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ABSTRACT: Open-shell 7-conjugated systems have emerged as promising
molecular wires that can sustain unusually high low-bias conductance over

Correlated Many-Body Transport

tens of nanometers. However, predictive design rules remain limited because ’ W1/ g ?
near-degeneracy and spin polarization give rise to correlated electronic states “‘v“&%‘“ E

that are not reliably captured by standard density functional theory and O ‘ §

Landauer transport descriptions. Here, we establish physically transparent - Energy

design rules for long-range, weakly length-dependent charge transport based
on the interplay between bond-length alternation and electron—electron
interactions. Using a fully correlated transport framework that combines |
density matrix renormalization group calculations with nonequilibrium

DHMHRHG|

Dynamical |

| Time-Dependent

Green’s function embedding, we show that weak dimerization maintains

spatially extended edge states, while moderate on-site interaction stabilizes open-shell character without excessively separating
transport-relevant resonances. This balance yields zero-bias transmission that is largely insensitive to molecular length, providing a
route to connect chemically tunable structure to correlated transport beyond mean-field descriptions.

KEYWORDS: Correlated transport, Open-shell molecular wire, Density matrix renormalization group, SSH-Hubbard model,

Molecular electronics, Long-range charge transport

predictive understanding of quantum effects in
molecular-scale systems is central to the development of
miniaturized electronic, spintronic, and quantum information
technologies.'~” In this context, theoretical tools based on
single-particle frameworks for computing charge transport,
such as density functional theory (DFT) in combination with
the Landauer approximation, have been very successful in
describing closed-shell, weakly correlated systems, enabling
much of the progress in molecular electronics.”~'> However,
an increasing number of molecular backbones with electronic
features that are not well described by single-particle
frameworks are emerging as new platforms for molecular
electronics,"*™'¢ challenging both the predictive power of
state-of-the-art transport simulations and the physical intuition
they have established.

In particular, open-shell 7-conjugated systems have emerged
as promising platforms for molecular wires that can sustain
unusually high conductance over tens of nanometers at low
bias, challenging the conventional expectation of exponential
decay with length.”” In these systems, strong local electron—
electron interactions and near-degenerate electronic states at
the Fermi level lead to electronic structures in which
correlation and spin play a central role. As a result, charge
transport is no longer governed solely by single-particle level
alignment but instead reflects the underlying many-body
character of the electronic states.

To understand the physics governing charge transport in
these emerging molecular platforms, one needs a framework
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that treats the molecule as a genuinely many-body system and
embeds it consistently into external electrodes. In this setting,
the transport-relevant charge excitations are no longer
appropriately described in terms of canonical molecular
orbitals but instead correspond to electron-addition and
electron-removal states of the interacting many-body system.
Consequently, quantities such as transmission and current
must be formulated in terms of many-body Green’s functions
and spectral functions, rather than single-particle energy levels
and orbital alignments.

To make this many-body perspective concrete while
retaining a connection to chemically tunable structure, we
consider an interacting one-dimensional model backbone that
captures the essential interplay between bond-length alter-
nation (BLA) and electron—electron interactions in open-shell
molecular systems. Correlated ground states are obtained using
the density matrix renormalization group (DMRG) imple-
mented in the Block2 library,'”” which provides a non-
perturbative and systematically improvable description of
quasi-one-dimensional electronic structure.'®™*' Within this
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Figure 1. (a) Lead—molecule—lead SSH-Hubbard junction used in this work. A finite dimerized interacting chain with alternating hoppings t,, t,,
and on-site interaction U is contacted by semi-infinite tight-binding leads (hopping #,q) through a coupling . Site indices label the correlated
region. (b) Representative molecular realizations of dimerized backbones: (I) cumulene,”* (II) oligophenylene-bridged bis(triarylamines),"* (III)
fused porphyrin oligomer,”® and (IV) our previously studied DA system."> Blue and red shading indicate opposite signs of the local spin.

framework, we analyze how dimerization and on-site repulsion
control key physical properties, including the spatial
distribution of spin density, the range of end-to-end spin
correlations, and the singlet—triplet energy splitting. We then
compute the interacting Green’s functions of the isolated
device using dynamical DMRG (DDMRG), which directly
resolves the electron-addition and electron-removal excitations
of the correlated system. These are embedded into a
nonequilibrium Green’s function (NEGF) framework to
describe transport through coupling to external electrodes via
lead self-energies, enabling a consistent treatment of the device
as a genuinely many-body system under bias. Within this
formulation, current is evaluated using the Meir—Wingreen
(MW) expression and benchmarked against time-dependent
DMRG simulations that directly capture transient dynamics
and steady-state transport under finite bias.

Here, we use this framework to examine how BLA and on-
site interaction shape the correlated electronic structure and
charge transport of open-shell molecular wires. In particular,
we focus on how these effects influence the spatial character of
low-energy excitations and their contribution to transmission
and how this, in turn, controls the dependence of conductance
on molecular length. By combining ground-state, spectral, and
transport analyses within a unified many-body description, we
identify regimes in which transport remains robust over
extended distances and relate these behaviors to underlying
electronic structure features. This provides a basis for a more
systematic physical picture of transport in open-shell molecular

backbones and for the development of chemically informed
design rules.

To represent a generic open-shell z-conjugated molecular
junction, we consider a spinful interacting Su—Schrieffer—
Heeger (SSH) backbone embedded within electrodes, as
sketched in Figure la. The molecular region is described by the
device Hamiltonian Hy,,:

N-1
Hye, = — z Z ti(CiLCiHa + hec.)

i=1 o=1,|
J 1 1
+E i3
i=1 2 2 (1)

where N is the number of sites, ¢/ (c;,) creates (annihilates) an

electron with spin o on site i, n;, = cj”cia, and n; = nyy + ny). The
hopping amplitudes f, which represent the coupling between
sites, alternate along the chain (t; = t, for odd i and ¢, = t, for
even i), and U corresponds to the on-site Coulomb repulsion
(also known as the Hubbard term), which penalizes double
occupancy. The interaction term is written in particle—hole-
symmetric form, so that at half-filling and in the absence of
site-energy offsets, the model is explicitly particle—hole
symmetric. This limit should be viewed as an ideal many-
body level alignment reference. In this limit, the electrode
Fermi level lies at the symmetry point between the dominant
removal and addition resonances. This choice is useful for
isolating the roles of bond alternation and electron—electron
interaction, but it is not a generic condition for real molecular
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junctions, where the relative position of resonant transport
channels and their broadening depend on anchoring chemistry,
contact geometry, molecule—metal charge transfer, interface
dipoles, electrostatic gating, and image-charge screening.

Throughout this work, we set 7 = ¢ = 1 unless otherwise
stated. All energies are reported in units of ¢,. Thus, U/t}, t,/t,,
tead/t1, t/t, E/t, and Vi, /t; are dimensionless.

Chemically, t,/t; can be tuned by structural changes that
modify 7 overlap and BLA, including backbone planarity,
torsion, ring fusion, and the balance between quinoidal and
aromatic resonance structures. Single-molecule conductance
studies have shown that torsion suppresses 7-conjugation and
conductance, while fused or more quinoidal structures can
enhance transport by increasing z-delocalization and improv-
ing electronic coupling along the backbone.”*** The same
parameter is also sensitive to whether the backbone is
cumulene-like or polyyne-like, to donor—acceptor patterning,
and to cross-conjugation, all of which modify the effective 7-
coupling gattern and the resulting conductance path-
ways. 2229

The interaction parameter U/t;, measures the effective local
charging energy relative to that of intramolecular hopping. The
ratio increases when the charge and spin densities associated
with near-Fermi electronic states are spatially localized on
chemically rigid and weakly polarizable units and decreases
when these densities are more delocalized and efficiently
screened by heteroatoms, polarizable substituents, the
surrounding dielectric environment, or nearby electrodes.”*’
First-principles Hubbard-parameter studies show that effective
U values depend sensitively on the chosen localized manifold,
local coordination environment, bond geometry, and electronic
screening, rather than being universal constants.>' In molecular
junctions, nearby metallic electrodes can also renormalize
molecular addition and removal energies through polarization
and image-charge screening.’”*”

Finally, t/t, describes the effective molecule—electrode
coupling relative to intramolecular hopping. In molecular
junctions, this coupling is controlled by the anchoring group,
metal identity, local contact geometry, linker conjugation, and
molecule—electrode hybridization. Experiments and calcula-
tions have shown that anchoring groups can strongly change
single-molecule conductance and that different molecule—
electrode binding geometries can produce distinct conductance
states or stretching-dependent conductance changes.**™*

For a chemically specific molecular junction, these effective
parameters can in principle be obtained by downfolding a first-
principles calculation of the relaxed junction geometry into a
localized active 7-electron basis, for example using maximally
localized Wannier functions.””** The alternating nearest-
neighbor matrix elements of the projected one-electron
Hamiltonian then define t,/t;. The effective on-site interaction
U must be evaluated on that same localized basis and
represents the on-site Coulomb interaction. In constrained or
linear-response DFT, U/t is extracted from the difference
between the bare and self-consistently screened occupation
responses to local potential shifts in the active subspace, U; =
ro! — x'1:°° Density-functional perturbation theory
provides an equivalent route, while constrained random-
phase approximation computes a partially screened interaction
after excluding polarization processes internal to the active 7-
electron space.””” The contact parameter t./t, can be
obtained by projecting the molecule—electrode coupling onto
the terminal active orbitals or, within the present effective lead

representation, by matching the projected lead self-energy and
associated broadening I' z(E) near the transport-relevant
resonances. The resulting parameters are therefore specific to
the selected active basis and relaxed junction geometry.

Figure 1b exemplifies how some representative junctions,
such as cumulenes (t, = t;), fused porphyrins (t, > t,), and
diradical donor—acceptor wires, are mapped into this
interacting model, which we refer to as the spinful SSH-
Hubbard model.'>*>**2¢

We begin by analyzing the many-body ground-state
properties of the isolated molecule, as they establish the
correlated spin and charge distributions that set the energy
scales and spatial structure of the excitations governing
transport. To do so, we performed DMRG calculations
(Figures S1 and S2) on the spinful SSH-Hubbard backbone
with open ends, as described by eq 1.

Figure 2 shows the spin S, projection of the isolated
backbone for two chain lengths, N = 20 and 8, as a function of
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Figure 2. Spin density S, evolution map as U/t, increases and t,/t, =
1.5 is fixed for (a) N =20 and (b) N = 8. The S, evolution map as t,/
t, increases and the U/t; = 2 is fixed for (c) N = 20 and (d) N = 8.

BLA and on-site interaction. For fixed dimerization (Figure
2a,b), increasing U/t, primarily amplifies the staggered
component of the spin texture rather than changing its overall
decay length. The termini retain the same dominant sign of S,
but small opposite-sign lobes appear and grow in amplitude in
an alternating fashion around the ends. In other words, the
edge polarization becomes more staggered with U/t,, while the
envelope that sets how fast the signal decays into the interior
remains nearly unchanged over the U/t, range examined. This
pattern is consistent with stronger short-range antiferromag-
netic correlations superimposed on a similar spatial envelope
(Figure S3).*
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Dimerization (t,/t;) primarily controls the spatial extent of
the edge states (Figure 2c,d) and therefore the range over
which spin and charge correlations propagate. In the bulk SSH
limit, tuning £,/t; crosses between topological (t, > t;) and
trivial (t, < t,) gapped phases, with a gap closing critical point
at t, = ;""" For an open chain this distinction is reflected in
the presence or absence of exponentially localized edge states.
For the noninteracting SSH model in the topological regime ¢,
> t), the edge-state localization length scales approximately as &
~ [In(t,/t;)]™"."° Consistent with this, in the interacting SSH-
Hubbard, the DMRG results show that increasing t,/t; also
compresses the envelope of S, toward the termini (stronger
edge localization), while decreasing t,/t, extends it. Super-
imposed on this envelope, the U-induced staggering discussed
above persists, but the range over which staggered oscillations
are visible is set primarily by t,/t,.

These trends already reveal how interaction and dimeriza-
tion play distinct roles: while U/t; primarily controls the local
spin correlations, BLA determines the spatial extent over which
these correlations propagate.

The changes in the edge-state localization are also reflected
in the singlet—triplet splitting Agr (Figure 3), which provides a
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Figure 3. Singlet—triplet energy gap Agr/t; vs t,/t; obtained from
DMRG for (a) N =20 and (b) N = 8 where U/t, = 2 is fixed. Ag/t;
vs U/t, for (¢) N =20 and (d) N = 8; t,/t; = 1.5 is fixed here.

direct measure of the effective exchange J.& between the two
terminal spins and, therefore, of the degree of hybridization
between the edge-localized states. Increasing t,/t, localizes the
edge modes and exponentially reduces their overlap across the
backbone, strongly suppressing J.4 and hence |Agl (Figure
S4). Increasing U/t, suppresses |Agrl/t, for a different reason:
it penalizes the virtual charge fluctuations (double occupancy)
that mediate the edge—edge coupling, thereby reducing the
superexchange scale. Specifically, J.¢ o t2/ U where t, denotes
the effective hybridization between the two edge-localized
states set by their finite overlap across the backbone.**~*
The ground-state results already suggest clear design
principles for open-shell molecular wires. First, reducing BLA
(driving t,/t; — 1) maintains spatially extended edge states
that remain hybridized across long backbones, even for very
long molecules. Second, a finite on-site interaction (0.5 < U/t

< 1.5 in our model) stabilizes local moments and enhances
edge polarization. However, excessively large U/t suppresses
the charge fluctuations required for transport. As we show
below, optimal transport arises from a balance between these
effects.

Recent reports of unusually high conductance in open-shell
7-conjugated junctions, including backbones with substantial
diradical character, highlight that electron—electron interac-
tions can be a central part of the transport physics rather than a
minor correction to a one-electron picture.13’l4’23 In these
systems, reduced screening increases the energy cost of adding
or removing charge, and electronic states near the Fermi level
can lie close in energy and support different spin config-
urations. As a result, low-bias transport is governed by which
correlated electron-addition and electron-removal excitations
are energetically accessible. Single-determinant and mean-field
treatments can therefore become unreliable because they do
not represent these correlated excitations correctly, leading to
incorrect energies and intensities of the transport-relevant
features that couple to the electrodes. Capturing these effects is
computationally demanding, but it is precisely what is required
to obtain predictive, chemically actionable design rules for
correlated molecular quantum devices.***”

To understand how the correlated electronic structure
identified above translates into transport, we adopt a hybrid
approach in which the many-body response of the molecule is
obtained from DDMRG, while its coupling to external
electrodes is treated within the NEGF formalism. In a
correlated system, transport is governed not by single-particle
orbitals but by electron-addition and electron-removal
excitations. These excitations are encoded in the retarded
Green’s tensor of the isolated backbone, Gj; (@), which
resolves the frequency-dependent response between sites i and
j. The isolated many-body Green’s tensor is then embedded
into a lead—molecule—lead junction through electrode self-
energies. In this construction, the molecular backbone remains
correlated through the DDMRG Green’s function, whereas the
electrodes are treated as noninteracting reservoirs that impose
broadening and nonequilibrium occupations. The contacted
retarded and advanced Green’s functions are obtained by
Dyson embedding, and the lesser component is constructed
using the Kadanoff—Baym relation so that both the correlated
molecular occupation and the bias-driven lead populations are
retained. The steady-state current is then evaluated using the
MW expression, with the full formulation given in the
Supporting Information (see detailed discussion in Section
S2 and Figures S5 and S6).

Figure 4 shows the evolution of correlated transport as a
function of interaction strength, dimerization, and system size.
For the dimerized chain with N = 8 and t,/t; = 1.5, the two
near-zero-energy features at U/t; = 0 originate from the finite
overlap between the edge-localized states, which lifts their
degeneracy and produces a small midgap splitting. In the
many-body spectrum, this splitting appears as a pair of closely
spaced electron-addition and electron-removal excitations,
giving rise to the corresponding pair of transmission
resonances near the Fermi level (Figure 4a).

When an on-site interaction is introduced, the transport
features reorganize because the relevant low-energy addition
and removal excitations are predominantly localized at the
chain ends. Although the Hubbard interaction acts on every
site, these midgap excitations have their largest weight on the
terminal sites, making them particularly sensitive to U. At half-
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Figure 4. Correlated transport as a function of interaction strength, dimerization, and system size. (a) Transmission (MW integrand) as a function
of energy for increasing U/t at fixed N = 8 and t,/t; = 1.5. (b) Corresponding current—voltage (I-V) characteristics for the system in (a) at
different values of U/t,. (c) Transmission as a function of energy for increasing t,/t, at fixed N = 8 and U/t = 0. (d) Transmission as a function of
energy for increasing t,/t, at fixed N = 8 and U/t, = 2. (e) Transmission for different chain lengths N = 6, 8, and 10 at fixed U/t; = 0 and t,/t, = 1.5.
(f) Transmission for N = 6, 8, and 10 at fixed U/, = 1.5 and t,/t, = 1.5. For all panels, the leads are semi-infinite tight-binding chains with nearest-
neighbor hopping #.,4/t, = 1 and lead—device coupling t./t; = 0.1. Current is reported in units of I = et;/A. In our numerical units, e = 72 = 1.

filling and in the presence of particle—hole symmetry, the
correlated ground state develops one singly occupied edge-
localized state at each end, corresponding to an effective spin-
1/2 moment per terminus. As U/t; increases, the dominant
removal excitation corresponds to emptying a singly occupied
edge state, while the dominant addition excitation creates a
doubly occupied edge state and, therefore, incurs an
interaction energy cost. As a result, the corresponding
resonances move symmetrically away from the Fermi level,
and the MW integrand evolves into a split pair of peaks
centered at zero energy.

At fixed interaction U/t; = 0, increasing the dimerization
drives the two midgap resonances toward each other until they
merge (Figure 4c). In the SSH backbone, the splitting between
the edge states is controlled by their hybridization across the
chain. As t,/t, increases, the bulk gap widens and the edge-
state localization length & decreases, leading to an exponential
suppression of their overlap and, consequently, of the midgap
splitting. At finite interaction (U/t; = 2), the evolution with
dimerization becomes nonmonotonic due to the competition
between hybridization and interaction effects (Figure 4d,
Figure S7). For moderate t,/t,, the transmission peaks near
zero energy are still governed primarily by edge-state
hybridization and move closer together as this overlap is
reduced. However, as the edge states become more strongly
localized, the corresponding charge excitations become
increasingly confined to the terminal sites, enhancing the
effective interaction they experience. This leads to an increased
separation between the addition and removal resonances.
Consequently, beyond a certain dimerization strength, the
interaction-driven splitting dominates, and the two peaks move
apart.

Figure 4b shows the corresponding current—voltage
characteristics for t,/t; = 1.5 at several interaction strengths
U, obtained from the MW current expression (eq S15). The

evolution of the low-energy spectral features directly controls
the onset and shape of the current. Figure 4e and 4f examine
dependence on system size. At U/t, = 0 (Figure 4e), increasing
N reduces the overlap between the edge states, causing the two
near-zero-energy resonances to approach each other and
eventually merge, leading to an enhanced transmission at the
Fermi level. In contrast, at finite moderate interaction (U/¢t; =
1.5, Figure 4f), the separation between addition and removal
excitations is partially maintained even as the edge-state
overlap decreases. As a result, the transmission profile near
zero energy evolves much more weakly with system size. This
slower collapse of the low-energy spectral features suggests that
intermediate interaction strengths (0.5 < U/t < 1.5) can
stabilize transport channels over longer distances, providing a
favorable regime for long-range charge transport.

While the DDMRG+MW framework provides steady-state
currents, it is important to validate these results using a fully
time-dependent approach that does not rely on equilibrium
assumptions. In the MW-NEGF framework, the current
depends explicitly on the nonequilibrium lesser Green’s
function G*(w) of the contacted device. Once a bias is
applied, the equilibrium fluctuation—dissipation relation no
longer determines the occupations of the contacted system.
Instead G*(@) must be obtained from the Kadanoff—Baym
equations using the lead self-energies and the nonequilibrium
lead distributions. For moderate (0.5 < U/t; < 1.5)
interactions, the approach to steady state can additionally
involve bias-driven charge redistribution and correlation
buildup near the contacts, which motivates an independent
check of the steady current.

We therefore complement the frequency-domain MW
currents with real-time tDMRG, which evolves the full
contacted Hamiltonian under a smooth bias ramp and
evaluates the current operator directly without invoking
equilibrium closure relations for nonequilibrium occupations.
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This provides a stringent benchmark for the MW embedding
in the parameter regime studied and additionally gives access
to dynamical information not available in the frequency
domain, including the charging transient, the relaxation into a
quasi-steady current plateau, and the accompanying time-
dependent redistribution of spin density.**™>°

We adopt a partition-free protocol in which the full finite
junction is first prepared in its interacting ground state at half-
filling, and the bias is then switched on smoothly using a tanh
ramp to minimize quench artifacts. Time evolution is carried
out with a matrix product state implementation of the two-site
time-dependent variational principle (TDVP) as implemented
in the Block2 package, using a time step At = 0.0, truncation
tolerance € = 1075, and a capped evolution bond dimension
Xevo = 1024, with convergence verified against these parameters
(Figure $10).>"°2

During the evolution, we monitor bond currents at the two
contacts, I; () and Ip(t), computed from the standard lattice
current operator on the lead—device bond }LM
iti,iHZcr(CI,CiH,a
occupations n; (it) (Figure S11). A quasi-steady current is
extracted by time-averaging over the plateau window that
forms after the initial charging transient and before boundary
reflections from the finite leads’ return to the device.

We consider a central region with N = 8 sites coupled to left
and right leads of N4 = 80 sites each, with #,4/t; = 1 and
device—lead coupling t./t; = 0.1. Representative current traces
(Figure Sa,c,e) show a short charging transient following the
bias ramp, followed by damped oscillations that decay into a
quasi-steady plateau before finite-size reflections occur.

The resulting I-V curves (Figure Sb,df) are in good
agreement with the frequency-domain currents shown in
Figure 4b, obtained using the same Hamiltonian and lead
parameters. This consistency confirms that the MW embed-
ding captures the essential steady-state transport physics in the
parameter regimes studied.

As U/t increases, the transient current rises more gradually
and exhibits a reduced overshoot before reaching a quasi-
steady plateau. This behavior can be directly traced to the
correlated spectral features identified in Figure 4. Increasing
U/t, separates the near-zero-energy electron addition and
electron removal resonances, thereby reducing the spectral
weight within the bias window set by the leads. As a result,
fewer transport channels are energetically accessible immedi-
ately after the bias ramp, leading to less abrupt carrier injection
and a slower buildup of current.

In this work, we established a physically transparent
framework for understanding charge transport in chemically
motivated models of open-shell 7-conjugated molecular
systems by combining many-body electronic structure with
nonequilibrium transport theory. Our results show that
transport in these systems is governed by edge-localized
many-body excitations, rather than by single-particle molecular
orbitals, and therefore requires an explicitly correlated
description.

The analysis reveals two key microscopic parameters that
control the transport. BLA determines the spatial extent and
hybridization of edge states, while on-site interactions set the
energetic splitting between addition and removal excitations.
Together, these parameters define a regime in which edge
states remain both spatially extended and energetically
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Figure S. Time-dependent DMRG current vs time results and the
corresponding I—V curve from a steady state current plateau for (a, b)
U/t; =0, (c, d) U/t; = 1, and (e, f) U/t; = 2.5. The shaded area
corresponds to the time window that the currents are averaged and
later indicated as a point in the -V plots. In these calculations N = 8,
Nieaq = 80, tie,a/t; = 1, t./t; = 0.1, and t,/t; = 1.5. Current is reported
in units of I, = et;/A. In our numerical units, e = # = 1. We monitor
bond currents at the two contacts, Iy and Iy, so that charge
conservation in the quasi-steady plateau gives I} & —I. The plotted
current is the symmetrized junction current, I = (I, — Iy)/2.

accessible within the bias window, enabling efficient charge
transport over ultralong molecular backbones.

These findings lead to clear design principles for highly
transmissive molecular conductors: minimizing BLA promotes
long-range delocalization, while maintaining a finite but
moderate interaction strength (0.5 < U/t; < 1.5 in our
model) stabilizes open-shell character without suppressing
transport. Optimal conductance emerges from a balance
between these effects, where neither strong localization nor
excessive correlation dominates. Donor—acceptor molecular
architectures provide especially attractive platforms to realize
this regime, as both dimerization and effective interaction can
be tuned chemically through backbone patterning, conjugation,
spin-density localization, and dielectric screening.

More broadly, this work highlights the limitations of single-
particle transport approaches in systems with near degeneracy
and spin polarization and demonstrates that many-body effects
can be harnessed to design molecular-scale conductors with
unconventional transport properties. By establishing a direct
connection between chemically controlled molecular structure
and correlated transport behavior, the framework developed
here provides a practical route toward the predictive design of
open-shell molecular electronic devices beyond mean-field
descriptions.
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