high-level
method in a WFT-in-DFT embedding. The recent, very efficient
implementation of the latter model offers a direct calculation of ion-
ized and electron-attached states by using linear response theory,*’
also producing the respective Dyson orbitals. With higher-level
methods, such as CCSD, ionic states are currently accessible as elec-
tronic excitations using the continuum orbital technique,”® ™ with
the DOs obtained as the block of the one-electron transition density
matrix that corresponds to the continuum orbital.*

In addition to the WFT-in-DFT calculations, we have also
performed DFT-in-DFT calculations with the above-described con-
struction of the effective Hamiltonian using the MO basis. This way,
the DFT-in-DFT and WFT-in-DFT calculations are directly com-
parable, and a comparison to the results of the slightly different,

ARTICLE pubs.aip.org/aipl/jcp

AO-based construction in Ref. 8 is possible as well. In the DFT-in-
DFT calculations, the CAM-B3LYP functional was used. We note
that, due to the presence of many unoccupied orbitals with negative
orbital energy in the first supersystem DFT calculation, achiev-
ing convergence of the SCF procedure is generally not trivial, and
the continuum molecular orbital has to be introduced only before
the high-level subsystem calculation step. The core electrons were
excluded from the correlation treatment in all WFT calculations pre-
sented here. The localization of the occupied space was performed
using the SPADE approach,”” while both the SPADE and PAO
methods were applied for the virtual space, using a norm threshold
of 0.3 (see Ref. 23 for details) for the latter. In the main text, the
results obtained with the PAO localization are shown, whereas those
based on the SPADE approach are presented in the supplementary
material.

Calculation of the effective Hamiltonian [Eq. (12)] and the
transmission functions [Eqs. (2) and (3)] was done with an in-house
Python code,”" with the lead self-energies sourced from periodic
DFT calculations using Turbomole.*” These calculations were also
used to determine the Fermi level at —5.2 eV. Further details of the
latter steps are given in Ref. 8.

IV. RESULTS AND DISCUSSION

A. Benchmarking wavefunction methods
on molecular energy levels

A key requirement for a method to predict molecular conduc-
tance in a reliable way is an accurate description of molecular energy
levels. In a many-electron framework, this can be benchmarked by
inspecting the precision of the IP and EA values obtained for the
isolated molecule, as well as for that in the junction using the embed-
ding framework described above. Beyond the relative positioning
of the IPs and EAs with respect to the Fermi energy of the leads,
the energy gap between them also influences the molecular con-
ductance, making its accurate prediction essential. To illustrate the
failure of the commonly used PBE functional, the first IP and EA
values obtained with different DFT functionals and the HF method
were compared in our previous study.® Here, we extend this analy-
sis by including the SOS-ADC(2) WFT method, which represents
an attractive compromise between computational cost and accu-
racy, and is particularly well suited for predicting reliable IP and
EA values.”*"*" As a reference, the EOM-CCSD(T) (a)* method*’
was chosen for the isolated BDA molecule, while EOM-CCSD cal-
culations were performed for the substituted variants. The IP and
EA values of the molecules were also determined in the extended
molecule using the embedding framework with PBE-in-PBE, HF-in-
PBE, and SOS-ADC(2)-in-PBE schemes. For comparison, CCSD-in-
PBE results were additionally obtained for the BDA molecule in the
extended molecule. Results are shown in Table I and S1-S4.

With the PBE functional, a significant underestimation of the
IPs and overestimation of the EAs can be observed in all investi-
gated cases. This results in a much smaller gap between the first
IP and EA than in the reference case and even a wrong sign of
the first EA. On the other hand, the HF and SOS-ADC(2) methods
both show remarkably good performance for the selected molecules.
With the HF method, the first IPs and EAs provided by Koopmans’
theorem differ by no more than 0.2 to 0.6 eV and by —0.3 to —0.5 €V,
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TABLE 1. The first ionization potential (AE'®) and electron affinity (AEFA) values
(in eV units) of the BDA, F4-BDA, and Me4-BDA molecules in isolation and within
the junction, computed using the PBE functional for the electrodes in the embedding
calculations.

Isolated Junction
Method AEY AEEA AEY AEEA
BDA
PBE* 4.28 0.99 6.78 1.32
HF* 7.32 -0.93 9.26 -0.28
SOS-ADC(2) 6.84 -0.73 8.62 -0.08
CCSD 7.09 -0.62 8.84 -0.02
CCSD(T) (a)* 7.12 -0.60
F4-BDA
PBE* 4.92 1.55 6.81 1.54
HF* 8.28 -0.82 9.62 -0.35
SOS-ADC(2) 7.72 -0.52 8.93 -0.15
CCSD 7.87 -0.36
Mey-BDA
PBE* 3.99 0.78 6.48 1.38
HF* 6.83 -0.91 8.86 -0.36
SOS-ADC(2) 6.49 -0.76 8.15 -0.14
CCSD 6.53 -0.51

*Opposite of the corresponding molecular orbital energies.

respectively, from the reference values. However, a more pro-
nounced discrepancy of ~1.4 eV relative to the reference is observed
for the third IP with this method (see Table S1 in the supplementary
material). While HF overestimates the IPs, SOS-ADC(2) under-
estimates them, but the difference is significantly smaller in the
latter case, less than —0.15 eV. For the EAs, both methods result
in underestimations, but the error is again consistently lower with
SOS-ADC(2). Since HF overestimates the first IP while underesti-
mating the first EA, the energy gap between these states is notably
larger than in the reference. On the other hand, because the errors
in SOS-ADC(2) are of the same sign, the resulting energy gap is
more accurate, deviating by only —0.1 eV for BDA, by 0.2 eV for
Mey-BDA, and being nearly identical for F4-BDA. The discrepancy
increases for the higher IPs shown in Table S1, but this effect is
also less significant with SOS-ADC(2), indicating that this method
provides better approximations not only for the first IP but also for
subsequent ones. However, for the EAs, no clear trend is observed, as
the predictive accuracy for higher EAs remains similar to that of the
first for both methods. These findings align with previous studies,”
reinforcing that SOS-ADC(2) is an appropriate choice for use in the
embedding scheme to compute molecular conductance. Moreover,
also the HF model appears to be providing a reasonable description
for the particular systems benchmarked here.

It is worth looking also at the relative position of the cationic
and anionic energy levels with respect to the Fermi energy of the
leads (Er =-5.2 eV), as the energetically close-lying states are
expected to influence the zero-bias conductance to the greatest
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extent. This should be investigated with the molecule embedded in
the junction (see the last columns of Table I, as well as Tables S2 and
S3). For BDA, the first IP with the HF method is 0.6 ¢V further from
the Fermi energy compared to the SOS-ADC(2) result. A smaller,
but opposite, deviation of —0.2 eV is found for the first EA, resulting
in an energy gap between the first IP and EA wider by 0.8 eV in the
HF case.

For the two substituted BDA variants, similar trends can be
observed. When calculated using the HF method, the energy gap
between the first IP and EA is larger for both F4-BDA and Mey-
BDA than for BDA, yielding values of 10.0 and 9.2 eV, respectively.
In contrast, the SOS-ADC(2) approach predicts a comparatively
smaller gap for F4-BDA (8.3 eV) and a slightly larger one for
Mey-BDA (9.0 eV), thereby restoring the expected trend among
the three molecules. Nevertheless, compared to the PBE result,
both models show a significant improvement for all investigated
systems.

B. Transmission functions

Figure 1 presents the obtained transmission functions for the
BDA SM]J with the supersystem PBE and the embedding approaches.
Essentially, all embedding models yield very similar transmission
curves. The agreement is particularly striking at the Fermi level and
up to 1.4 eV above it, where the three curves are barely distinguish-
able. However, note the logarithmic scale of Fig. 1, which masks the
minor differences in this region, amounting to more than 10 per-
cent at Er (see below). The general similarity of the curves can be
explained by inspecting the spectrum of the embedded Hamilto-
nian [Eq. (15)] depicted on the bottom panel of Fig. 1, where the
energy levels in all embedding approaches essentially align. The §
quantity, which characterizes the contribution of the molecule to
the respective orbitals, also remains low, below 0.004 at all points.
This shows that, in the vicinity of Ef, the spectrum (and thus,
the conductance) is determined by orbitals of the electrodes, and
the perturbation of the molecule on these levels is modest due to
the large energetic separation of the nearest molecular levels (see
Table I). However, around and below the Fermi level, the transmis-
sion functions provided by the embedding techniques lie noticeably
below that of the conventional PBE approach, while above this
point, they yield a transmission function exceeding the PBE result
in most energy regions. In the former domain, the spectrum of
H2 notably differs from that of the embedding models, and the
§ overlaps are also significantly larger with PBE. The nearest PBE
molecular orbitals, which lie closer in energy than in the WFT cases,
thus mix more strongly with those of the electrodes, creating a larger
conductance.

For the two substituted BDA variants shown in Figs. 2 and
3, very similar trends can be observed. As a result, the embedded
approaches significantly reduce the value of the transmission func-
tion near the Fermi level compared to PBE. Furthermore, the rela-
tive properties of the HF-in-PBE and SOS-ADC(2)-in-PBE results
remain remarkably consistent among all three BDA variants.

C. Zero-bias conductance

The zero-bias conductance values (¥) obtained with our
embedding approaches, those from the conventional PBE method,
and the GW many-electron approach,*® as well as the corresponding
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FIG. 1. Transmission functions (top panel) and eigenvalues of the embedded Hamiltonian [Eq. (14)] shown as vertical lines (solid for occupied and dashed for unoccupied
levels), together with the corresponding § values [Eq. (16)] indicated by circles (bottom panel) for the BDA SMJ using PBE (black), HF-in-PBE (green), SOS-ADC(2)-in-PBE
(blue), and CCSD-in-PBE (red). Ten ionized and electron-attached states were included in the SOS-ADC(2)-in-PBE calculation, while five ionized and ten electron-attached
states were considered in the CCSD-in-PBE case according to Eq. (12). The energy scale is shown relative to the Fermi level (—5.2 eV), indicated by a gray dashed line in
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FIG. 2. Transmission functions (top panel) and eigenvalues of the embedded Hamiltonian [Eq. (14)] shown as vertical lines (solid for occupied and dashed for unoccupied
levels), together with the corresponding § values [Eq. (16)] indicated by circles (bottom panel) for the Me4-BDA SMJ using PBE (black), HF-in-PBE (green), and SOS-
ADC(2)-in-PBE (blue). Ten ionized and electron-attached states were included in the latter according to Eq. (12). The energy scale is shown relative to the Fermi level

(=5.2 eV), indicated by a gray dashed line in the top panel.

experimental values for the BDA, F4-BDA, and Mes-BDA SMJs, are
summarized in Table II. For all three SMJs, the embedding methods
show consistently lower conductance compared to PBE and system-
atically overshoot the experimental values; however, the discrepancy
is considerably smaller with the new methods. For all molecules,
the HF method predicts slightly lower conductance values than
the correlated methods, as well as the MO-based CAM-B3LYP, in

accordance with the observation that HF tends to overestimate the
energy gap between IPs and EAs. On the other hand, SOS-ADC(2)
and CAM-B3LYP (MO) results are quite close in all cases. For BDA,
the results obtained by these two latter methods deviate only mod-
estly from CCSD. The sign of the deviation is the opposite of that
of HF, indicating a possible overestimation of the effect of electron
correlation.
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FIG. 3. Transmission functions (top panel) and eigenvalues of the embedded Hamiltonian [Eq. (14)] shown as vertical lines (solid for occupied and dashed for unoccupied
levels), together with the corresponding § values [Eq. (16)] indicated by circles (bottom panel) for the F4-BDA SMJ using PBE (black), HF-in-PBE (green), and SOS-ADC(2)-
in-PBE (blue). Ten ionized and electron-attached states were included in the latter according to Eq. (12). The energy scale is shown relative to the Fermi level (-5.2 eV),

indicated by a gray dashed line in the top panel.

TABLE |II. Calculated and experimental zero-bias conductances (%) in units of
10734 (=2 - 1073 x 102/h).

Mes-BDA BDA F4-BDA
Exp.’ 82+02 64+02 55+02
GW?P 4.15 3.67 1.74
PBE 522 30.9 16.7
CAM-B3LYP-in-PBE® (AO) 15.8 5.3 2.8
CAM-B3LYP-in-PBE‘ (MO) 15.1 12.4 7.1
HF-in-PBE 13.3 11.1 5.9
SOS-ADC(2)-in-PBE 14.8 12.1 6.5
CCSD-in-PBE 116

*Experimental values taken from Ref. 11.
"Values taken from Ref. 47.
“SPADE localization is used for the virtual space.

For comparison, the NEGF-GW results by Jin et al.*’ are
also listed, as it represents another many-electron approach to this
problem. With this method, a systematic underestimation of the
experimental conductance values is observed, by factors of 1.7-3.2.
In contrast, the same factors for the overestimation by the embed-
ding methods are 1.1-1.7 for HF, 1.3-1.8 for CAM-B3LYP, and
1.2-1.8 for the SOS-ADC(2), showing a similar but somewhat
smaller discrepancy than the GW method. The AO-based CAM-
B3LYP-in-PBE variant, already introduced in Ref. 8, appears very
accurate for BDA, but seems generally less systematic, because both
over- and underestimation of the experiment are observed. The MO-
based scheme shows a more consistent behavior with a systematic
overestimation and an accuracy comparable to that of HF-in-PBE
and SOS-ADC(2)-in-PBE.

As far as the computational demand is concerned, Thygesen
and co-workers reported that a single GW self-consistency itera-
tion for an SMJ containing the BDA molecule required about 2 h
on 100-400 CPU cores, whereas the DFT calculation for the same
system required no more than 5 h on eight CPU cores.” In con-
trast, for our model BDA SMJ, the PBE calculation took around
8 h using 12 CPU cores, while the complete SOS-ADC(2)-in-PBE
procedure required ~26 h on the same system. In the latter case,
the most time-consuming step is the transformation of the integrals
from AO to HO basis after the second SCF step, which accounts for
about 56% of the total runtime. Once this transformation is com-
pleted, the evaluation of the ionized states of the molecule with
SOS-ADC(2) is practically negligible, taking less than 4 min for ten
states, whereas the calculation of ten electron-attached states is more
demanding but still relatively inexpensive, requiring about 1.5 h.
Although our SMJ models contained smaller gold clusters, this com-
parison indicates that the use of embedding methods should not
pose a prohibitive computational overhead once a supersystem DFT
calculation is performed, which may not be the case with GW.

D. Impact of the number of Dyson orbitals
in the embedding

The impact of the number of ionic states that are used in the
WFT-in-DFT embedding approach [N; and Ng in Egs. (9) and (11)]
on the convergence of the transmission function near the Fermi level
is an important property that warrants investigation. For this pur-
pose, the transmission functions were calculated for the BDA SM]J by
applying the SOS-ADC(2)-in-PBE embedding approach, progres-
sively including more states, from 1/1 to 10/10, with the number of
ionized (N7, first number) and electron-attached (Ng, second num-
ber) states increased equally. The energies of the employed states
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FIG. 4. SOS-ADC(2)-in-PBE transmis-
sion functions for the BDA SMJ using
an increasing number of included ionic
states from 0/0 to 10/10 by successively
adding one ionized and one electron-
attached state at each step. The cor-
responding zero-bias conductances are
shown in the insets, using the same color
scheme as the main plots. The energy
scale is shown relative to the Fermi level
(—5.2 eV), indicated by a gray dashed

are listed in Table S4. The starting, non-correlated case (0/0) cor-
responds to the HF-in-PBE embedding, where no ionic states from
the correlated method are included in Eq. (12). As the number of IP
and EA states included from the SOS-ADC(2) calculation increases,
the energy window around the Fermi level over which the molecu-
lar spectrum is adjusted becomes progressively wider. The resulting
transmission functions, along with the corresponding zero-bias con-
ductance values, are shown in Fig. 4. The results show that, while
the inclusion of one ionized and one electron-attached state signif-
icantly alters the transmission function, the effect diminishes with
each additional state. The effect is even negligible above the Fermi
level as the transmission functions essentially coincide in all cases
that include at least one ionized and electron-attached state. In
contrast, below the Fermi level, the deviation of the transmission
functions is significant. By the inclusion of the second ionized and
electron-attached states, the transmission function remains almost
unchanged across the entire energy range. However, with the addi-
tion of a third pair of states, a decrease in the transmission values
is observed, and this trend does not continue with the inclusion
of the fourth. Adding further ionic states causes the transmission
function to increase slightly, but after the seventh pair, the trans-
mission function does not show any further significant change. This
means that, although the corresponding zero-bias conductance does
not converge monotonically, it converges relatively quickly. When
the number of included IP and EA states is increased separately
(see Fig. S1), it is observed that the addition of the first, third,
and fifth ionized states has the largest impact, whereas variations
in the number of electron-attached states appear to have a smaller
effect. These findings suggest that even a modest number of ionic
states can be sufficient to accurately capture the necessary many-
electron effects for describing electron transport near the Fermi
level.

E. Role of the localization scheme

The convergence patterns observed above are remarkably
insensitive to the choice of the orbital localization scheme used to
produce the embedded subsystem space, as discussed in Sec. II B.
Around and below the Fermi level, as shown in Fig. S2, the transmis-
sion functions obtained using different localization schemes exhibit
only minimal differences, the values being slightly smaller when
the PAO scheme is applied. We note nevertheless that the devia-
tion of the SPADE and PAO results is significantly larger in the

' 2.0 line in the top panel.

converged SOS-ADC(2) case than that observed with the HF (0/0)
model. Above the Fermi level, the curves obtained with the two local-
ization approaches differ considerably, and this effect is even more
pronounced than that of the chosen electronic structure method
for the molecule. This finding confirms that the SPADE algorithm
produces an improper subsystem virtual space”"*’ and, thus, inaccu-
rately described electron-attached states, which impacts the resulting
transmission curves as well. This is in contrast with the behav-
ior of DFT-in-DFT embedding observed previously,” which is not
surprising as the quality of the subsystem virtual space primarily
impacts correlated models that involve excited determinants in their
wave function. Thus, the use of the PAO method in such correlated
WFT-in-DFT conductance calculations appears to be of paramount
importance.

V. SUMMARY AND CONCLUSION

In this work, a novel approach to molecular conductance calcu-
lations using WFT-in-DFT projection-based embedding was intro-
duced, which uses Dyson orbitals to incorporate many-body effects
into the commonly used NEGF framework. The principal advantage
of this approach lies in its ability to use sophisticated ab initio cor-
related methods for the embedded subsystem, offering a systematic
way to improve the treatment of electron correlation in the molecu-
lar region. This avoids inheriting the deficiencies of a DFT reference,
as the many-electron description of the molecule is obtained inde-
pendently. This eliminates the need for any ad hoc empirical tuning
parameters in transport calculations, such as artificially shifting the
molecular spectrum, which are often used””'>***" to compensate
for the deficiencies of the DFT functional in the description of the
molecular domain. Formally, any WFT method capable of comput-
ing ionic states—either directly or as excited states via the continuum
orbital technique-can be employed within the proposed frame-
work. For small molecules, even expensive many-electron models
high in the hierarchy of Coupled Cluster methods can be feasi-
ble, offering superior accuracy for computing the required ionic
states. Nevertheless, given the growing interest in large organic
molecules as potential components in molecular electronics, more
affordable approximations are required to maintain computational
feasibility. For this reason, the SOS-ADC(2) method was sug-
gested as a reasonable candidate, as it strikes a favorable balance
between computational cost and accuracy. The resulting transport
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calculations with the embedding scheme yielded a significant
improvement in the predicted zero-bias conductance compared to
conventional NEGF-DFT results obtained using the PBE func-
tional throughout the entire system. We showed that the observed
improvement was primarily due to the shift in molecular energy
levels, which increases the gap between the first IP and EA. This
leads to a weaker mixing between molecular and electrode states,
thereby reducing the transmission and correcting the overestima-
tion of conductance observed with the PBE-based approach. The
proposed scheme, using the SOS-ADC(2) model as the high-level
method in the embedding, provided an accuracy comparable to the
NEGF-GW scheme proposed by Thygesen and co-workers.””*"’
In the observed examples, even the much simpler HF-in-DFT
embedding model showed a good performance, which is because
Koopmans’ theorem provides a relatively accurate estimation of the
IPs and EAs in these cases, even for the molecule embedded in the
junction. However, this should not be expected as a general behav-
ior, and we strongly advocate the use of a correlated model for the
embedded subsystem. Doing so should not pose a computational
limitation, as the high-level calculations are performed solely for the
molecule, and the SOS-ADC(2) technique proposed above possesses
a fourth-order scaling with the system size, making the calculation
of several ionic states accessible at a very modest computational
cost. Nevertheless, the embedding framework has the flexibility that
allows it to always adopt the most appropriate electronic structure
method for the molecular domain, and the accuracy of the predicted
IPs and EAs for the isolated or embedded molecules provides a reli-
able indicator of the performance of a given method in transport
calculations.

SUPPLEMENTARY MATERIAL

The supplementary material supplied with this article presents
the IP and EA values of the molecules in isolation and within the
junction, calculated at different levels in Tables S1-S4. The compar-
ison of transmission functions obtained with different virtual-space
localization schemes and with varying numbers of included ionic
states is presented in Figs. S1-S2.
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