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Abstract: In this study is investigated the application of Floquet theory to a one-
-dimensional (1D) Fe—Cu molecular chain under periodic driving. It was dem-
onstrated that orbital hybridization induces resonant behavior in the low-fre-
quency regime, highlighting the potential of this system for energy-efficient and
robust device applications. For the first time, a Floquet electronic friction frame-
work — incorporating the influence of periodic driving on electron transfer — is
applied to a 1D Fe—Cu molecular chain in the presence of strong light-matter
interaction (LMI). Electron transport properties are analyzed, revealing the exist-
ence of an optimal driving frequency that maximizes the electric current. Two
mechanisms for enhancing charge transport in the strong LMI regime are iden-
tified: a) hybridization-induced resonances and b) photon-assisted transport pro-
cesses. In this work is combined Floquet band structure analysis with open-sys-
tem transport modeling in a 1D Fe—Cu motif, revealing the impact of hybridiz-
ation and periodic driving, on the enhancement of electron transport via photon-
-assisted resonances — an approach that bridges quasi-energy spectra and dissip-
ative transport in a single theoretical framework. These findings provide new
insights into driven low-dimensional transition-metal systems and may support
the development of Fe—Cu-based materials for electrochemical applications.

Keywords: hybridization; photon-assisted processes; heterogeneous catalysis.

INTRODUCTION

Nowadays, control of the electron transport attracts attention of the scientific
community. One of the aspects of this control, is the impact of the periodic driving
on the electron transport, which is nowadays thoroughly investigated in liter-
ature.!l~4 Theoretical approach, often applied to study electron transport, is Floquet
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theory.> Floquet theory represents a mathematical framework of importance in
theoretical electrochemistry, because it can facilitate current experimental electro-
chemical research. One of the fields of electrochemistry, in which Floquet theory
is used, is heterogeneous catalysis,®8 where the application of Floquet theory
allows deeper insight into the coupled electron-nuclear dynamics.® Moreover,
investigation of the electron transfer under different applied bias can contribute to
an improved understanding of the catalysis processes, and different, related areas
of electrochemistry.10-13 In 2024, Chen et al. considered application of the Floquet
electronic friction model in order to get deeper insight in the molecular dynamics
of near metal surfaces in the presence of periodic driving and confirmed that
Floquet driving affects electron transfer.14

On the other hand, a class of promising, but still insufficiently investigated,
materials that could be used to improve electrochemical catalysis are materials
containing Fe—Cu molecular chains. A literature review has shown that exploring
the unique properties of Fe and Cu interactions, presented in the catalysts contain-
ing these species, could facilitate the development of more selective and efficient
catalysis, which could be used for applications, related to the sustainable energy
conversion processes.!3:16 To model materials, containing Fe—Cu species, res-
earchers applied different theoretical approaches, such as: DFT theory,!7 mole-
cular dynamics!8 and Monte Carlo simulations,!9 ab initio calculations,20 etc.

It is important to note that, to our knowledge, Floquet quasi-energy band
structure analysis and open-system transport modeling within an electronic friction
framework, has not been previously established for low-dimensional Fe—Cu sys-
tems, although their application on a given system could provide deeper insight in
its properties, which is of significance for its application in electrochemistry. While
Floquet theory has been widely applied to periodically driven systems, its inte-
gration with open-system transport modeling at the level of band-structure-res-
olved analysis remains relatively unexplored. This is also of importance from the
point of view of quantum research, since, until now, bridging Floquet band struc-
ture analysis with dissipative transport modeling remains a relatively underdev-
eloped direction in driven quantum materials research.

Accordingly, in order to gain deeper insight into improved control of electron
current in materials containing Fe—Cu molecular chains, this study investigated the
possibility of improving electron transport in a 1D Fe—Cu molecular chain by
applying Floquet theory. For the first time, Floquet theory was used as a theoretical
approach to examine this structure. Recall that the application of Floquet theory to
a 1D Fe—Cu molecular chain and a 1D Fe—Cu molecular chain results in a different
Floquet band structure, due to the possible presence of asymmetry in the system,
which could arise if Fe is present on the Cu substrate.

In the first part of the study, the Floquet band structure of the 1D Fe—Cu
structure is illustrated, with a representation of the composition of Floquet band 3.
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The influence of the orbital hybridization effect on the increase in electric current
in a 1D Fe—Cu molecular chain, was considered. The effect of hybridization
strength on the 1D Fe—Cu molecular chain simplified band structure, is com-
mented, with the aim of controlling the resonance frequency shift by affecting the
energy gap in the investigated hybridized 1D Fe—Cu molecular chain Floquet band
structure.

On the other hand, the increase in electric current can be considered by inves-
tigating the behavior of electronic states, interacting with photon modes, during
the strong LMI regime, which is discussed in more detail in the second part of the
study. The dependence of electric current dependence on driving frequency for a
1D Fe—Cu molecular chain is presented, by varying the the value of the chemical
potential. Deeper insight into the possibility of improving the control of electric
current flow in a 1D Fe—Cu molecular chain, under driving impact, in the strong
LMI regime, is of importance for the practical applications of materials containing
Fe—Cu chains, in the field of electrochemistry.

MODEL AND THEORETICAL METHODS

In this work, two complementary theoretical models are employed and combined, with the
aim to investigate light-driven electron transport in a 1D Fe—Cu molecular system. Model I
describes a periodically driven tight-binding Fe—Cu chain, and it is used to analyze Floquet band
formation and hybridization effects. Model II describes a driven open two-level junction
coupled to electronic leads and vibrational baths, and it is used to compute bias-dependent cur-
rent under nonequilibrium conditions.

The first model provides insight into resonance formation in the Floquet quasi-energy
spectrum, while the second translates this resonance structure into transport properties under
applied bias. Below will be more described each of models, in order to get deeper insight in the
postulation of the theoretical model discussed in this study.

Model I, denoting to the periodically driven tight-binding Fe—Cu chain, is relied on the
static tight-binding Hamiltonian, constructed by considering a 1D periodic chain, composed of
alternating Fe and Cu sites, within a single unit cell.

It is important to note that we begin calculations from a tight-binding Hamiltonian formul-
ated in a localized orbital basis, where on-site energies describe Fe and Cu atomic orbitals and
hopping terms, represent nearest-neighbor coupling and hybridization. This Hamiltonian is ini-
tially written in real space. For the periodic one-dimensional Fe—Cu chain considered in the
band-structure analysis, translational symmetry allows the application of Bloch’s theorem. By
performing a Fourier transform to momentum space, the real-space tight-binding Hamiltonian
is recast into a k-dependent Bloch Hamiltonian H(k). The Bloch Hamiltonian is therefore not a
different physical model, but rather the momentum—space representation of the same tight-bind-
ing Hamiltonian under periodic boundary conditions. This representation enables calculation of
the band structure and, subsequently, its Floquet extension under time-periodic driving.

Accordingly, in the frame of Model I, the system is described within a nearest-neighbor
tight-binding (TB) approximation. In momentum space, the Bloch Hamiltonian is given by Eq.

(1):
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H(k):[ EFe t+V€ikaJ (1)

t+ Ve ika ECu

where eg, and ec, represent on-site energies, ¢ is the hopping amplitude, ¥ represents the Fe—Cu
hybridization strength, a is the lattice constant and & is the crystal momentum. Bonding and
antibonding bands are obtained by diagonalization of given Hamiltonian. Note that, the tight-
-binding Hamiltonian is written with off-diagonal hopping terms as ¢ + Ve @, The specific order
reflects the chosen basis and Fourier convention; equivalent forms can be obtained by alternat-
ive conventions, but here is used a uniform notation for clarity.

Since the system is subjected to an external periodic field (representing an ultrafast laser),
to describe time-variations of the system, the time-dependent Hamiltonian is introduced:

H(k,t)=H(k)+ ABcos wt 2)

where is 4 — the driving amplitude, w — the driving frequency and 0 — the operator of coupling
the two orbitals (taken as an inter-site coupling term).

Further, Floquet construction which will be performed, is explained below. In this study
was possible to apply Floquet theory on the investigated system, since the Hamiltonian is
periodic in time (H(z + T) = H(¢), where T = 27/w).

The Floquet Hamiltonian is defined as:

Hy = H(k,t)—iho,,, 3)

In practice, the Hamiltonian is expanded in a truncated harmonic basis e”®, while har-
monics 0, =1 are retained. This yields a finite-dimensional block matrix representation:

(HF)mn = yp (k) + nhémn (4)

Diagonalization of this enlarged matrix yields Floquet quasi-energies and harmonic
weights. The orbital composition of selected Floquet bands is obtained from the eigenvector
components. The sign convention in the last term of Eq. (4) arises from the definition of the
Floquet harmonics, where the phase factor (e @) corresponds to hopping from Fe to Cu sites
in the chosen unit cell; this convention ensures consistency of the Hamiltonian matrix elements
across all harmonics. For clarity, only the first three harmonics (m = 0, £1) are retained in the
discussion (see Numerical Methods for the general truncation to m = —N_F,...,N_F, where the
results are shown for N_F = 3).

Numerical procedure, performed in order to apply Model I on a considered system, was
based on the construction of H(k), for each value of k. Afterwards, it was builded truncated
Floquet matrix, which diagonalization was performed numerically, and quasi-energies and orb-
ital weights were extracted, for each vlaue of k. All calculations were performed, using standard
matrix diagonalization routines in Matlab (R2022b).2!

Model II was applied to describe driven two-level molecular junctions. In order to discuss
electron transport under applied bias, an open quantum system, representing an effective Fe—
Cu dimer, coupled to electronic reservoirs, was considered. The total Hamiltonian (in the case
of this model) is:

H(t)= H nott + Hicags + Hopol-teads + Huib %)

Below are explained terms, of which is consisted the total Hamiltonian. The driven
molecular Hamiltonian is represented as:
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(6)

EFe A+ Acoswt
H ol (1) =

A+ Acoswt Ecu

where 4 is the static inter-site coupling,and Acoswt represents laser-induced modulation.
Next, the leads (electronic reservoirs) are modelled as:

Higags = zgk,ackaTCka (7

where index k depicts to the quantum number for a state in the lead, index o depicts to the left
or right lead, &, is energy of the single-particle state k in lead o, ¢y, is Fermionic creation
operator for an electron in state £ of lead a, and ¢;, — Fermionic annihilation operator for an
electron in state k of lead a. These Hamiltonian models the leads as noninteracting electron
reservoirs. Each lead has a continuum of states with energies ¢;,. Electrons in these leads can
tunnel to the molecule via the coupling Hamiltonian.

Considering chemical potentials, y; and ug, the applied bias is defined as:

Voias = ML — MR (3
Molecule-lead coupling is illustrated as:
H polleads = Z(tackaTda +hc.) ©

where is ¢z, — molecule—lead hopping amplitude (coupling strength) for lead o (it determines
impact of electrons tunneling between molecule and lead), d, — annihilation operator for the
molecular orbital connected to lead o (d|. couples to left, di to right), ¢;," — creation operator
for electron in lead state ka, and A.c. is Hermitian conjugate (representing addition of the term
t,7"*d fc;,). This term allows electrons to hop between the molecule and the leads. The rate of
tunneling depends on |¢,/?> and the lead density of states.

Finally, vibrational coupling is incorporated in the model, by considering nuclear vibrat-
ional modes, modelled as harmonic oscillators, coupled linearly to electronic populations:

2
Pi 1 2,2
Hyp = | 2 — M Q22x; 10
vib Z[ ) M,‘ ) =% N ( )
where is p; — momentum operator of vibrational mode i, x; — position perator of vibrational mode
i, M; — effective mass of vibrational mode i and Q; — angular frequency of vibrational mode i.
In other words, each molecular vibration is modeled as a harmonic oscillator. Vibrational modes
can couple to electronic populations and influence tunneling rates (electron—phonon coupling).

In order to postulate Master equation, the Born, Markov, secular and wide-band approx-
imations were applied, resulting in the reduced desity matrix, p(f):

op —i

p =;[Hmol(f)»P]“LLleads[P]+Lvib [r] (11)

where Lj.,4s described tunneling-induced dissipation (electron tunneling under the wide-band
approximation) and L., illustrated vibrational relaxation, with application of secular approxim-
ation, and assuming that leads are in thermal equilibrium with Fermi functions:

1

Fa(E):1+e(E—ﬂa)/kBT '

The master equation in the Supplementary material to this paper (Eq. (S1)) shows the same
evolution in an expanded form, explicitly separating the dissipative contributions from the leads
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and vibrational environment. To define current from lead a (/,, describing measure of steady-
-state electron flow from lead a, into the molecule), computations are performed, based on Eq.
(12):

Ia:Tr[Japss] (12)

where J, — the current superoperator (derived from the lead dissipator), associated with electron
transfer through lead a; J, represents current superoperator, corresponding to electron tunneling
through lead o (this magnitude is formally derived from H,) jcad)s Pss 1S Steady-state density
matrix of the molecule (obtained, after solving the master equation) and represents race over
molecular degrees of freedom. Eq. (12) calculates the expectation value of the current in the
steady state. Electrons flow from leads into the molecule (or vice versa) depending on chemical
potential difference (bias). For frequency-dependent plots, the current is normalized with res-
pect to its maximal value for fixed bias. Accordingly, Eq. (12) shows the current in normalized
units (//1,), and does not include the elementary charge, e.

In the case of Model II, numerical procedure for its implementation in a postulated theor-
etical model, was as follows. First are constructed finite Hamiltonian matrices, then Floquet
diagonalization is performed. Afterwards, it was considered time-evolution of master equation,
and steady-state extraction, after which is performed evaluation of expectation values.

No ab initio or quantum-chemical electronic structure calculations were performed. All
simulations rely on model Hamiltonians and standard linear algebra routines.

All parameter values used in the simulations are explicitly listed in Table I.

TABLE I. Parameters used in all numerical simulations of the 1D Fe—Cu chain, including tight-
-binding, hybridization, vibrational, lead coupling and external driving values. The table pro-
vides typical ranges and units for reproducibility. All values are either representative or varied
systematically in the simulations, as detailed in Matlab scripts of the Supplementary material

Parameter Symbol  Typical valueret Description of the parameter
Fe—Cu orbital |4 0.5-3 eV22 Static orbital overlap between
hybridization Fe and Cu

Hopping amplitude t 1ev?3 Tight-binding nearest-neigbor hopping
On-site energies EFes ECu 0.1 eV Site energies of Fe and Cu orbitals
Lead tunneling L, Ir 0.1-0.5eV® Coupling to left/right leads
Vibrational frequency Q; 0.1-0.5 eV Harmonic mode frequencies
Vibrational mass M; 1 amu?’ Effective mode mass
Driving amplitude A 0-3 V28 Floquet driving strength
Driving frequency 10} 1-3ev?8 Photon energy of external field
Temperature T 300 K23 Leads thermal equilibrium

To understand relationship between these two models (Models I and II), applied for pos-
tulation of a theoretical model considered in this study, recall that Model I provided band-
-structure level understanding of orbital hybridization, Floquet sideband formation and reson-
ance conditions, while Model II captured nonequilibrium transport, bias dependence and dissip-
ative dynamics. Accordingly, Model Il may be interpreted as an effective transport reduction of
the dominant hybridized Floquet states, identified in Model 1.

The theoretical models described above were implemented numerically in Matlab. For the
Floquet band analysis, the tight-binding Hamiltonian of the 1D Fe—Cu chain was constructed
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and expanded in a truncated Floquet harmonic basis; the resulting Floquet matrix was diagon-
alized using standard eigenvalue routines to obtain quasi-energy spectra and harmonic weights.
For the transport calculations, the Master equation for the reduced density matrix was pro-
pagated in time using standard linear algebra solvers until a steady state was reached. The cur-
rent through each lead was then evaluated as the trace of the current superoperator with the
steady-state density matrix. These procedures rely on numerical matrix construction, diagonal-
ization and time evolution, and do not involve ab initio quantum chemistry methods. All scripts
and parameter values used to generate the figures are available in the Matlab scripts, archived
in Zenodo.

Numerical methods

All numerical calculations were performed using custom scripts implemented in Matlab. The
computational procedure is consisted of two independent parts corresponding to Floquet band
analysis of the periodic Fe—Cu chain, and to open-system transport calculations for the driven
junction model.

Floquet band structure calculations for the periodic 1D Fe—Cu chain relied on the
construction of the tight-binding Hamiltonian in momentum space, Eq. (1).

Under periodic driving with field amplitude 4 and frequency w, the time-dependent Hamil-
tonian is given as Eq. (2), while the Hamiltonian is expanded in a harmonic basis, Eq. (3).

The time-periodic problem is mapped onto a static eigenvalue problem in extended Floquet
space by truncating the harmonic index to m = —NF,...,Ng. For all figures in this work, we set N_F
to 3, corresponding to the retention of harmonics 0, +1. Convergence with respect to Ny was
verified numerically.

The resulting block matrix is diagonalized using Matlab’s standard dense eigenvalue solver
(eig) to obtain quasi-energy spectra and Floquet eigenstates. Band structures are generated by
sweeping k across the first Brillouin zone.

Master equation transport calculations are relied on the total Hamiltonian, postulated for the
driven molecular junction:

H(t) = Hmol +Hleads + Hmal—leads + Hvib + Hdrive(t) (13)

The reduced density matrix p(¢) evolves according to the Born—-Markov master equation, Eq.
(11). The density matrix is propagated in time using Matlab’s ODE solvers, until a steady state pg
is reached.
Further, the current from lead is computed, by Eq. (12). Bias voltage is introduced via:
— +eVbias — _eVbias

R 14
HL > HR 5 (14)

Current-bias and current—frequency characteristics are obtained by parameter sweeps over
bias voltage (V) driving amplitude (4) and driving frequency (w). The bias voltage is intro-
duced via eq. (14), which enters the system Hamiltonian and thereby determines the terms
appearing in eq. (8). Current—bias and current—frequency characteristics are obtained by parameter
sweeps over Vy;,,, driving amplitude 4 and driving frequency .

Below are given numerical implementation details.

The numerical procedure is consisted of construction of finite-dimensional Hamiltonian mat-
rices, Floquet matrix assembly with harmonic truncation, matrix diagonalization for quasi-energy
spectra, construction of Liouvillian superoperators, time propagation of the density matrix and
trace evaluation for steady-state current.




8 NIKOLIC and MARIANO

All calculations are relied on standard numerical linear algebra operations (matrix cons-
truction, diagonalization, ODE integration). No density functional theory (DFT), Hartree—Fock or
correlated ab initio electronic-structure methods were employed. Parameter values used in all sim-
ulations are listed in Table I. All scripts used to generate the figures are available in a repository
provided for peer review.

RESULTS AND DISCUSSION

Impact of the orbital hybridization effect, on the electric flow in 1D Fe—Cu
molecular chain

To perform visualization of the Floquet band structure of the 1D Fe—Cu
molecular chain, a corresponding simplified theoretical model was postulated. The
model is relied on the tight-binding (TB) model,2 which has been applied to des-
cribe the irradiation of a Fe—Cu unit cell, by an ultrafast intense laser. The postul-
ated model described the interaction between light and the Fe—Cu chain, resulting
in the appearance of photons. The represented visual illustration enabled further
mathematical tracking of the impact of the produced photon on the original band.
In this manner, a deeper insight into the electronic landscape of the Fe—Cu mole-
cular chain is provided, in which the second part of the study will provide a math-
ematical description of the electron transfer (modeled via electron tunneling),
occurred through the chain.

Let us recall that the TB model is often applied to describe the electronic
structure of a given material. In the case of our model, relied on the TB model, a
uniform 1D molecular chain was considered, in which electrons are localized, but
could tunnel between neighboring chemical species in the considered molecular
chain. In order to prepare the appropriate Matlab code, it was necessary to propose
an appropriate Hamiltonian to describe a uniform 1D molecular chain. The pro-
posed simplified Hamiltonian consisted of two terms: the first term describes the
energy of the localized electron (i.e., the on-site energy) and the second term rep-
resents a hopping term, which describes the amplitude of the probability of the
electron tunneling to a neighboring site. Consideration of Bloch’s theorem enabled
the preparation of Matlab code for solving the eigenvalue problem30 in order to
obtain two energy bonds. In the visual illustration, these bonds are represented as
bonding and antibonding bonds, represented by the same color (Fig. 1a). Further,
the Matlab code is modified in order to illustrate the application of Floquet theory
to our considered case, i.e., to a periodically driven 1D Fe—Cu-like chain. The code
was written by considering the periodical drive of the given system (the driving of
the system induces a time dependence of the tight-binding Hamiltonian), and the
quasi-energy spectrum was obtained by diagonalizing the enlarged Floquet Hamil-
tonian. As a result of applying the simplified Floquet theory to the case of a period-
ically driven 1D Fe—Cu molecular chain, Fig. 1b and c were obtained.
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Fig. 1. Floquet band structure and orbital composition of a periodically driven 1D Fe—Cu
molecular chain under strong driving (¢; = 0.6, w = 2): a) Floquet quasi-energy band structure
of the periodically driven 1D Fe—Cu chain, obtained from the k-dependent Bloch Hamiltonian

under harmonic driving (the colors of the curves are used for visual clarity to distinguish
different bands and do not correspond to a particular orbital, atom, or photon contribution); b)
harmonic composition (Floquet mode weights) of the third quasi-energy band, illustrating the

mixing of photon sectors induced by periodic driving (blue curve corresponded to Fe orbital

weight, red curve to Cu orbital weight, and black dashed curve to the photon component); c)

full quasi-energy spectrum showing the formation of Floquet replicas and hybridization-ind-
uced gap modification.

To understand Fig. 1, let us recall that the Floquet state represents a solution
to the time-dependent Schrédinger equation, based on the considered Hamiltonian.
In Fig. 1, Floquet states are represented as superpositions of harmonics, character-
ized by a resonance driving frequency. As a result, a photon appears in the system,
the energy of which is specifically equal to the gap between the bonding and anti-
bonding orbitals appears in the system. In other words, the resonance condition for
the interaction between an external periodic field (laser), characterized by fre-
quency w, and the energy gap between the ground and excited state (bonding and
antibonding state, respectively) of the system under consideration is estimated as:
how = AE, where hw represents photon replica bands. The driving of molecule in
resonance results in the fact that a single Floquet state can be characterized by both,
bonding and antibonding features. Consequently, this could lead to a new Floquet
eigenstate, characterized by hybrid, mixed properties of both, the bonding and
antibonding states.

Fig. la represents the evolution of averaged (quasi) bands, in a system with a
1D molecular chain, consisting of two sublattices (Fe and Cu), as a function of the
crystal momentum £, in the presence of a time-periodic drive. It provides visual-
ization of band hybridization, occurred due to interaction with a photon, in the
vicinity of resonance. Since Fe and Cu are characterized by d-band structures and
different electronegativities, the corresponding on-site energies differed signific-
antly for these two atoms.

In a weak driving regime, Fig. 1a would provide a visualization of three harm-
onics (i.e., the original band, the band shifted up by +Aw, and the band shifted
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down by —%w), composed of two orbitals (resulting in 6 lines). In the case of weak
driving, observed three harmonics could be interpreted as three bands: the original
band (characterized by the absence of shift), harmonic (band) shifted downward,
and harmonic shifted upward. Since in a given case, it was considered strong driv-
ing of the investigated system, each colored line represented a distinct quasi-
-energy band, where is color of the line used for visual clarity. Under strong peri-
odic driving, the quasi-energy bands arose from significant hybridization between
different Floquet photon sectors, and each quasi-energy band becomes a mixture
of many harmonics, so it is not possible to ascribe one color of the curve to the
certain harmonic.

Fig. 1b represents a visualization of the orbital composition (probability
weights of Fe and Cu orbitals) of a chosen Floquet band (in our case, Floquet band
3 was chosen), dependent on the crystal momentum, k. It represents the Floquet
band composition across the Brillouin zone, describing electron tunneling between
Fe and Cu species, along a 1D chain. Since the momentum & provides an inform-
ation about the electron wavelength and the phase relations between orbitals, the
orbital composition shows a complex dependence on £, characterized by hybridiz-
ation effects.

Fe and Cu contributions illustrate the impact of the Floquet state on the mixing
of the electronic and photonic character along the chain. The band eigenstate prob-
ability weights describe the extent to which the eigenstate at Floquet band 3 (for a
given momentum, k) is localized on Fe or Cu orbitals (or mixed hybridization is
represented). The total photon weight (illustrated by the black dashed curve, which
represents the weight of Fe + the weight of Cu, summed over all Floquet harm-
onics) represents the photon composition. The blue line depicts to the total Fe orb-
ital weight summed over all Floquet harmonics for band 3, for each value of & (and
the red line shows the Cu orbital weight, respectively). The high Fe or Cu weight
(at a given k), confirms that the electron, in a given Floquet state, shows an affinity
to behave as a localized d-atom of Fe (or Cu, respectively). It should be noted that
Floquet band 3 illustrates a mixed Fe—Cu character, depicting to the dominance of
Fe or Cu orbitals (characteristic for given electronic states), at different moments.
Strong LMI hybridization is confirmed by the fact that the photonic component
shows relatively uniform behavior, while representing a significant part of the Fig.
1b.

It is worth noting that Floquet band 3 corresponds to a particular Floquet
quasi-energy band that evolves from one of the hybridized bands.3!

The composition of Floquet band 3 (Fe, Cu, and photon weights) reflects the
extent to which the original Fe and Cu orbitals experienced hybridization, com-
bined with the photon interaction induced by the drive. As a result of the hybrid
nature of Floquet band 3, this band plays the most important role in light-induced
transport, as electrons are characterized by the ability to absorb or emit photons,
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which could be reflected in the spectrum, as a shift in energy and momentum. It is
known that the Floquet band structure of a periodically driven 1D Fe—Cu molecular
chain is significantly affected by the impact of strong LMI. As a result of the LMI
impact, electron—photon quasi-particles are formed.32 Consequently, the Floquet
bands are strongly affected, as new gaps open at the photon resonances, leading to
the appearance of new Floquet sidebands. In other words, the strong LMI regime
induces a large photonic component in Floquet band 3, observed in Fig. 1b, which
ensures band hybridization, which, further, results in high sensitivity to changes in
the driving frequency of the investigated system (1D Fe—Cu molecular chain).

Fig. 1¢ shows the dependence of the Floquet quasi-energy bands on the crystal
momentum k, which is discussed for Floquet band 3. It is shown chosen colored
curves, corresponding to a quasi-energy band, with colors again used only to dis-
tinguish bands visually.

Fig. 1 is given with the aim of enabling visualization of the electronic structure
of the 1D Fe—Cu chain, as it represents theoretical material used for mathematical
monitoring of electron tunneling, described in more detail in the rest of the paper.
It illustrated different aspects of the driven 1D Fe—Cu system: Fig. 1a shows the
simplified band structure, Fig. 1b highlights the orbital/photon composition of a
selected band and Fig. 1c¢ presents the chosen Floquet spectrum.

After introducing the electronic structure of the 1D Fe—Cu chain, a theoretical
model is proposed, enabling a discussion of the behavior of the current under the
influence of the driving. The same tight-binding model is applied, with a modific-
ation of the Hamiltonian form. The influence of photon-assisted processes is also
considered.

Appropriate Matlab code was written to illustrate the electric current oscil-
lations with the driving frequency, Fig. 2a. The current behavior is assumed to be
governed by resonant photon-assisted transitions, associated with the simplified
Floquet band structure of the 1D Fe—Cu chain. It should be noted that the given
model was postulated to examine the dependence of current oscillations on the
driving frequency, without considering the hybridization effect, or the influence of
chemical potential. Fig. 2 is intended to illustrate a simple representation of the
probability of photon-assisted tunneling as a function of the driving frequency w,
in the form of the dependence of the normalized current on the driving frequency.
In other words, it describes the effect of orbital hybridization on photon-assited
tunneling and resonant transport in periodically driven molecular chains.

As expected, the current decreases rapidly with the driving frequency, indi-
cating the absence of resonance condition. The maximum current value corres-
ponds to optimal photon-assisted transport, when efficient absorption or emission
of photons and transition between bands, occurs. The absence of resonance results
in weaker photon-assisted transport. To illustrate the oscillations of the electric
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current in its dependence on the driving frequency, caused by photon-assisted reso-
nant transitions, with respect to the simplified Floquet band 3 composition, the
model was modified to include the effect of orbital hybridization between Fe and
Cu orbitals in Floquet band 3, and to consider its influence on the current behavior.
The hybridization effect was investigated, because it is often observed in transition
metal chains, such as Fe—Cu, where Fe 3d and Cu 3d orbitals interact. The corres-
ponding model, as a premise, considered modifying the model Hamiltonian by
introducing an additional hybridization term, V, characterizing mixing of Fe and
Cu orbitals, resulting in two new hybridized bands (bonding and antibonding).
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Fig. 2. Dependence of normalized current on driving frequency: a) normalized steady-state
electric current as a function of driving frequency w for the 1D Fe—Cu molecular chain in the
absence of orbital hybridization (¥ = 0), showing no pronounced resonant enhancement; b)
normalized steady-state current as a function of driving frequency in the presence of Fe—Cu
orbital hybridization (V' # 0), demonstrating resonance enhancement associated with
hybridization-controlled quasi-energy gap formation.

The strength of the V'is defined by the distance and chemical bonding between
the Fe and Cu atoms, and this quantity affects the size of the band gap. Conse-
quently, the two hybridized bands (appeared as a result of the Hamiltonian modi-
fication), are associated with the Floquet band structure of the investigated 1D Fe—
—Cu molecular chain. Let us recall that the Floquet band 3 is a band which is
evolved from one of these hybridized bands under strong LMI. The proposed hyb-
ridization impacts the LMI strength, which increases the current. The discussed
hybridization enables the opening of gaps, allowing for enhanced photon-assisted
transitions, which defines the resonant frequencies where current amplification
occurs. As a result, the total current is increased and an additional resonance peak
appears, as illustrated in Fig. 2b.

The observed current peak corresponds to the resonant driving frequency o,
which corresponds to the energy difference between electronic states in Floquet
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band 3. In other words, the system efficiently absorbs/emits photons at those fre-
quencies, enabling electrons to more easily tunnel through the system and vice
versa. Consequently, the current is increased or suppressed, and roughly follows
the dependence observed in Fig. 2a. Fig. 2 illustrates the interplay between the
Floquet band 3 composition of the 1D Fe—Cu molecular chain and a strong LMI,
resulting in a highly frequency-dependent transport response. The maximum, cor-
responding to the driving frequency, is in resonance with the Floquet quasi-energy,
enabling photon-assisted tunneling and enhanced current.

It should be noted that the observed peak, which reflects the resonant coupling
between the drive and electronic transitions in the hybridized 1D Fe—Cu molecular
chain, appears in the low driving frequency range, near to ~1.1 a.u., which is the
low-frequency part of the spectrum. Recall that the presence of optimal photon-
-assisted transport at low frequencies (in the frequency range, covering the THz-
-mid IR) is a favorable characteristic of materials used to construct energy-efficient
devices with robust operation. This is of practical importance for the application
of materials, containing Fe—Cu molecular chains. Bearing in mind that new hyb-
ridized bands could only appear under the influence of an ultrafast laser (visible
light cannot induce the hybridization effect and the opening of a new gap), the
observed peak in the low-frequency region of the spectrum (Fig. 2b), confirms the
potential usage of the investigated theoretical system of a 1D Fe—Cu molecular
chain. Consequently, our modeled system could be employed for practical applic-
ation in the design of devices operating at frequencies where photon-assisted trans-
port can be efficiently tuned by hybridization effects, such as: THz detectors and
sensors,33 in infrared photodetectors# or in low-power optoelectronic switches
and modulators,3> quantum cascade lasers and amplifiers,3 spintronic devices and
magnetic sensors3’ and photovoltaics.38

On the other hand, applications of Fe—Cu molecular chains in the low fre-
quency range could face certain disadvantages, such as lower photon energies
(which limits access to higher-energy electronic transitions) or slower modulation
(the lower frequency limits the velocity, which could be used for switching or
modulating devices). Consequently, it could appear a need to shift the resonant
peak of the Fe—Cu molecular chain towards a higher frequency range (visible light
to UV). This could switch the potential use and practical application of the theor-
etically considered system, investigated in this study, into the field of ultrafast dev-
ices or into the field of nanoscale control. Although the adoption and modification
of the considered theoretical system for the application of higher frequency reson-
ance may require more complex materials and control, this represents a research
problem that has not yet been satisfactorily resolved. Variation of a discussed para-
meter, the hybridization strength, in order to shift the resonant peak towards a
higher frequencies, is more discussed in the Supplementary material (Fig. S-1).
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Impact of the photon-assisted processes on the electric flow in 1D Fe—Cu
molecular chain

In the second part of the study, a modified theoretical model, discussed in in
the literature,!4 was applied to perform a more precise modeling of electron trans-
fer in a 1D Fe—Cu molecular chain under driving impact, in the strong LMI regime.
This approach, at the same time, enables deeper insight into the dependence of the
oscillatory electric current on the driving frequency, taking into account the influ-
ence of the chemical potential. To investigate electron tunneling, within the Flo-
quet electronic friction model, a more complex form of the Hamiltonian was con-
sidered, applied to the case of a 1D Fe—Cu molecular chain. Chen et al. considered
a general Hamiltonian, consisting of different contributions, describing: the mole-
cule contribution, the leads, the interaction between them, LMI (considered semi-
-classically) and nuclear degrees of freedom (DoF), in order to postulate a model
to describe the quantum transport of a molecular junction.!4 Basically, the model
Hamiltonian described a two-level molecular junction, coupled with two baths
(leads), where the light induced coupling between the levels.

In our study, similar premises of the model were applied: the model con-
sidered a driven two-level system, with nuclear coordinates (bath) coupled to leads
and periodic light, applied to a 1D Fe—Cu molecular chain. The given system inc-
ludes a dissipative bath, in order to represent nuclear relaxation and electronic vib-
rational modes. The proposal of two metals Fe and Cu leads (electron baths), each
with different chemical potentials, allows for the electron injection and extraction
of electrons. To postulate our model, two electrons, positioned on two adjacent
d-aluminum Fe and Cu orbitals, in a 1D molecular chain, were considered. The
modeled system is based on several premises. First, a two-level model is proposed
for the molecular part (although, to simplify the complex research issue, only the
Fe site will be considered), where electron tunnel via coupling with Fe and Cu
molecular orbitals is localized at the respective sites. The nuclear degree of free-
dom is then calculated, considering two vibrational modes, coupled to local Fe or
Cu nuclei (as nuclear coordinates, affecting the energy level and coupling, inc-
luding electronic-photon phonon coupling). Further, LMI was applied, taking into
account that the investigated system is driven by an externally applied, ultrafast
intense laser, periodically modulating the electronic coupling. The leads are con-
sidered in terms of the baths.!4 Finally, the postulated Hamiltonian describes the
Fe—Cu molecular sites electronic tunneling, the nuclear vibrational DoF, the
coupling to leads and the laser driving LMI. Light induced driving enables transit-
ions between Fe and Cu orbitals, modulated by the term Acos wt.14 Accordingly,
the given theoretical model describes the coupling between the Fe and Cu electron
sites in a 1D Fe—Cu molecular chain, while the steady-state current is calculated as
defined in Eq. (5), and its dependence on applied bias is illustrated in Fig. S-2 of
the Supplementary material.
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To represent the relationship between electron current and driving frequency
in the strong LMI regime: 4 = 5, a corresponding Matlab code was prepared, Fig.
3. It should be mentioned that the applied bias convention (related to the chemical
potentials of the leads) took into account: xp > 0 and ur = 0, as this enabled
simplification of the preparation of the transport simulation. Consequently, bias =
UL — UR = UL, and the chemical potential of the left lead’s is shifted positively,
since the right lead is taken as a reference to zero chemical potential.

a.u.)

1 1.5 2 25 3 35 4 45 5
w(a.u.)

#L=3.5 y.L=3.6
by = 3.7 ;J.L=3.8
#L:S.Q “L:4'O
/(L=4.1 /4.L=4.2

_;LL=4.3 [JL=4.4
= 4.5

Fig. 3. Steady-state electron current as a function of driving frequency  in the strong
light—matter interaction regime (4 = 5). The chemical potential x; was varied in the range
3.5-4.4 (in model energy units), while up was fixed, illustrating bias-dependent resonance

shifts and nonlinear photon-assisted transport behavior.

Fig. 3 illustrates the behavior of the electric current versus driving frequency,
for different chemical potentials (u1 ), ranging from 3.5 to 4.5, in arbitrary units.
Multiple peaks can be observed in /(w) for all values of uj. It provides deeper
insight into the dynamics of electric current behavior in the strong LMI regime.
Regular dynamical variations in current behavior could be noticed, i.e., the current
decreases with the driving frequency over the entire range of applied bias. Albeit,
the current periodically reaches a maximal value, while the observed maxima dec-
rease, with increasing bias. The observed behavior confirmed Chen et al. con-
clusion about non-monotonic behavior of this dependence, and the existence of an
optimal frequency that maximizes the electronic current.!4 It should be noted that
Fig. 3 shows that the current oscillations behave correlated with the driving fre-
quency, meaning that the chosen driving frequencies result in increased current.

Based on Fig. 3, the current increases, as up approaches a value of 4, while
decreasing thereafter. The transition from low to high current occurs smoothly,
indicating that the system undergoes resonant-like amplification near uy, = 4 (in
other words, the resonance condition is fulfilled at this value). The purple curve in
Fig. 3 represents the highest current, which corresponds to = 4.
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The occurrence of current amplification can be understood as the result of the
alignment between the driving field, at a given bias (1 =4), and the energy levels.
One reason for recognizing the intermediate bias (u; = 4), as the one that results
in the highest current can be found in the fact that applying low biases can lead to
current suppression, while very high biases can lead to saturation or dephasing
effects, which can reduce the current. The intermediate bias provides the con-
ditions which results in constructive interference or optimal occupancy probability,
producing a stronger maximum. Considering the fact that the bias window charac-
terizes the available states for electron transfer, the intermediate bias could enable
a larger effective energy window, and favorable differences in occupancy between
the leads, resulting in increased current.

Recall that in quantum transport, which impacts the current behavior, the bias
window refers to the energy range over which electrons can flow from one lead to
another, due to an applied voltage. Consequently, this is the range in which elec-
tronic states can contribute to the flow of current. It represents an optimal bias
window, with the optimal number of energy levels represented within the window,
so that electrons can tunnel efficiently, and resonant effects can maximize current.

Further, to find the optimal driving frequency (w) for x4 = 4, which enables
the current maximum, a modified Matlab code was prepared, and the results are
presented in Fig. 4a.
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Fig. 4. Dependence of current on driving frequency: a) steady-state current as a function of
driving frequency w at fixed bias (1 = 4, ug defined by the applied bias), demonstrating
frequency-dependent photon-assisted transport; b) current-bias characteristics showing the
dependence of steady-state current on the chemical potential y; (corresponding to the applied
bias voltage), highlighting the modulation of transport by periodic driving. According to Fig.
4a, the current maximum is observed at w around 1.727 a.u., which depicts to a particular
driving frequency for the bias value y; = 4. Fig. 4a) also confirms the oscillatory behavior of
the given dependence, indicating a non-monotonic behavior with respect to frequency, due to
the driving dynamics. Consequently, nonlinear transport dynamic under strong driving in the
LMI regime was confirmed.
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Fig. 4b represents the changes in current with bias at the optimal frequencys; it
shows the dependence of the current, on the bias y1 . In Fig. 4b, the ved current
reversal illustrates the dependence of current on bias obser voltage, under reson-
ance driving. It is observed that the current does not increase or decrease uniformly
with g , although a drop is observed around yy, of 7.5, followed by an increase in
current. Such behavior indicates that the system is subjected to resonance-like
current suppression at certain biases, even though the drive frequency is resonant.
The observed drop can be explained differently: it could occur due to the presence
of destructive interference between different Floquet transport channels,39 as a
result of detuning the electronic population from the driving-induced resonance
condition at high y .49 or due to minimized net population imbalance or suppres-
sion of the contribution of inelastic currents at a given yp . It should be noted that
at lower biases, the increase in y, initially, leads to an increase in current. But,
after that, the current achieves plateau and decreases, indicating a nonlinear bias
response and confirming the fact that strong LMI induces nonlinear effects in the
system.

Noteworthy, observed feature illustrates the fact that a strong LMI would have
a more significant impact on the current, once resonance is reached. The afore-
mentioned effect could be achieved by coherent photon-assisted tunneling which
induces enhancement or suppress of the current. Current oscillations appear as a
result of resonant coupling between electronic transitions and the drive. The oscil-
lator-dependence of current, observed in Fig. 4, appears as a result of the presence
of frequency-dependent resonances in the electric current. If the driving value is
equal to the energy difference between the states in Floquet band 3 and the other
bands (which occurs at certain frequencies), enhanced photon-assisted tunneling
occurs, which increases the current.

It is important to note that given 1D Fe—Cu chain model represents a theor-
etical model, which captures key features of bimetallic Fe—Cu motifs that are
widely studied in heterogeneous catalysis and electrocatalysis, such as CO5 red-
uction and selective hydrogenation reactions. In real systems, electron transfer
between Fe and Cu sites plays a critical role in catalytic efficiency, and proposed
model provides a platform to explore the impact of hybridization strength and
periodic driving influence on the electron flow. The Floquet analysis simulates
external periodic perturbations, which can be interpreted as light-induced or volt-
age-modulated excitations in experimental setups. Obtained results indicated that
tuning orbital hybridization and applying controlled periodic driving can enhance
resonant electron transport between active sites, offering qualitative insight into
photon-assisted or dynamically modulated charge transfer in bimetallic catalysts.
It should be noted that this study does not aim to quantitatively reproduce any
specific Fe—Cu material or electrochemical interface, but to provide a framework
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that can guide experimental strategies for improving catalytic and electrochemical
performance through controlled electronic dynamics.

Limitations of the model

The present study is based on a minimal theoretical model designed to discuss
the essential mechanisms of hybridization-controlled Floquet transport in Fe—Cu
motifs. While this approach enabled analytical clarity and transparent numerical
implementation, several limitations should be mentioned.

The investigated Fe—Cu system is modeled as an idealized one-dimensional
periodic chain (for band analysis) and as a two-level molecular junction (for trans-
port calculations). Real Fe—Cu catalytic materials and electrochemical interfaces
possess three-dimensional geometries, structural disorder, surface reconstructions,
and complex coordination environments. These structural features are not explic-
itly included in the present model.

In order to simplify model, electron—electron interactions are neglected bey-
ond effective single-particle descriptions. The Hamiltonian does not include exp-
licit Coulomb interaction terms (e.g., Hubbard U), correlation effects or many-
-body self-energies. As a consequence, correlation-driven phenomena (such as
Kondo physics, strong localization or correlation-induced gap renormalization) are
not considered.

The construction of Floquet Hamiltonian is performed, using a finite trunc-
ation of photon harmonics. While convergence with respect to the number of harm-
onics was verified numerically for the parameter regimes considered, extremely
strong driving or very high frequencies may require additional harmonics for quan-
titative accuracy.

Also, it could be noted that the open-system transport treatment is relied on
the Born—Markov and secular approximations, characterized by assuming weak
molecule—lead coupling, negligible memory effects and well-separated energy
scales. In regimes of strong system—bath coupling or highly non-Markovian dyn-
amics, the Master equation approach may lose quantitative accuracy. On the other
hand, simplification of the model required to neglect the anharmonic effects,
mode—mode coupling and nonequilibrium phonon populations, in order to describe
vibrational modes within a harmonic approximation and their treatment as indep-
endent baths.

Further, the wide-band approximation is employed for the metallic leads,
assuming energy-independent density of states near the Fermi level. Real Fe and
Cu electrodes are characterized by structured densities of states, which could
modify tunneling rates and resonance conditions.

Finally, the model does not aim to provide a quantitative first-principles des-
cription of a specific Fe—Cu catalytic material. Instead, it serves as a minimal
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theoretical platform to explore qualitative mechanisms of hybridization-controlled
resonance tuning and photon-assisted transport in Fe—Cu motifs.

Despite these limitations, the model captures the essential interplay between
orbital hybridization, periodic driving and open-system transport. The simplified
framework allows clear identification of resonance shifts and current enhancement
mechanisms, which may guide more elaborate future studies based on DFT or
experimentally characterized Fe—Cu systems.

CONCLUSIONS

In this study is presented a detailed theoretical framework for the transport
properties of a Fe—Cu molecular chain under periodic driving. Application of Flo-
quet theory allowed modulation of electronic states via photon-assisted processes.
Master equation approach captured electron tunneling under bias and vibrational
interactions. Consequently, it is shown that hybridization control shifts the static
and quasi-energy gaps, tuning resonance frequencies. Performed study demon-
strated that integrating Floquet quasi-energy analysis with master-equation-based
transport allows controlled modulation of electron flow in Fe—Cu chains, providing
a novel perspective on driven electron dynamics that goes beyond traditional
approaches focused solely on band structure or open-system transport. Futrher, the
distinction between orbital hybridization (static Fe—Cu overlap) and Floquet mix-
ing (laser-induced coupling to photon states) is clarified. The model demonstrated
that careful tuning of driving amplitude and frequency can enhance or suppress
electron current, providing insight for future nanoscale devices. Although ideal-
ized, presented results establish a foundational understanding of photon-assisted
transport in Fe—Cu chains, forming a basis for further work connecting 1D theor-
etical models with realistic Fe—Cu catalytic systems or experimental electrochem-
ical interfaces.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/13511, or from the correspond-
ing author on request. The computational codes used in this study are openly available at
GitHub, archived in Zenodo.*' The repository includes scripts for constructing the k-dependent
Bloch Hamiltonian, generating the Floquet matrix under periodic driving, performing numerical
diagonalization, and reproducing the quasi-energy spectra and harmonic composition figures
reported in this work.
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H3BOJ

I[MTPUMEHA ®JIOKEOBE TEOPUJE U YHAIIPEBEILE KOHTPOJIE TOKA EJIEKTPOHCKE
CTPYJE Y 1D Fe-Cu MOJIEKYJICKOM JIAHLIY

BUOJIETA H. HUKOJIUR! u JOSE F. M. L. MARIANO?3
!Tabopainiopuja 3a feopujcky Gpusuxy u Gpusuxy xongensosane maimepuje (020) Uncmuiayim Hyxeaprux
Hayxa “Bunua”, HHciuitly T 0g HAYUOHANTHOT 3Haudja, YHueep3uttiewi y beoipagy, u.up. 522, 11001
Beoipag, ’FCT, Campus de Gambelas, University of Algarve, Faro, 8005-139, Portugal u 3Center of Physics
and Engineering of Advanced Materials (CeFEMA), IST, University of Lisbon, Av. Roviscno Pais, Roviscno
Pais, Lisbon, 1096-001, Portugal

HsBpueHa ctyouja guckyTyje nmpumeHy ®noxeose Teopuje Ha 1D Fe—Cu monexyncku
naHay. [TorBpheHo je ma edexar xudpunusanuje opdurana omoryhyje ucrymweme pe30HaHTHOT
yCJIoBa y CIEKTPY HWKUX [pajBUHT (bpeKBEHIHMja OBE CTPYKType, IUTO KapaKTepHlIe HeHY
MOTEHIIMjaJIHy TPUMEHY y eHepreTcku edukacHum ypehajuma. [asee, 0BO je IpBU MyT 1a je
d1oxeoB MOJieN eIEKTPOHCKOT Tpewa (DasupaH Ha pasMarpamwy yTulaja ®rokeoBor Apajsa Ha
TpaHCc(ep eIEKTPOHA) y IPUCYCTBY HHTEpAKLUje CBETIIOCTH ¥ MaTtepuje (LMI), bruo npumemen
Ha 1D Fe—Cu Monexyscku jaHal. PasmaTpaHo je noHallame eeKTPOHCKE CTpYje, a IPUCYCTBO
orpannvaBajyhe ¢pekBeHlHje, K0ja MaKCHMHU3UpPA eIeKTPOHCKY CTpyjy, je moTBpheno. Y
OKBUDY OBe CTyIHje, MOCTaB/beHH Cy OnroBapajyhut mopmenu, koju IUCKYTyjy IBa HayWHA
nmoMohy KOjUX Ce MOKe I0jayaTH eleKTpU4YHa CTpyja MOA yTHlajeM IpajBa y jakom LMI
pexxumy: nytem edekTa opduTanHe xudpuausanuje U nyteM OTOHCKU MOTIOMOTHYTHX IIPO-
neca. JodujeHH pesynaTaTH OM MOINIM YHaIpeOWTH NPaKTUYHy NPUMEHY MaTepHjala Koju
cagpxe Fe—Cu MonekyJcke JIaHLE y eJIEKTPOXEMU]HU.

(ITpumibeno 22. aBrycra2025, pesupupaso 5. dedpyapa, mpuxsaheno 18. mapta 2026)
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