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ABSTRACT
We explore the deposition of the spin-crossover [Fe(tzpy)2(NCS)2] complex on the Au(100) surface by means of density functional theory
(DFT) based calculations. Two different routes have been employed: low-cost finite cluster-based calculations, where both the Fe complex
and the surface are maintained fixed while the molecule approaches the surface; and periodic DFT plane-wave calculations, where the surface
is represented by a four-layer slab and both the molecule and surface are relaxed. Our results show that the bridge adsorption site is preferred
over the on-top and fourfold hollow ones for both spin states, although they are energetically close. The LS molecule is stabilized by the
surface, and the HS–LS energy difference is enhanced by about 15%–25% once deposited. The different Fe ligand field for LS and HS molecules
manifests on the composition and energy of the low-lying bands. Our simulated STM images indicate that it is possible to distinguish the spin
state of the deposited molecules by tuning the bias voltage of the STM tip. Finally, it should be noted that the use of a reduced size cluster
to simulate the Au(100) surface proves to be a low-cost and reliable strategy, providing results in good agreement with those resulting from
state-of-the-art periodic calculations for this system.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036612., s

INTRODUCTION

Spin crossover (SCO) molecules belong to the family of bistable
molecules, capable of reversible switching from a low-spin (LS) elec-
tronic state to a high-spin (HS) electronic state, induced by an
external stimulus such as temperature, pressure, or light.1–5 Most
of these compounds are pseudo-octahedral Fe (II) complexes (d6)
where the low and high spin states correspond to S = 0 (t2g

6

eg
0) and S = 2 (t2g

4 eg
2), respectively. Recently, there has been a

remarkable interest in these compounds for their potential applica-
tions as molecular switches in signal processing, logic data manip-
ulation, and information storage.2,3,6–8 To be part of a molecu-
lar device, the SCO molecule has to be integrated into a circuit
and the spin transition must be preserved once the molecule is
deposited on the support.9–11 The interaction with the support
can in fact shift the transition temperatures,12,13 allow the coexis-
tence of both phases at low temperatures,14–16 and even suppress
the spin transition,17 blocking the molecule in one of the spin
states.

Two main groups of SCO molecules can be distinguished
depending on the strength of the interaction – those weakly interact-
ing with the substrate through van der Waals contacts and those with
a strong chemical bond with the substrate, mainly through isoth-
iocyanate (–NCS) and isoselenocyanate (–NCSe) ligands, where
the terminal S and Se atoms act as surface–molecule anchoring
groups. It has been reported that [Fe(phen)2(NCS)2], in direct con-
tact with non-magnetic metallic surfaces18,19 as Cu(100), Au(111),
and Cu(111), coexists in both the high- and low-spin states but
cannot be switched between them. This has been related to the
strong interaction between the complex and the substrate, gov-
erned by the chemisorption through the isothiocyanate groups. This
strong interaction has also been exploited to build single-molecule
STM junctions, such as that made up of the spin-crossover Fe(II)
complexes [Fe(tzpy)2(NCX)2] (X = S or Se, tzpy = 3-(2-pyridyl)-
[1,2,3]triazolo[1,5-a]pyridine), on a gold substrate using a magnetic
nickel tip,20,21 or Fe(terpyridine)2 functionalized with a thiol group
on the 4 and 4′′ positions of the phenyl rings, bridging two gold
electrodes.22
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In this study, we will focus on the [Fe(tzpy)2(NCS)2] complex
deposited on the Au(100) surface. The adsorption of SCO com-
plexes on this surface has been much less studied than on the other
low-index Au-surfaces, but this surface presents the lowest surface
energy together with the Au(111) one, and it is the second more
abundant in gold nanoparticles.23 Indeed, the square symmetry of
the Au(100) crystalline surface structure offers a unique packing
mode for the deposited molecules.

In this [Fe(tzpy)2(NCS)2] complex, the Fe(II) metal center lies
on an inversion center, and it is coordinated with two tzpy lig-
ands occupying the equatorial positions of a compressed octahe-
dron and two isothiocyanate ligands on axial positions. The exper-
imental data show that it exhibits spin transitions from a low-spin
(LS) S = 0 to a high spin (HS) S = 2 state with a critical tem-
perature of T1/2 = 108 K for [Fe(tzpy)2(NCS)2]⋅2CHCl3 and 118 K
for [Fe(tzpy)2(NCS)2]⋅H2O.24 Additionally, two polymorphs with-
out solvent molecules in the lattice have been isolated. Polymorph
A exhibits a gradual transition between 180 K and 120 K, while an
abrupt transition was observed for polymorph B with transition tem-
perature at 102 K.25 The enthalpy and entropy changes associated
with the spin transition are estimated from calorimetric measure-
ments for [Fe(tzpy)2(NCS)2]⋅2CHCl3 and [Fe(tzpy)2(NCS)2]⋅H2O
with values of ΔHexp = 3.67 kJ mol−1 and 4.08 kJ mol−1 and ΔSexp

= 34.0 J K−1 mol−1 and 34.5 J K−1 mol−1, respectively.24 A quan-
titative light-induced excited spin state trapping (LIESST) effect
was observed for [Fe(tzpy)2(NCS)2]⋅H2O24 and the non-solvated
polymorphs.25

The aim of this work is to analyze, for the first time, the spin
transition process of the [Fe(tzpy)2(NCS)2] complex and how it is
modified by the deposition on a metal surface. First, geometry opti-
mizations of the free molecule are carried out and the HS–LS energy
difference is evaluated with different combinations of exchange-
correlation functionals and basis sets. Next, the on-surface spin state
switching of this complex is analyzed by two approaches. In the
first approach, the Au(100) surface is represented by a finite clus-
ter, and the total energy of the molecule + cluster entity is computed
at different distances for on-top and bridge positions. In both cases,
the isothiocyanate S atom acts as an anchoring point. In the sec-
ond step, the deposition is inspected by means of periodic density
functional theory (DFT) plane-wave based calculations, where both
the surface and molecule are optimized. Our results show that the
molecule retains the spin crossover properties once adsorbed, the

HS–LS energy is enhanced, and the LS state is favored on the surface
with respect to the HS one for all the explored binding positions. All
these results are relevant for potential applications as a molecular
device. Additionally, the use of a reduced size cluster to simulate the
Au(100) surface proves to be a low-cost strategy, providing results
in good agreement with those resulting from state-of-the-art peri-
odic calculations. Finally, the STM images have been simulated for
both spin states, and the results indicate that it is possible to distin-
guish between both states using the STM bias voltage as a testing
probe.

DESCRIPTION OF THE SYSTEM
AND COMPUTATIONAL DETAILS

The main available geometrical parameters for the low- and
room temperature structures of this complex are reported in Table I.
It should be noted that the inclusion or exclusion of the solvent
in the lattice of the SCO complex introduces slight changes in the
structure, which induce significant differences in the magnetic prop-
erties, as the transition temperatures.25,26 We use as reference the
[Fe(tzpy)2(NCS)2]⋅2CHCl3 crystal for which the x-ray data are avail-
able for the room temperature structure and estimates of the transi-
tion entropy and enthalpy have been reported.24 In the FeN6 core,
the axial positions belong to the isothiocyanate ligands (Nthio), while
the equatorial positions are occupied by the N atoms of the pyridine
(Npy) and triazole (Ntriaz) groups.

The theoretical study of this [Fe(tzpy)2(NCS)2] complex will be
carried out using density functional theory (DFT) based approaches,
both at molecular and periodic levels with the Gaussian 09 package27

and VASP code,28–31 respectively. Although the reference theoreti-
cal approach when dealing with SCO Fe(II) complexes32–37 corre-
sponds to wavefunction based methods such as CASSCF/CASPT238

and CASSCF/NEVPT2,39 they are computationally prohibitive for
the study of the deposition on the metallic surface. For this reason,
we opt to use the DFT approaches in both scenarios, the isolated
molecule and the molecule–surface interaction.

As is well known, DFT methods provide accurate structures
and vibrational spectra at a reasonable computational cost, but it can
be a challenge to correctly describe the energy difference between the
two spin states in the SCO complexes. The main difficulty resides on
the rearrangements of the occupied orbitals accompanying the SCO

TABLE I. Main geometrical parameters for the [Fe(tzpy)2(NCS)2] complex at low and high temperatures (LT, HT), from X-Ray data, compared to those resulting from
TPPSh/def2-SVP calculations for the HS and LS states.

Distance (Å)/angle (deg) Fe–Npy Fe–Ntriaz Fe–Nthio Fe–Nthio–C(S)

LT exp poly A25 2.021 1.973 1.935 174.98
LS calc 2.016 1.962 1.923 179.98

HT exp poly A25 2.217 2.181 2.097 174.46
HT exp poly B25 2.193 2.174 2.107 177.53
HT exp CHCl324 2.204 2.211 2.113 170.75
HS calc 2.251 2.251 2.027 168.64
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processes, which are exchange-correlation sensitive.40 Despite the
big effort dedicated to obtain a systematic methodology to study
the energy of the spin states in different transition metal com-
plexes,41–45 there is not a definitive XC functional able to com-
pute the relative energy of the LS and HS states, although there
exists a certain consensus about the reliability of some function-
als. In this study, we first address the evaluation of the HS–LS
energy by means of a set of exchange-correlation (XC) function-
als and basis sets of different quality. The aim is to establish
the best performing XC functional/basis set combination to ana-
lyze the spin transition in this Fe(II) complex. The tested XC
functionals range from BP8646,47 [non-hybrid generalized gradient
approximation (GGA)], TPSSh48,49 (hybrid meta-GGA, 10% Fock
exchange), B3LYP,50 and PBE051 (20% and 25% Fock, respectively),
and the employed basis sets are SDD,52,53 6-31G(d,p),54–57 def2-
SVP,58 TZVP,59 and the combination QZVP58 for Fe and TZVP for
all non-Fe atoms. The Gaussian 09 package27 is employed for this
set of calculations. Additionally, for comparison, we have carried
out the geometry optimization of the free molecule with the ORCA
code60 using both TPSSh and rPBE functionals with the def2-SVP
basis set.

To simulate the deposition on the Au(100) surface, we have
performed calculations based on the finite size cluster approach and
periodic calculations. In both cases, the hexagonal reconstruction of
the Au(100) surface is not taken into account, and all the models
refer to the native Au(100) bulk surface. First, a three-layer cluster
containing 42 Au atoms (21 + 12 + 9) is used. The interlayer sepa-
ration is 2.07 Å, and the Au–Au distance inside each layer is 2.95 Å.
The Fe(II) complex is placed on top of the central Au site, with one
of the axial −NCS ligands pointing to the surface, or in a bridge posi-
tion where the S atom is anchored to two Au atoms. The total energy
of the LS and HS solutions has been evaluated at different Au–S dis-
tances when the molecule approaches the surface, maintaining fixed
its geometry to that of the isolated molecule. The gold atoms are
represented with the LANL2DZ basis with the LANL2 relativistic
effective core potential.61 The Gaussian 09 package27 is employed in
all these calculations.

Finally, the adsorption of the [Fe(tzpy)2(NCS)2] complex
on the Au(100) surface has been studied within periodic DFT
with the VASP (Vienna ab initio simulation package) code28–31

using the revised Perdew–Burke–Ernzerhof (rPBE) functional62 and
projector-augmented wave (PAW) potentials.63,64 The rPBE func-
tional is computationally less expensive than the hybrid ones as
TPSSh, and it has been proven to provide a good LS–HS balance
(much better than other GGA functionals such as PBE) for well-
known SCO complexes containing Fe(II) and Fe(III).21,22,43 We have
tested this functional in a previous study devoted to the deposi-
tion of the SCO [Fe((3,5-(CH3)2Pz)3BH)2] complex deposited on
the Au(111) surface,65 with excellent agreement with wavefunction
based methods such as CASSCF/CASPT2 and CASSCF/NEVPT2
and the available experimental data. Compared with previous
DFT+U calculations on the same system,66 the rPBE functional
presents the main advantage of being parameter-free. In fact,
LDA+U calculations of the [Fe((3,5-(CH3)2Pz)3BH)2] complex
showed that the HS–LS energy difference is dramatically sensitive to
the U value, much more than usual, providing results in agreement
with the experimental data only for a dramatically narrow window
of U values between U = 6.5 eV and 6.6 eV.66 Valence electrons

are described using a plane-wave basis set with a cutoff of 500 eV,
and the Γ-point of the Brillouin zone is used.67 The optimized lattice
parameters for the Au bulk are a = b = c = 2.97 Å. This calculated
value has been used for the (100) surface throughout the present
work and maintained fixed during the atomic position relaxation.
The Au(100) surface is represented by a slab containing 192 atoms
and four layers (23.607 × 17.705 Å2). The atoms of the lowest layer
are kept fixed at bulk optimized positions, while the three upper lay-
ers as well as the Fe complex have been relaxed. 28 Å of vacuum
has been added in the z direction to avoid the interaction between
the slabs. The unit cell is big enough to avoid interaction between
molecules, as the closest H–H contacts between two molecules along
the a and b axes are found at 8.1 Å and 7.0 Å, respectively. Three
starting geometries for geometry optimizations have been used,
with one isothiocyanate S atom placed in the top, bridge, or hol-
low position. Electronic relaxation has been performed until the
change in the total energy between two consecutive steps is smaller
than 10−6 eV, and the ionic relaxation has been performed until
the Hellmann–Feynman forces were lower than 0.025 eV/Å. As we
are interested in the different magnetic solutions, the NUPDOWN
option is used, which forces the difference between the number of
electrons in the up and down spin channels, Nα–Nβ, to be equal to
0 (LS) or 4 (HS).

Adsorption energies, Eads, were calculated with respect to the
isolated complex on a 23.607 × 17.705 × 35.039 Å3 box as Eads
= Eadsorbed_complex − (Eslab + Ecomplex). Thus, negative adsorption ener-
gies represent bound states. The STM simulations with two differ-
ent bias voltages (−1.5 V and −0.5 V) were carried out using the
Tersoff–Hamann approximation.68 Constant-height STM images
were finally visualized in the p4vasp program using density values
of 0.00 e/Å3 and 100 e/Å3 as low and high boundaries, respectively.
Charge density isosurfaces at 0.05 e/bohr3 are represented with the
VESTA code.69

RESULTS
Isolated molecule: Choice of the XC functional
and basis sets

The Fe(II) complex has been optimized with different basis
sets and XC functionals in both spin states and the result-
ing geometries compared to the available x-ray data for the
[Fe(tzpy)2(NCS)2]⋅2CHCl3 complex at a high temperature.

For all the considered functionals, the calculated bond distances
between the Fe center and the axial ligands, Fe–Nthio, are under-
estimated, while a slight overestimation of the distances between
the metal center and the equatorial ligands Fe–Npy and Fe–Ntriaz is
observed. The mean relative errors in Fe–N bond distances are small
(1.5%–3.5%) for all the considered functional/basis set combinations
(Fig. 1). In fact, the largest deviation comes from the Fe–N–C(S)
bond angle (exp 170.7○), underestimated for most of the functionals
(mean value for the explored basis sets: 158.7○, 163.6○, and 169.2○

for PBE0, TPSSh, and BP86, respectively) and slightly overestimated
for B3LYP (173.4○). The BP86 functional results to be less sensitive
to the basis set quality. In fact, it is common to optimize the mod-
els employed in benchmark studies42,43 at the BP86/def2-SVP basis
level.
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FIG. 1. Mean relative error (%) for Fe–N bond distances for the different XC
functional/basis set explored.

Once optimized, the energy difference between the HS and
LS state is evaluated for each functional/basis pair (Table II) and
compared to the experimental enthalpy change associated with the
spin transition, estimated from calorimetric measurements {ΔHexp

= 3.67 kJ mol−1 and 4.08 kJ mol−1 for [Fe(tzpy)2(NCS)2]⋅2CHCl3
and [Fe(tzpy)2(NCS)2]⋅H2O, respectively}.24 PBE0 favors the HS
state over the LS one, providing a qualitatively incorrect HS–LS
energy difference (negative instead of a positive value) for all the
explored basis sets. Similar results are obtained with B3LYP for most
of the chosen basis sets. Both TPSSh and BP86 correctly favor the
LS state, with a better agreement with the experimental transition
enthalpy for TPSSh, in particular for def2-SVP, TZVP, and the com-
bination of QZVP(Fe)+TZVP basis sets. This result is in line with
previous benchmark calculations on a set of Fe(II) and Fe(III) SCO
complexes.37,41–43 The geometrical parameters are of similar quality
for these three basis sets, but the dimension of the atomic orbital
basis is noticeable smaller for def2-SVP. Hence, we decide to use
the TPSSh/def2-SVP combination for the study of the deposition of
this Fe(II) complex on the Au(100) surface and refine the energetic

TABLE II. Energy difference (in kJ mol−1) between the optimized geometries of the
LS and HS states, HS–LS, with different XC functional/basis pairs. The gray cells
correspond to qualitatively correct results, and the white cells correspond to those
that predict a wrong sign or a large overestimation of the HS–LS difference.

XC functional

Basis sets B3LYP BP86 PBE0 TPSSh

SDD −19.9 68.1 −58.7 −10.1
def2-SVP −29.1 77.8 −54.0 21.5
6-31G(d, p) −19.4 89.9 −44.9 35.9
TZVP 20.9 74.9 −56.2 20.9
QZVP(Fe)+TZVP −30.6 77.2 −56.9 20.3

parameters of the deposited molecules by means of single-point cal-
culations with higher quality basis sets. The bond distances and
angles for LS and HS states obtained with this strategy are collected
in Table I.

Additionally, we have also evaluated the performance of the
rPBE functional for completeness since the periodic calculations
in the section titled Adsorption on Au(100) surface will use this
functional. We have carried out the geometry optimization of
the free molecule with the ORCA code (rPBE is not available in
the Gaussian code) using both TPSSh and rPBE functionals with
the def2-SVP basis set. TPSSh is included to check the potential
deviations due to the different computational code. The HS–LS
energy gaps predicted by these two functionals are consistently
similar, with a value of 22 kJ/mol for TPSSh (to be compared
with the value of 21.5 kJ/mol when using the Gaussian code,
Table I) and 19 kJ/mol in the case of rPBE one, in excel-
lent agreement with the HS–LS gap obtained for the isolated
molecule using periodic plane-wave calculations [20.3 kJ mol−1,
see the section titled Adsorption on Au(100) surface].

For the free molecule, the difference in the zero-point energy
(ZPE) of the LS and HS states is ZPE(HS)–ZPE(LS) = −10.28 kJ
mol−1, evaluated from analytic frequency calculations on the opti-
mized geometries at the TPSSh/def2-SVP level. As is well known,
the ZPE is more important for the LS state in line with the shorter
Fe–N bond distances and then stronger Fe–N bonds. Hence, the
zero-point correction favors the HS state in SCO Fe complexes,
reducing the HS–LS separation. Thus, the HS–LS separation reduces
to 11.2 kJ mol−1 for TPSSh/def2-SVP and 10.0 kJ mol−1 at the
TPSSh/QZVP+TZVP level once the zero-point correction is taken
into account, and these values are in reasonable agreement with
experimental data.

The molecular orbital diagram for the Fe 3d-like orbitals is
shown in Fig. 2 for both spin states. The separation between the
barycenter of the t2g-like and eg-like orbitals is 0.2 hartree for LS,
while it reduces to 0.1 hartree in the HS state (Fig. 2). Hence, the lig-
and field of the Fe center is stronger for the low-temperature struc-
ture than the high-temperature one. Consequently, the contribution
of the ligands to these orbitals is greater for the LS state than for the
HS one, as shown in Fig. 2.

Adsorption on Au(100) surface

The adsorption of the Fe(II) SCO complex on the Au(100) sur-
face has been studied by two different strategies. First, we employ
a cluster model for the metal surface and analyze the change in the
total energy of the LS and HS states when the molecule approaches
the surface, in an on-top position or a bridge position (Fig. 3). In
all these calculations, the geometry of the molecule is fixed to the
optimized structure of the free molecule on each spin state.

For the on-top position, the LS molecule presents the minimum
energy at 2.7 Å above the surface, while the optimal isothiocyanate–
surface distance for the HS states is 2.6 Å. The LS solution is more
stable than the HS one for all the considered distances (Fig. 4), and
the bridge position is favored over the on-top one, as observed for
the interaction of the isothiocyanate groups of [Fe(phen)2(NCS)2]
with the Cu(001) surface70 and Co/Cu(111) surface.71 The bridge
sites are found to be also favored for the deposition of alkanethiols
on the Au(100)72 and Au(111)73,74 substrates.
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FIG. 2. Molecular orbital diagram for the
Fe 3d-like orbitals of the LS(left) and
HS(right) states. For the HS state, the
3dxy orbital is doubly occupied, while in
the LS state, the 3dx2

− y2 and 3dz2

orbitals are unoccupied. The MO ener-
gies are obtained at the TPSSh/def2-
SVP level.

FIG. 3. Geometries adopted for the LS
and HS molecules deposited on the
Au(100) surface in on-top and bridge
positions.

In the bridge position, the molecule is closer to the surface,
the optimal molecule–surface distance is 2.3 Å in both states, cor-
responding to a S–Au distance of 2.73 Å. The separation between
the LS and HS curves is almost the same for the two considered
Au–S coordination contacts, and in both cases, the transition energy

FIG. 4. Total energy (kJ mol−1) of the [Fe(tzpy)2(NCS)2] complex, deposited in on-
top and bridge sites, in HS and LS states, relative to the LS molecule in the bridge
position. All values are at the TPSSh/def2-SVP level.

is larger than for the free molecule. Then, the surface induces an
enhancement of the relative stability of the LS molecules. In the case
of the HS molecule, since the isothiocynate groups are not orthog-
onal to the tzpy plane, the on-top curve can be estimated with the
−NCS axial group perpendicular to the surface as in the LS molecule
(HS top in Fig. 3) or by maintaining the tzpy plane parallel to the
surface (HS top parallel in Fig. 3). It is interesting that the interac-
tion curves are almost the same (straight cyan and dotted red lines
in Fig. 4), regardless of the relative orientation of the molecule with
respect to the surface. This indicates that the tzpy ligands are far
enough from the surface and do not contribute with any additional
interaction with the gold atoms.

The adsorption energy can be calculated as Eads = Emolec+surf
− (Emolec + Esurf). Hence, a negative Eads value means that the
molecule-on-surface is stabilized with respect to the free molecule.
For the def2-SVP basis, a large basis set superposition error (BSSE)
is observed, mostly due to the Fe complex, described with a basis set
of poorer quality than the metal cluster. To reduce the BSSE, single-
point calculations have been performed for the optimal interaction
distance with basis QZVP for Fe and TZVP for the remaining atoms.
Similar results are obtained when using the def2-TVZPP basis. The
interaction with the surface favors the LS state, and the interaction
energy at the optimal S–Au distance is −26.1 kJ mol−1 for the LS
state and −18.0 kJ mol−1 for the HS state for the on-top position,
once the BSSE is corrected by the counterpoise approach.75 For the
bridge positions, the interactions energies are stronger with values
of −53.6 kJ mol−1 for the LS state and −44.0 kJ mol−1 for the HS one.
This spin-dependent adsorption produces an enhancement of the
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FIG. 5. The deposition of the SCO
complex on Au(100) from periodic cal-
culations: on-top (left), bridge (middle),
and hollow (right) positions. The LS
molecules are represented, similar to the
HS ones (Fig. S1).

HS–LS energy difference for the deposited molecule (29.1 kJ mol−1

for the on-top position and 30.6 kJ mol−1 for the bridge position)
with respect to the free molecule (20.3 kJ mol−1) at the same level of
calculation.

In the second step, we performed periodic DFT calculations of
the molecule deposited on three different positions, on-top, hollow,
and bridge (Fig. 5). The geometry of the complex and the upper
layers of the gold slab have been fully optimized. The purpose is
twofold: first to refine the previous calculations where the geom-
etry of the molecule was fixed to the optimal structure of the iso-
lated molecule for each state and second to test the reliability of the
calculations based on finite clusters.

Table III shows the relative energy of the molecule on the three
explored positions with respect to the most stable one, the bridge
position of the LS molecule. We also report the HS–LS energy for
each position as well as the adsorption energies, which reflect the
relative stability of the deposited molecule with respect to the free
one. The complex adsorbs on the three explored sites (negative Eads
in all cases), being the bridge position the preferred one for both spin
states, in line with the cluster-based results. The relative stability of
the different positions is small (between 1 kJ mol−1 and 4 kJ mol−1

for on-top with respect to bridge, about 8 kJ mol−1 for the difference
between hollow and bridge), and then, molecules will be distributed
in the different coordination sites on the surface, in particular at
room temperature.

For the three considered adsorption sites, the HS–LS energy
is enhanced about 15%–25% with respect to the free molecule

(29.4 kJ mol−1 at the same level of calculation). The same effect has
been observed for the [Fe((3,5-(CH3)2Pz)3BH)2] complex deposited
on the Au(111) surface,65 [Fe(phen)2(NCS)2] on metallic sub-
strates,70,71 and [Fe(H2Bpz2)2(bipy)] encapsulated in single-walled
carbon nanotubes.76 Hence, the deposition on the surface impacts
the relative stability of the HS and LS phases. Although the calcu-
lated HS–LS energy is just a rough estimate of the transition enthalpy
since effects such as the zero-point correction or collective effects are
not included in our evaluations, the fact that the adsorption energy is
spin-dependent suggests that the deposition impacts the SCO prop-
erties and could modify the transition temperatures as observed for
the [Fe((3,5-(CH3)2Pz)3BH)2] complex supported on the Au(111)
surface12 and for [Fe(H2Bpz2)2(bipy)] encapsulated in single-walled
carbon nanotubes.76

The strongest adsorption energies are found for the bridge
positions and follow the order bridge > on-top > hollow. Note
that, unlike the cluster-based calculations, these adsorption ener-
gies also take into account the deformation experienced by the
molecule and surface due to the deposition. The adsorption ener-
gies are about 50 kJ mol−1, spin-dependent, −59.2 kJ mol−1 for
LS and −51.4 kJ mol−1 for HS for the bridge site, and larger
than those calculated for systems where the molecule–substrate
deposition is governed by van der Waals interactions, such as
[Fe((3,5-(CH3)2Pz)3BH)2] on Au(111)65 and [Fe(H2B(pz)2)2(bipy)]
confined in a single-walled carbon nanotube.76 Our estimates are
however four times less than the values reported for the chemisorp-
tion of [Fe(phen)2(NCS)2] on metallic surfaces.70 This suggests that

TABLE III. Relative energy of the deposited LS and HS molecules (kJ mol−1), HS–LS energy difference, and adsorption
energy in on-top, bridge, and hollow positions on the Au(100) surface from periodic calculations. The HS–LS transition energy
for the free molecule is 29.4 kJ mol−1 at the same level of calculation.

Relative energy Adsorption energy

Position LS HS HS–LS LS HS

On-top 4.4 38.3 33.9 −54.8 −50.4
Bridge 0.00 37.3 37.3 −59.2 −51.4
Hollow 7.9 44.5 36.5 −51.3 −44.2

LS state S–Au distances (Å) HS state S–Au distances (Å)

On-top 2.556 2.673
Bridge 2.675 2.644 2.723 2.686
Hollow 2.811 2.848 2.825 2.868 2.884 2.863 2.970 2.989
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the on-surface SCO behavior of the [Fe(tzpy)2(NCS)2] complex
could be different from that reported for the [Fe(phen)2(NCS)2]
molecule. The adsorption always favors the LS state (with larger
Eads), as has been also observed in our cluster-based calculations.
The optimal distance to the surface increases with the number of
S–Au contacts (don-top < dbridge < dhollow), in reasonable agreement
with the minima in Fig. 4, and they are slightly shorter for the LS
than the HS molecules. This is in line with a stronger interaction
for the LS molecules, and both can be related to the strength of the
Fe ligand field that enhances the metal–ligand hybridization in the
LS state. Figure 6 (bottom) shows the density of states of the LS
and HS molecules deposited on the Au(100) surface, projected on
the Fe atom, isothiocyanate, and tzpy ligands. The most significant
difference between both states is the hybridization between the Fe
and the ligand states, which is larger for the LS state, in particular
for the unoccupied bands. This result is in line with the composi-
tion of the Fe 3d-like orbitals discussed above (Fig. 2), where the
contribution of the ligands to the eg-like orbitals (3dx2

− y2 and
3dz2) is more important for the LS state than the HS one. In the
case of the occupied bands, the main metal–ligand hybridization
proceeds through the isothiocyanate groups for the bands close to

the Fermi level, as observed for the 3dxz-like and 3dyz-like orbitals
in Fig. 2. Comparing with the projected DOS of the free molecule
(Fig. 6 top), the main difference comes from the NCS group clos-
est to the surface (NCS1 in Fig. 6), and the states, indistinguishable
to those of the NCS2 for the free molecule, strongly differentiate
when the molecule is deposited, due to the mixing with the occupied
and empty states of the gold surface, in line with the formation of a
bond between the terminal S atom and the surface gold atoms. Addi-
tionally, the states of the tzpy ligands are slightly shifted to lower
energies.

Taking into account the role of the NCS groups in the low-
lying occupied bands and the fact that they appear at different ener-
gies depending on the spin state, it could be possible to distinguish
the adsorbed molecules using a STM tip, as observed for [Fe((3,5-
(CH3)2Pz)3BH)2] on Au(111).12 Our simulated STM images (Fig. 7),
based on the DOS resulting from the rPBE calculations, indicate that
for a negative bias of −0.5 V, the STM image for HS molecules is
completely dark, and only the LS molecules are bright. For a bias of
−0.5 V, only the states with energy between the Fermi and −0.5 eV
can be probed by the STM tip. In the case of the HS molecule, the
occupied states in this range are centered on the Fe site as well as on

FIG. 6. Projected density of states on Fe, isothiocyanate groups (–NCS1 corresponds to the group closest to the surface), and tzpy ligands for the LS (left) and HS (right)
states of the free molecule (top) and deposited in a bridge position (bottom).
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FIG. 7. Constant-height simulated STM images with two different bias voltages
(−0.5 V and −1.5 V) for LS (left) and HS (right) states. The images contain 4 × 4
unit cells. On the right-hand side of each STM image, the charge density isosurface
at 0.05 e/bohr3 for the corresponding bias voltage is represented.

the gold surface, both far away from the STM tip. The charge density
isosurface at 0.05 e/bohr3 is represented in Fig. 7 (right-hand side)
for each spin state and bias voltage. In the case of the HS molecule
with a negative bias of −0.5 V, the density is placed on the Fe 3d
orbital, in line with the projected DOS in Fig. 6. However, for the LS
molecule, the projected DOS shows a significant contribution of the
terminal NCS group, and the states spread enough to be probed by
the tip, as the charge density isosurface indicates. Then, at this bias
voltage, only the LS molecules can be imaged by STM. For negative
bias smaller than −1 V, the spots are similar for both states, in line
with the main features of the density of states, and the shape of the
charge density isosurface is represented in Fig. 7. Then, it is possible
to distinguish the spin state of the deposited molecule using the bias
voltage of the STM tip as a probe.

DISCUSSION AND CONCLUDING REMARKS

The on-surface spin state switching of Fe complexes is of rel-
evance for their potential applications in molecular electronics and
spintronics, information storage, and sensing. We explore for the
first time the interaction of [Fe(tzpy)2(NCS)2] with the Au(100) sur-
face by means of DFT calculations. Our calculations indicate that the
molecule can adsorb on the three different sites with similar ener-
gies, although the bridge coordination is energetically favored, as
observed for other Fe SCO complexes on metallic surfaces as well
as alkanethiols.

The interaction with the surface is spin-dependent, favors
always the LS state, and impacts the SCO properties increasing
the HS–LS energy difference. This suggests higher critical tem-
peratures than those reported for the bulk material. It should be
noted that the adsorption energies are higher than those esti-
mated for weakly interacting SCO complexes, such as [Fe((3,5-
(CH3)2Pz)3BH)2] on Au(111), but noticeably smaller than those
reported for Fe(phen)2(NCS)2 on Au(111), Cu(100), and Cu(111),
whereas in this case, the complex chemisorbs on the metallic
substrate.

In addition to these results, this study brings information about
the reliability of the calculations based on finite clusters as models
of the gold surface, confronted with the results provided by state-
of-the-art periodic DFT evaluations. Our results show a qualitative
agreement between both sets of calculations, and the cluster-based
calculations correctly predict the optimal adsorption sites and give
interaction energies of the same order than those resulting from
the periodic calculations, once the basis set superposition errors are
corrected. They also agree that the deposition produces an enhance-
ment of the relative stability of the LS state and the spin-dependent
hybridization of the 3d-like orbitals due to the different strength of
the Fe ligand field on each spin state. The reliability of these cluster-
based calculations could be partially ascribed to the fact that the
interaction is governed by the terminal isothiocyanate group, and
the rest of the molecule has almost no role in the energetics of the
deposition. Probably, the scenario would be different for complexes
interacting via weak van der Waals contacts where more extended
clusters would be necessary to take into account these longer range
interactions.

Finally, the simulated STM images show that the spin state of
the molecule once deposited can be determined using the bias volt-
age of the STM tip, and this could be particularly useful at low
temperatures, if, as observed for other strongly interacting SCO
complexes, the [Fe(tzpy)2(NCS)2] molecules coexist in both spin
states.

SUPPLEMENTARY MATERIAL

See the supplementary material for the figures for the optimized
HS molecules deposited on Au(100) in on-top, bridge, and hollow
positions resulting from periodic calculations.
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