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Spin-state switching at the single-molecule level
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Different strategies have been proposed to trigger spin switching in single-molecule junctions based on
spin-crossover complexes. Here, we report on a computational study aimed to validate one of the
hypothesized mechanisms consisting of the distortion of the coordination sphere of the molecule. We

focus on a series of heteroleptic [Fe'(tpy),]*?

complexes in a mechanically controlled break junction
setup, displaying voltage-dependent bistabilities, related to the switching of the Fe'' centre between the
LS and HS states. Our model for the molecular junction can explain the hysteretic behaviour found in
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some of the junctions, with a mechanism close to the hypothesized mechanism, but without the require-
ment of long-range interactions between the electrodes and different parts of the molecule. Our results
predict the existence of a switching field able to foster the required distortion driving the switching
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1. Introduction

The possibility of using single molecules to perform basic
functions of digital electronic devices has been successfully
explored over the past decades."™ A particularly interesting
function at the molecular level is the switching between bis-
table states,”> ! a function that can be activated by different
external stimuli. Among the candidates for single-molecule
switches, spin-crossover (SCO) iron(u) complexes have vast
potential for applications.”>™® In these systems, bistability
occurs between the low-spin state (LS, S = 0 for iron(u)) and the
high-spin state (HS, S = 2 for iron(u)), activated by temperature,
light, pressure, and electric and magnetic fields.'>'*'72022

To be used as switches at the molecular level, SCO mole-
cules have to be deposited on metal surfaces or in between
break junctions. At the single-molecule level, and unlike in the
bulk, the switching is not triggered by temperature in most
cases but by a stimulus applied under isothermal conditions.
Usually, the stimulus is related to a voltage or current applied
between the metal surface where the molecule is deposited
and the tip of a scanning tunneling microscope (STM) or
between the two electrodes of the nanogap break junction
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where the molecule is included. The two spin states may lead
to different conductances, usually larger for junctions contain-
ing HS molecules compared to those with LS molecules,'>"%?
and the resulting I-vs.-V plots can show a hysteretic switching
behaviour. The first device based on SCO Fe(u) complexes with
both spin-dependent conductance and hysteresis features,
referred to as the memristive effect, was proposed by
Miyamachi et al. consisting of [Fe''(phen),(NCS),] deposited
on a CuN/Cu(100) surface.”*** A similar effect was found for
an Fe(m) complex [Fe™(pap),]" deposited on Cu,N/Cu(100)*®
and an [Fe"(bpz),(phen)] complex deposited on Au(111).°
Another interesting aspect of the junctions based on SCO com-
plexes is the ability of the HS state to promote spin-polarized
transport upon charge injection from the nonmagnetic metal-
lic electrodes, hence acting as a spin valve/filter, a function of
interest in spintronics.>” >’

Regarding single-molecule junctions, Harzmann et a
reported a series of four heteroleptic [Fe"(tpy),]> complexes in
a mechanically controlled break junction (MCBJ) setup,
showing voltage-dependent bistability features (Fig. 1). In
these complexes, the terpyridine (typ) ligands are perpendicu-
lar to each other, one typ ligand is functionalized with term-
inal anchor groups to fix the molecule inside the junction and
the other typ ligand contains two groups (R1 and R2) of
different electronegativities (Fig. 1). A fraction of the resulting
junctions based on these heteroleptic Fe"" complexes displayed
voltage-dependent bistabilities related to the switching of the
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R

Fig. 1 Heteroleptic [Fe'(tpy),]*? complexes 1 and 2 with electron-with-
drawing R1 and electron-donating R2 groups.

Fe' centre between the LS and HS states, which present
different conducting features. Three types of bistabilities were
reported: a large hysteresis window around the switching
point, negative differential conductance features and sudden
jumps to different current states. The hypothesized switching
mechanism consisted of the distortion of the Fe' coordination
sphere promoted by an external electric field. The intrinsic
dipole moment of the complex, related to the R1 and
R2 groups, acts as a push-pull system that senses the applied
electric field and drives the distortion of the metal coordi-
nation sphere and finally triggers the spin transition. This
hypothesis was supported by two main results: (i) the ratio of
bistable junctions was correlated with the strength of the
dipole moment of the immobilized molecule and (ii) a con-
stant threshold value of the electric field was required to
promote the switching.*® Recently, it has been found that the
yield of functional junctions can be improved by introducing
bulky alkyne groups into the typ ligand bridging the electrodes
that prevent (or reduce) the undesired potential interactions of
the polar R1 and R2 groups or the phenyl-n system of the
immobilized tpy ligand with the electrodes and increase the
control of the Fe'' complex arrangement on the junction.*

A similar idea was used by Frisenda et al.?>* to build a mole-
cular junction based on a related homoleptic [Fe"(tpy),]™
complex, where the LS to HS switching is triggered mechani-
cally by increasing the separation between the two gold electro-
des. This produces the distortion of the perpendicular arrange-
ment of the two tpy ligands, reducing the Fe(u) ligand field
and finally favouring the HS state for a large enough separ-
ation of the electrodes.

The phenomena described in these previous studies
prompt us to carry out a computational study with the aim of
providing support for the hypothesized switching mechanism
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and give some clues on how the I-V bistability can be
observed. We have combined different approaches to model
the molecular junction, evaluate the transport properties of
both spin states and determine the effect of an external
applied field and the distortion of the metal coordination
sphere on the HS-LS transition energy. Our model for the
molecular junction can explain the hysteretic behaviour found
in some of the junctions, with a mechanism close to the
hypothesized mechanism by Harzmann et al.*° for this type of
junction, but without the requirement of long-range inter-
actions between the electrodes and different parts of the mole-
cule suggested by these authors. This study puts in evidence
once again the strong sensitivity of the spin states of Fe(i) SCO
complexes on the spatial arrangement of the ligands and the
fine tuning among the different factors controlling the SCO
behaviour in SCO-based single-molecule junctions.

2. Computational details

In the same way that the realization of working molecular
junctions with voltage-dependent bistabilities is not a routine
work (usually the fraction of junctions showing bistability is
quite low, less than 9% in ref. 30 and 32), the simulation of
these junctions is also a challenge from a computational point
of view. Since many different factors can modulate the behav-
iour of the junction,**~*® we used a model where the horizontal
tpy ligand is connected to gold electrodes through sulphur
anchoring atoms. In this configuration, the vertical ligand is
far from the electrodes, and thus no long-range interactions
are expected between them. This configuration allows control-
ling the position and orientation of the molecule with respect
to the electrodes and focusing on the validation of the hypoth-
esis formulated by Harzmann and coworkers about the
voltage-triggered distortion of the ligands.

We focus on two of the reported heteroleptic [Fe(tpy),]™
complexes that showed the highest ratio of bistable junctions,
differing in the electron-withdrawing R1 group, and hence in
the molecule dipole moment. For molecules 1 and 2, the
R1 group corresponds to CN and CF;, respectively, while in
both molecules, the electron-donating group is R2 = N(CHj),
(Fig. 1). We first considered the isolated molecule, optimizing
the geometries of the LS and HS states. These geometries were
employed as the starting point to model the molecule inside
the junction. Furthermore, we studied how an external electric
field of increasing strength impacts the HS-LS transition
energy of the immobilized molecule and how the energies of
the LS and HS states evolve when the Fe(u) coordination
sphere is distorted. To build our models, we used the available
X-ray data of the homoleptic [Fe(u)(tpy),]” complex (com-
pound 8c in ref. 37) with two 4,4"-[p-(methylthio)phenyl]ter-
pyridine ligands (tpy). In our model, the two thiomethyl
groups of the vertical tpy ligand are replaced by the R1 and
R2 groups. For the interaction with the electrodes we con-
sidered, sulfur substituents at the para position of the horizon-

tal tpy ligand act as anchor groups as in previous
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studies.>**"*>?% 1t is well known that the high binding affinity
of sulfur with gold results in significant mechanical stability
of sulfur-gold bonds.*'*?3%

The isolated molecules were optimized by means of density
functional theory (DFT)-based calculations with the TPSSh
functional and def2svp basis set*® for all atoms, with pseudo-
potentials for the inner shell electrons of gold atoms. The
same approach has been employed to evaluate the impact of
the distortion of the coordination Fe(u) sphere and the external
electric field on the transition energy. In such cases, the elec-
trodes were simulated with a pyramidal cluster of ten gold
atoms, whose geometry as well as that of the molecule was pre-
viously optimized in the junction with periodic conditions. All
calculations of the gas-phase molecule were performed using
the ORCA 5.0.3 package,” except the optimizations in the
presence of an external electric field, where the Gaussian 09
package was used,”’ with a basis set of def2-tzvp quality***?
for all atoms, except Au represented by means of the Los
Alamos pseudopotential and the corresponding LANL2DZ
basis set.**

The QuantumATK software package®® was used to obtain
the complex’s transport properties and perform all the necess-
ary geometry optimizations for building the junctions. In
these calculations, all atoms were represented using a double-
C-polarized (DZP) basis set, along with PseudoDojo norm-con-
serving pseudopotentials.*® We employed the rPBE exchange-
correlation functional,’”” as it has been demonstrated to
provide more accurate values for the gap between the high-
spin (HS) and low-spin (LS) states in iron(u) spin-crossover
complexes compared to other GGA functionals, at a lower com-
putational cost than that of a hybrid functional, with compar-
able performance to TPSSh for SCO compounds.*$~°>

For all calculations, the mesh cut-off energy was set to 210
Rydberg for both real and reciprocal space grids, with a self-
consistency tolerance of 10™* eV for the convergence of the
Hamiltonian and density matrices.

The molecular junctions (see Fig. 2 for a representative
example) were created by first fully relaxing the geometry of
the complex in both the HS and LS configurations. The
complex was anchored to two Au(111) electrodes using term-
inal sulfur groups bonded to the top atom of a four-gold-atom

Fig. 2 Side (left) and top (right) views of the molecule inside the junction.
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pyramid attached to each surface. The unit cell was period-
ically repeated in three directions and consisted of the
complex between two 12 x 9 Au(111) slabs, each three layers
deep. This arrangement has six Au layers (approximately 12 A)
between the periodic repetitions of the complex in the trans-
port direction and about 11 A in the transverse directions.
Throughout all geometry optimizations, the unit cell size was
allowed to relax in the transport direction and kept fixed in the
transverse directions.

To calculate the transport properties, both Au(111) surfaces
were reduced to slabs of 5 x 4 atoms, with additional vacuum
space added in the transverse directions to maintain a dis-
tance greater than 10 A between the periodic images. The spin-
resolved transport properties were computed using a combi-
nation of DFT and the Keldysh nonequilibrium Green’s func-
tion (NEGF) formalism, known as the DFT-NEGF
methodology.>®™> Under a finite bias voltage V;, the spin-
resolved current I, through the junction is given by the
Landauer-Biittiker formula:*®

e [Mr

1o(Ve) = 5 [ QBT (B, ) [ B ) — o)
Hy

where o = a, f is the spin index, and f; g and y;,r are the Fermi

distribution function and chemical potential, respectively, of

the left (L) and right (R) electrodes. The spin-resolved trans-

mission coefficient is defined by:

To(E, Vi) = Te[[LG' TG

where G and G“ are the retarded and advanced Green’s func-
tions and I'yr are the self-energy matrices, which describe the
coupling between the electrodes and the central scattering
region.

3. Results and discussion

3.1. Isolated molecule

We first optimized the geometries of both molecules 1 and 2
in the LS and HS states and evaluated the energy separation
between these two spin states. The AE(HS-LS) transition
energy evaluated from DFT calculations is 69.1 and 69.5 kJ

Nanoscale, 2025,17, 6141-6153 | 6143
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Table 1 Transition electronic energy (kJ mol™) and transition enthalpy
(kJ mol™) and entropy (J K™ mol™) at 298 K for complexes 1 and 2
from TPSSh calculations with the def2svp basis set

1 2
R1 CN CF;

R2 N(Me), N(Me), \
AE (HS-LS) 69.1  69.3 L
AH (HS-LS) 65.1  65.3 )a®
AS (HS-LS) 77.9  68.5 2 > rr((.(

Two views of complex 1, the blue and red circles highlight the
electron-withdrawing R1 and the electron-donating R2 groups,
respectively.

mol ™" for molecules 1 and 2, respectively (Table 1). The same
HS-LS separation is found for molecule 1 with terminal thioa-
cetyl groups in the horizontal tpy ligand (AE(HS-LS) = 68.5 kJ
mol ™). Then neither the terminal anchor groups nor the R1
and R2 groups (electron-withdrawing and electron-donating
groups) affect the relative stability of the two spin states. The
transition enthalpies, once the zero-point and thermal correc-
tions are included, are 65.1 and 65.4 k] mol™' at 298 K,
respectively. These values are higher than those reported for
thermally activated spin-crossover systems, usually in the
range of 10-20 kJ mol™" for systems with transition tempera-
tures around 150-250 K."*~'7?%>738 In fact, the parent homo-
leptic [Fe(tpy),]™ compound is in the LS state at room temp-
erature and even at temperatures as high as 450 K, which
implies a large value of the transition enthalpy, and it can only
be converted to the HS state by excitation with light.”®
Additionally, previous evaluation of the HS-LS gap in the
homoleptic [Fe(tpy),]” compound gave a value of 70.4 KJ
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Nanoscale

mol ™" at the CASSCF/CASPT? level,*® a large HS-LS gap value
in line with our estimates for the heteroleptic [Fe(tpy),]™ com-
plexes. Since the terminal R1 and R2 groups have a minor
impact on the transition energy, we focus hereafter on mole-
cule 1.

The main geometrical parameters of molecule 1 in the LS
and HS states are presented in Table 2. They essentially differ
by the Fe-N bond distances, larger for the HS state as
expected. In both molecules, the tpy ligands are perpendicular
to each other, but note that the N-Fe-N bond angles for the N
atoms of the same tpy ligand are far from 180°, particularly for
the HS molecule. Similar trends are obtained for molecule 2.

3.2. Geometry and electronic structure of the molecule inside
the junction

In a second step, molecule 1 is reoptimized inside the junction
(Fig. 2), the horizontal tpy ligand contacts the gold electrodes
through the sulfur anchoring atoms as in the hypothesized
scenarios reported by Harzmann et al.?’ and in previous calcu-
lations on the homoleptic [Fe(tpy),]> complex by Frisenda
et al.>

The main geometrical differences between the isolated and
the in-junction molecule concern the position of the anchor-
ing sulfur atom with respect to the terminal phenyl group (in/
out of the phenyl plane, C-C-C-S torsion angle in Table 2) and
the mean Fe-N distances, which are slightly shorter in the
junction, as shown in Table 2. The Cartesian coordinates of
the optimized junctions are reported in the ESL.f The AE(HS-
LS) transition energy of the molecule in the junction decreases
to 42.1 k] mol™?, calculated with the TPSSh functional as the
isolated molecule. We used models containing the molecule in
the LS or HS optimized geometry inside the junction and two
10 Au pyramids simulating the gold electrodes. This energy
separation between the two spin states includes both the tran-
sition energy itself and the interaction with the electrodes that
favours the HS solution. Then, just the immobilization inside

Table 2 Main geometrical parameters of molecule 1 isolated and inside the junction

LS HS

Isolated Junction Isolated Junction
Fe-Neqa 1.982 1.965 2.199 2.162
Fe-Neg» 1.982 1.973 2.200 2.154
Fe-Neg3 1.891 1.873 2.139 2.075
Fe-Neqq 1.890 1.874 2.126 2.069
Fe—N_ys 1.980 1.953 2.203 2.136
Fe-Naxe 1.982 1.961 2.158 2.187
NegaFe-Nos 81.1 81.3 74.1 75.4
Negi-Fe-Negs 162.2 162.1 149.1 150.0
Negs—Fe-Negq 179.8 178.7 176.4 177.9
Naxs—Fe-Naye 162.2 162.3 148.9 150.3
C-C-C-S 179.8 169.4 179.6 163.8

Fe, N, C, and H atoms are represented by orange, blue, grey and white balls. Neq1, Negz and Neg; belong to the horizontal tpy ligand, while Negs,
Naxs and N,y belong to the vertical tpy ligand. Neq;~Fe-Neg, and Neqz—Fe-Neq4 correspond to the bondoangle between the Fe atom and two equa-
torial N atoms of the same tpy ligand or different tpy ligands, respectively. Bond distances are given in A and angles are given in degrees (°).
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the junction reduces the HS-LS gap, favouring the occurrence

of spin transition.

The densities of states of the LS and HS configurations of
the molecule in the junction, projected on the Fe centre and
the vertical and horizontal tpy ligands, are presented in Fig. 3.

Fig. 3
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The pDOS is restrained in the region between —1 eV and 1 eV,
corresponding to the states that can be probed with the bias
voltages employed by Harzmann et al.®° It is noted that the
different states are found close to the Fermi level depending
on the spin state of the molecule. The HS molecule presents

10
HS JUNCTION
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(a and d) Projected density of states on the Fe centre (black) and the horizontal (red) and vertical tpy (green) ligands for the HS (top) and LS

(bottom) molecules in the junction. (b and e) Spin-resolved transmission spectra at zero-bias for the HS (top) and LS (bottom) molecules. (c and f)
Transmission eigenfunctions at the transmission peaks close to the Fermi level for the HS (top) and LS (bottom) molecules in the junction.
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occupied states close to the Fermi level with contributions
from Fe 3d t2g-like orbitals and vertical tpy and horizontal tpy
© ligands, absent in the case of the junction based on the LS
molecule. The Fe 3d,; and Fe 3d,, orbitals mixed with the verti-
cal tpy ligand = orbitals, while the Fe 3d,, orbital just com-
bined with the horizontal tpy ligand = orbitals. The projected
spin-down population on each of these 3d tg-like orbitals is
~0.3e (note that a smearing function is employed to facilitate
the convergence and the 3d tg-like orbitals are quite close in
energy) and the total magnetic moment of the Fe center is
3.68usp, in line with a local S = 2 spin state. In the case of the
LS-based junction, the occupied Fe 3d t2g-like orbitals are far
from the Fermi level; only the states resulting from the combi-
nation of the empty tpy ligand = orbitals with a minor contri-
bution of the Fe 3d orbitals would participate in the conduc-
tion for low bias voltages.

This spin-dependent distribution of the accessible states of
the SCO-based junction has an impact on the electronic coup-
ling with the electrodes. In fact, at zero-bias, the conductance
is higher for the HS state (6.74 x 1072 G,) than for the LS state
(1.91 x 107 G,). The spin-resolved transmission spectra at
zero-bias (Fig. 3) show the differences observed in the pDOSs
for the HS and LS molecules. For the junction with the HS
molecules, there are three transmission peaks close to the
Fermi level, corresponding to the electronic coupling of the
electrodes with occupied states of the molecule. In the reso-
nance peak 1ys, both the vertical and horizontal tpy ligand
orbitals are involved; the transmission peak 2ys is mainly
dominated by the horizontal tpy ligand, while the principal
contribution to the 3yg peak comes from the vertical tpy
ligand, as confirmed by the plots of the transmission eigen-
functions (Fig. 3). In the case of the LS-containing junctions
the transmission peaks correlate with the coupling with empty
states of the molecule, the peak at lower energy mainly loca-
lized on the horizontal tpy ligand (4,5 peak), while peaks at
higher energy (5.5 and 6.5) manifest the participation of both
tpy ligands. Note that the Fe centre contributes to all the trans-
mission peaks around the Fermi level, mainly in the HS-based
junction. The n orbitals of the horizontal tpy ligand play a
crucial role in the conduction for both spin states. The pDOS
suggests that at low bias voltages, the transport is mainly by
holes in the case of the HS-based junction and by electrons in
the case of the LS junction.

3.3. External perturbation of the molecule inside the
junction

It has been hypothesized that in this family of systems, the
applied electric field interacts with the molecule dipole and
produces the distortion of the coordination sphere of the
molecule. This distortion at the end is responsible for the
switching. We have analysed the impact on the relative stability
of the HS and LS molecules of both factors, respectively, and
finally determined the electric field-triggered distortion from
the optimization of the molecules in the presence of the
applied field.

6146 | Nanoscale, 2025, 17, 6141-6153
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3.3.1 Distortion of the coordination sphere. We have
explored the impact of the distortion of the dihedral angle
between the two tpy ligands on the spin transition first in the
absence of the electric field. Using the geometry adopted in
the junction for each electronic state, the vertical tpy ligand
was rotated in a clockwise (z > 0) or anticlockwise direction (z <
0). To reduce the computational costs of these calculations,
the model of the electrodes was reduced to two 10-gold atom
pyramids, with the geometry adopted in the junction. The dis-
tortion destabilizes both states, but the effect is markedly
stronger for the LS state (red line in Fig. 4), reducing the separ-
ation between the HS and LS states. For a distortion of |z| ~
15° with respect to the vertical tpy ligand, the HS and LS states
are degenerated. A slight asymmetry with respect to the
turning direction is observed, and the clockwise rotation
reaches the degenerated states with a smaller distortion angle
compared to the counterclockwise one. This asymmetry aligns
with the slightly different reported values for the negative and
positive switching voltages (—0.5 V vs. 0.7 V) in junctions with
hysteresis.*°

3.3.2 Impact of the external electric field on the relative
energy of HS and LS states. Additionally, the external electric
field associated with the applied bias voltage can modify the
relative energy of the LS and HS states. We evaluated the
energy of the molecule in the junction exposed to an external
electric field along the S---Fe---S axis (z axis), emulating the
electric field due to the applied bias voltage between the elec-
trodes (Fig. 4). The geometry of the molecule is kept fixed,
without further optimization. Hence, in this set of single-point
calculations, we just analyse how the electrostatic interaction
between the molecule and the applied electric field impacts
the electronic energies of the HS and LS states. We take the
convention such that the positive electric fields point from the
left to the right electrode and correspond to negative bias vol-
tages. The dipole moment of the molecule is larger for the HS
state than for the LS state, but the dominant contribution of
the dipole moment runs along the R1---Fe---R2 axis (y axis, see
Fig. 2), orthogonal to the applied field. The interaction with
the external field was then controlled by the z-component of
the dipole moment, which although small, is larger for the HS
state than for the LS state. As a result, the HS state is slightly
favoured over the LS state, smoothly reducing the HS-LS separ-
ation (Fig. 4). This indicates that the electric field could
promote the spin transition of the molecule immobilized in
the junction, although high electric fields would be required if
the molecule rigidly maintains the perpendicular arrangement
of the two tpy ligands in the presence of the electric field.

3.3.3. Voltage-induced distortion. Distortion is a de-
stabilizing perturbation that penalizes the LS state, while the
electric field along the electrodes (slightly) favours the HS state
due to the stabilizing interaction with the z-component of the
electric dipole moment. Finally, we optimized the geometry of
the molecule in the presence of a homogeneous positive elec-
tric field along the z axis (E = 0.1 V A™"), fixing the positions of
the S atoms and the gold clusters. Fig. 5 shows the superposi-
tion of the geometry of the LS molecule optimized in the junc-

This journal is © The Royal Society of Chemistry 2025
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(a) Impact of the distortion of the coordination sphere of the Fe centre on the relative energy of the LS (red) and HS (blue) states in molecular

junctions. All values referred to the non-distorted LS state as a function of the dihedral angle. The black color shows the energy difference between
the LS and HS solutions. (b) Scheme of the distortion of the Fe coordination sphere. The positive and negative z values correspond to the clockwise
and anticlockwise turning directions, respectively. (c) Impact of the applied electric field along the horizontal tpy ligand on the relative LS and HS
energies and the HS—LS gap. (d) Scheme of the molecule oriented with respect to the external electric field.

tion with and without the applied field (see Fig. S1f for a
similar plot for the HS molecule-based junction).

The interaction of the electric field with the dipole moment
of the molecule produces the counterclockwise rotation of the
vertical tpy ligand for a positive electric field, as shown in
Fig. 5. The dihedral angle between the tpy ligands in the pres-
ence of the applied field is about 10° for both spin states. The
molecule not only rotates in the yz plane, but also in the xy
plane, particularly the HS molecule (rotation around the z axis
of about 16° for the LS molecule and about 36° for the HS
molecule). The additional distortion on the xy plane is similar
to the tpy rocking motion found in the parent homoleptic [Fe
(tpy)2]™, considered as a key motion to facilitate the intersys-
tem crossing and favour the spin transition.®" The distorted
geometry is not benefited in the absence of the electric field,
as clearly shown in Fig. 4a, but the interaction between the
dipole and the electric field compensates for the stability loss
due to the distortion. Compared with the situation where only
a 10° counterclockwise rotation is allowed, the rocking motion
introduces an additional stabilization of both spin states,
favoring the HS state over the LS state. Hence, in the presence
of the electric field and once the geometry is relaxed, the
energy separation between the two spin states is reduced by
25%. Then, there exists a certain value of the bias voltage that

This journal is © The Royal Society of Chemistry 2025

promotes such a distortion that both spin states are degener-
ated. The distortion is due to the interaction with the applied
electric field, and this distortion at the end triggers the switch-
ing, as experimentally observed. It should be noted that our
model just captures one of the possible arrangements of the
molecule in the junction. The threshold voltage triggering the
switching might vary from junction to junction, depending on
the arrangement of the electrodes and the bridging molecule,
as illustrated by the histogram of the switching bias voltages
reported by Harzmann et al.>° These authors also showed that
for a given junction, the threshold voltage required to trigger
the spin transition increases linearly with the separation
between the electrodes. In other words, if the electrode
spacing increases, a higher bias voltage would be necessary to
reach the threshold value of the electric field.

It is also noted that the applied electric field of 0.1 VA~ in
our calculations corresponds to a bias voltage of ~2 V (separ-
ation between the electrodes is about 20 A). This value is
higher than those employed in the experimental junctions dis-
playing voltage-dependent bistabilities.>® This discrepancy can
be related to limitations of our computational model and/or
methodology, but it is also important to keep in mind that the
electric field due to the bias voltage is not homogeneous in
the junction, and local electric fields two or three times larger

Nanoscale, 2025, 17, 6141-6153 | 6147
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Fig. 5 Three views of the LS molecule in the junction optimized in the presence of an external electric field of 0.1 V A~ along the z axis. The
orange, grey, blue, yellow and white balls correspond to the Fe, C, N, S and H atoms in the original position and the cyan atoms correspond to the

molecule in the presence of the field.

than the homogeneous one can operate inside the junction.®>
Then lower bias voltages could produce a similar effect on the
molecule geometry.

3.4. Transport through the bridging molecule

The transport properties of the junction depend on the spin
state of the bridging molecule. Fig. 6 shows the I-V curve for
the junction with molecules in the HS state (blue dots) or the
LS state (red dots). As expected, the current increases with
increasing bias voltage, the changes being more significant for
one of the spin states. The current through the HS molecule is
higher than through the LS molecule in all the explored vol-
tages (Fig. 6), in line with previous studies on single-molecule
junctions  containing SCO  complexes,”!%?*?8:3%33,50,63
although a large diversity of behaviours has also been
reported, as devices with indistinguishable HS-LS conduc-
tance® or the LS state being more conductive than the HS
state.®>™®

If we compare it with the experimental I-V curves showing
bistability (Fig. 6 inset), our model for the molecular junction
nicely represents the situation with a hysteresis window. Then,
for the reported hysteretic -V characteristics, the high current
regime in the hysteresis window corresponds to the HS mole-
cule, while the low current regime represents the LS state of

6148 | Nanoscale, 2025, 17, 6141-6153

the immobilized molecule. Neither our I-V curves nor the
experimental I-V plots are symmetrically distributed around

1.5 1
< 05
o B_°
“I E-os
(8]
_1 i
S o5k 15
2 -1-05 0 05 1
g Bias /V
N N
—o®
051
HS
LS
-1.0
1 1 1 1 1 1 1 1 1 1
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

bias voltage / V

Fig. 6 Simulated /-V plots of the junction with a bridging molecule in
the HS (blue line) or LS state (red line). The inset corresponds to the
experimental /-V plots with a hysteresis window around the switching
point, reproduced with permission from Angew. Chem., Int. Ed.3°
Copyright 2015 John Wiley and Sons.
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the zero-bias voltage. Note that in our simulations of the trans-
port properties at a certain V bias voltage, both electrodes are
symmetrically shifted upward (+V/2) or downward (—V/2). The
slight asymmetry observed in our simulated -V plots, and for
extension also in the experimental one, should be related to
singularities of the molecule that distinguish between the
clockwise and counterclockwise distortions (Fig. 4), and then
between the positive and negative electric fields (bias voltage).

3.5. Mechanism for hysteretic switching

Once we have verified that the electric field can provide the
energy required to distort the molecule and that there exists a

View Article Online

Paper

certain electric field, the switching field, for which the LS and
HS states are degenerated, we then analyze a possible scenario
to explain the molecular junction bistability and the hysteretic
I-V characteristics (Fig. 6).

The molecules in the junction are preferably in the LS state
(1 in Fig. 7). Under a positive electric field (a negative bias
voltage), the vertical tpy ligand rotates counterclockwise (2).
For electric fields smaller than the switching field with a small
torque, the LS state is more stable than the HS state, and it
manifests as a low-current state. For a large enough positive
electric field, the LS and HS states are degenerated (3). The LS
to HS switching takes place and the current intensity increases

Relative energy (kJ/mol}

E>0 LS

current / HA

/ < \ -0.5 3

e HS
* LS

\ b

08 06

—> _
3 p '
\E>>0LS H/

current / nA
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bias voltage / V

00 02 04 06

-1-05 0 0.5 1 _
bias voltage / V

Fig. 7 Sketch of a possible scenario for the molecular junction to explain the /-V hysteresis. The red and blue dots represent the electron-with-
drawing R1 and electron-donating R2 groups, respectively. The distortion induced for the applied field modifies the HS and LS energies in different
ways, as shown in panel (a) and also modifies the -V characteristics resulting from the NEGF-DFT calculations, as shown in panel (b), compared
with the observed bistability in the /-V characteristics in panel (c), adapted with permission from Angew. Chem., Int. Ed.>° Copyright 2015 John

Wiley and Sons.

This journal is © The Royal Society of Chemistry 2025
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with a jump to the high current state. For a stronger electric
field, the molecule remains in the HS state (4). If now the
voltage sweeping is reversed, the molecule rotates clockwise,
retaining the high current state (HS) (5 and 6) until the
applied field is large enough. Once the switching field is
reached again (7), the molecule switches from the HS state to
the LS state, and the current jumps to a low-current state.
Increasing the voltage now does not change the current state
(8). Fig. 7 shows diagrams of the possible configurations of the
molecule in the junction during the forward and backward
bias sweeps, as well as the corresponding current state in the
Ivs.-V plot.

4. Conclusions

The possibility of triggering the spin transition in SCO com-
plexes by means of a bias voltage has been experimentally
demonstrated many times, although in most of the cases, the
mechanisms governing this process remain to be clarified. In
this work, we have investigated by means of density functional
theory-based calculations the mechanism controlling the
voltage-dependent bistabilities found in a family of
[Fe"(tpy),]™ SCO complexes, in which one tpy ligand is func-
tionalized with the R1 and R2 groups of different electronega-
tivities, acting as a push-pull system.

We have explored a single conformation for the molecule
inside the junction and tried to explain the most appealing of
the different voltage-dependent bistability features found by
Harzmann et al. with a hysteresis window.

A model of the molecular junction was built where the
molecule is connected to gold through terminal sulfur groups
in the horizontal tpy ligand. The simulated I-vs.-V curve pre-
sents features compatible with the hysteretic switching behav-
iour found in some of the experimental junctions, where the
high current state can be associated with the HS molecule.
The higher conductance of the junctions based on HS mole-
cules can be rationalized by means of the projection of the
density of states on the molecular orbitals and the corres-
ponding transmission peaks close to the Fermi level. We
demonstrated that a distortion of |z| ~ 15° on the dihedral
angle formed by the tpy ligands is enough to equal the energy
of the LS and HS states of the molecule and this distortion can
be induced by an homogeneous electric field along the z-axis,
besides additional motions on the xy plane, associated with
the rocking of the tpy ligand.

Our results confirm the hypothesized mechanism for
Harzmann et al.>® to explain the hysteresis in this type of junc-
tion, but without the need for long-range interactions between
the pending groups of the vertical tpy ligand and the electro-
des. Additional configurations of the molecule inside the junc-
tion should be explored to explain the other types of bistabil-
ities reported for this family of SCO-based molecular
junctions.
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