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ABSTRACT: For their incorporation in molecular spintronic devices, it is mandatory to
understand how the properties of spin-crossover molecules are modified when they are in
direct contact with metallic substrates and how the growth of molecular films is governed by
the substrate. In this context, we investigate in detail the structure of [FeII(HB(3,5-
(CH3)2Pz)3)2] (Pz = pyrazolyl) ultrathin films adsorbed on Cu(110) using grazing incidence
X-ray diffraction measurements, along with their spin-crossover properties measured by X-ray
absorption spectroscopy. For submonolayer coverage, the molecules self-assemble into two
equivalent domains that are in a perfect epitaxial relationship with the Cu(110) substrate at
room temperature. In parallel, the molecules are fully locked in a high spin (HS) state at low
temperature. Density functional theory calculations show that there is a complex interplay
between the epitaxial strain effect and the binding to the substrate that governs the orientation
growth and the spin-crossover properties of the molecular films. For thicker thicknesses, a
layer-by-layer growth of the (100) planes of the molecular bulk crystal with the release of the
epitaxial constraint is observed, while the spin-crossover properties of the films are partially recovered with the opening of a
hysteresis. The results obtained are very different from those observed on thin films adsorbed on Cu(111), indicating that not only
the nature of the substrate but also its symmetry influences the spin-crossover properties of molecules.

Spin-crossover molecules are promising candidates in the
field of molecular electronics and spintronics,1−4 as they

present two spin states that can be addressed by external
stimuli. In the solid state, the polymorphism of the molecular
crystals has strong consequences regarding the switchability of
the spin state of the material.5,6 For their incorporation in
future devices, a fundamental understanding of the spin-
crossover properties of molecular films in contact with
substrates is needed.7−9 When the material is in the form of
a film, different phases can also be observed, which might or
might not present spin-crossover properties.10−12 Thus, the
structure of the molecular film must also be considered. The
determination of the structures of molecular ultrathin films
(less than a few nanometers) and of the associated interface
with the substrate is scarce in the literature and has mainly
consisted of analysis by atomic force microscopy to determine
the morphology of the films.
In real space, at the molecular level, the adsorption geometry

of the molecules on model conducting substrates can be
determined by using scanning tunneling microscopy along with
the spin-crossover properties. For [Fe(1,10-phenanthro-
line)2(NCS)2] molecules, regardless of the symmetry of the
metallic substrate, the molecules are adsorbed in a mixture of
molecules in high spin (HS) and low spin (LS) states due to
the chemisorption.13,14 In such a strongly coupled system, only

the use of decoupling layers, such as nitrogen or a molecular
layer, enables a partial recovery of the spin-crossover
properties.14,15 Interestingly, when deposited directly on an
Ag(111) metallic substrate, Fe(H2B(pyrazole)(pyridyl-
pyrazole))2 molecules form tetramers composed of two
molecules that can switch from one spin state to the other,
while spin-crossover in the other two molecules is blocked due
to steric interactions,16 emphasizing once again the importance
of the molecular environment.
Concerning the interface, studies on various systems have

revealed that the nature of the substrate plays an important
role in the spin conversion, with a better completeness on
substrates with lower electronic density at the Fermi level, such
as graphite or semiconducting substrates.17−21 The influence of
the epitaxial relationship between the molecular layer and the
underlying substrate is also of paramount importance, both for
the growth of a specific molecular crystalline phase and for the
spin-crossover properties.22,23 This means that not only the
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nature of the substrate but also the crystallographic parameters
of its surface can be important.
In this paper, we show by measuring a model molecule on

Cu(110) that indeed its behavior is very different compared to
that found on Cu(111). To do this, we have focused our study
on thin films of [FeII((3,5-(CH3)2Pz)3BH)2] (Pz = pyrazolyl,
called FeMPz in the following) grown on Cu(110), which
presents a rectangular symmetry. The structure of molecular
spin-crossover films from submonolayer coverage to a few
layers thick has been investigated in detail, as well as their spin
state switching properties while varying the temperatures.
Using X-ray absorption (XA) spectroscopy, we observed that
the thermal spin-crossover transition is strongly modified
compared to what is observed for deposition on a Cu(111)
substrate23 and that for different molecular film thicknesses. By
grazing incidence X-ray diffraction (GIXD) at room temper-
ature, we carried out a structural study of ultrathin molecular
films of various thicknesses to understand their growth. We
observed a strong epitaxial relationship between the molecular
film and the substrate for submonolayer coverage, presenting
only two molecular domains. Complementary DFT calcu-
lations underline the importance of both the epitaxial strain
and the molecule−substrate interaction for the spin-crossover
properties. For higher coverages, the structure of the molecular
film evolves to release the constraint imposed by the epitaxy,
and the film is composed of (100) planes with respect to the
molecular bulk structure.
First, the spin-crossover properties of the molecular ultrathin

films on Cu(110) have been probed by X-ray absorption
spectroscopy. Figure 1a,b shows the spectra measured at room
temperature and low temperature (300 and 4 K, respectively)
for 1.0 ± 0.3 and 5.9 ± 1.5 ML films, respectively. For both
thicknesses, the spectra at room temperature (black curves in
Figure 1a,b) are typical of the FeMPz molecules in the HS
state.23 Upon reducing the temperature to 4 K, for the 1 ML
film, the proportion of molecules in the HS state remains
constant, the spectrum modifications observed being only due
to the variation of the Boltzmann repartition with the
temperature in the HS initial states.23 On the contrary, for
the 5.9 ML film, the shape of the spectrum evolves due to the
HS-to-LS conversion of some molecules. Quantitatively, for
the 5.9 ML film, the proportion of molecules in the HS state
decreases with decreasing temperature, from 100% at 300 K to
49 ± 3% at 4 K (see the Supporting Information (SI) and
Figure S1). To characterize the thermal transition over the
whole temperature range, we extracted from the XA spectra the
proportion of molecules in the HS state as a function of
temperature while ramping the temperature up and down
(sweeping ramp of 1.25 K·min−1). As shown in Figure 1c, the
molecules are completely locked in HS states for the 1.0 ML
film on Cu(110), whereas when grown on Cu(111), a partial
conversion is observed.23 For the 5.9 ML film, the conversion
is partial, and a small hysteresis of 14 ± 8 K is observed. The
width of the hysteresis is smaller than the width measured for
the bulk10 or ultrathin films grown on Cu(111),23 but it
confirms the existence of hysteresis in ultrathin films. In the
framework of the mechano-elastic model,23,24 the evolution of
the width observed between the (110) and (111) orientations
of Cu could be described by the variation of interaction with
the substrate. These XA measurements indicate that not only
the nature of the metallic substrate19,23,25,26 but also its
symmetry has an influence on the molecular spin-crossover
properties. To understand how the symmetry of the substrate

impacts the grown molecular layer, we investigated in detail
the structure of the molecular film at room temperature as well
as its relationship to the Cu(110) substrate for various film
thicknesses.
Figure 2a shows the in-plane (h, k) map obtained by GIXD

measurements for a submonolayer of FeMPz molecules
adsorbed on Cu(110). All of the diffraction measurements
are presented using the orthogonal basis linked to the Cu(110)

surface for which aCu(110)* and bCu(110)
* are schematized by

orange arrows in the map in Figure 2a (see the Methods
section for more details). The intense peaks at (1, 0), (0, 1),
(−1, 0) and (0, −1) correspond to the (h, k) positions of
Bragg peaks of the Cu(110) substrate. Other intense spots
corresponding to molecular lattices are observed at (h, k)
values smaller than 1. Two domains, equivalent by mirror

symmetry, can be defined with the asub* and bsub
* lattice

parameters schematized by the black and red arrows on the
map. The expected positions of the Bragg peaks of the
molecular crystal are also indicated by black and red circles. As
can be seen by the coincidence of the spots between the

Figure 1. XA spectra at the Fe L3-edge at room temperature (black
curves) and low temperature (4 K, colored curves) for a molecular
film of (a) 1.0 ± 0.3 and (b) 5.9 ± 1.5 ML. The absorption is plotted
as the signal to background ratio so that the percentage of the edge
jump can be read directly. (c) Evolution of the percentage of
molecules in the HS state, extracted from the XA spectra, as a
function of temperature, for a sweeping ramp of 1.25 K·min−1 for the
1.0 ± 0.3 (red dots) and 5.9 ± 1.5 ML (blue dots) films. The
percentage of HS state molecules in the bulk is added as gray points
(extracted from SQUID measurements, sweeping ramp of 2 K·min−1).
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molecular domains and the Cu(110) network, the two
molecular domains are in perfect registry with the substrate.
The epitaxial relationship is defined for the red domain as
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* The molecular lattice parameters

are determined to be asub = 10.54 Å, bsub = 10.84 Å, and

a b( , )sub sub = 117.2°. Figure 2b presents the corresponding
schematic drawings in real space of both molecular lattices in
an epitaxial relationship with the substrate. The formation of
well ordered domains is confirmed by scanning tunneling
microscopy (STM) imaging (Figure 2c). For deposition at
room temperature, the molecules self-assemble in domains
with a size of around 40 nm (see SI and Figure S2). The
Fourier transform of the STM image (Figure 2d) shows one of
the domain orientations compatible with GIXD measurements.
The lattice parameters of the epitaxial domain can be

compared to those expected for various dense planes of the
bulk molecular crystal for the high spin phase.10 Interestingly,
they are quite close to the lattice parameters describing the
(100) plane of the molecular bulk, whose values are B(100) =

10.22 Å, C(100) = 10.79 Å, and α(100) = 116.4°. In comparison
to the bulk plane, the epitaxial molecular film is constrained by
3.2% along the direction of asub and by 0.5% along the direction

of bsub. Interestingly, the molecular structure of the monolayer

film on Cu(110) is different from the one obtained on
Au(111)22 and Cu(111).27

To confirm and interpret the experimental results, we have
performed spin-polarized density functional theory (DFT)
calculations using the Quantum ESPRESSO package.28,29 In
these calculations, exchange correlation interactions were
treated using the PBE form of the Generalized Gradient
Approximation,30 and van der Waals interactions were
incorporated using the DFT-D3 method.31 Strong correlations
were treated using Hubbard parameter U = 2 eV on Fe d
orbitals.32 Further details justifying the choice of U and other
calculation details can be found in the Supporting Information
(see the SI, Figure S3, and Table S1).
We first calculate the surface energies of different facets of

the bulk HS molecular crystal, namely the dense facets (100),
(011̅), (010), and (001). We find that the facet with the lowest
surface energy is (011̅), as can be seen from the results
presented in Table 1. This suggests that it is not the surface
energy alone that primarily governs the favored molecular

Figure 2. Submonolayer coverage of FeMPz on Cu(110). (a) In-plane (h, k) map (the intensity is integrated along the l-direction in the range
0.05−0.15). The Cu(110) lattice is highlighted by orange arrows; the two molecular domains are highlighted by red and black arrows and circles.
(b) Schematic drawings of the epitaxial relationship between the molecular films (red dots on the left and black dots on the right) and the Cu(110)
substrate (orange dots). (c) STM topographic image acquired at room temperature (60 × 60 nm2, Vbias = −1.5 V, It = 20 pA). (d) Fourier
transform of the STM image on which one of the molecular domains is clearly identified (black circles).

Table 1. DFT Results for the Surface Energy (σ) of the
Molecular Crystal and the Adsorption Energy (Eads) for One
Monolayer Adsorbed on Cu(110), for the Four Orientations
of the Molecular Crystal Investigated

(100) (011̅) (010) (001)

σ (meV·Å−2) 3.801 3.707 3.838 4.600
Eads (eV) −2.320 −2.231 −2.094 −1.494
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orientation on the Cu(110) substrate. Previous theoretical
attempts to understand the formation of low-dimensional SCO
materials on substrates have relied on semiempirical models
that are used to separate out contributions from surface energy,
surface stress, and interface stress.2,24,33,34 Here, we instead
adopt a novel perspective using only first-principles calcu-
lations and perform a thought experiment in which the
formation of a self-assembled monolayer is conceptually
separated into three steps. In the first step, a (hkl) monolayer
is carved out from bulk FeMPz in the high spin state. Next, the
freestanding (hkl) monolayer is strained to the lattice
parameters it will have when deposited on the substrate with
an epitaxial relationship (see the SI and Table S2). We note
that these lattice parameters match the experiment best for the
(100) orientation. Finally, the strained (hkl) monolayer is
deposited on the substrate. Figure 3a shows how the total
energy changes with respect to the bulk as the system changes
from the bulk to the freestanding monolayer, then to the
strained monolayer, and finally to the adsorbed one for the
four different molecular orientations considered. After the first
step, the molecular (010) orientation is the lowest in energy,
and this remains true when the molecular layer is strained in
the second step. However, after adsorption on Cu(110), the
(100) orientation becomes the lowest energy geometry. Thus,
both the supercell geometry and the DFT energetics support
that the FeMPz is deposited on Cu(110) with the orientation
that it has in the (100) plane of the bulk molecular crystal.
These results also suggest that it is primarily molecule−
substrate binding, rather than epitaxial strain, that determines
the adsorption geometry. The relaxed adsorption geometries
along with the isosurfaces of the charge redistribution are
shown in Figure 3b,c for the (001) and the (100) planes,
respectively (the adsorption geometries for the other
orientations can be found in Figure S4 in the SI). The charge
redistribution that occurs when the monolayer is deposited on
the substrate is defined as Δρ = ρml/sub − ρml − ρsub, where
ρml/sub, ρml, and ρsub are the charge densities of the monolayer
on the substrate, the monolayer alone, and the bare substrate,
respectively. In Figure 3b,c, the red and green lobes represent

regions of charge accumulation and depletion, respectively.
Alternating green and red lobes indicate a bond formed
between the monolayer and the substrate, and the size of these
lobes is an indication of the strength of the bond. By visual
comparison (Figure 3b,c), we can see that the number and
strength of the bonds are greatest in the (100) orientation and
lowest in the (001) orientation. To understand the reason for
this, we note that the number of H atoms available to form
such bonds varies with the molecular orientation. A greater
number of hydrogen atoms that are close to the substrate (e.g.,
within a distance of 3 Å from the topmost layer of the
substrate) is available in the case of the (100) orientation
compared to the others, thus explaining the stronger
adsorption (see Figure S5 in the SI). Thus, we conclude that
the important parameter that governs the epitaxial growth of
FeMPz on Cu(110) is the interaction with the substrate via the
bonds between the peripheral H atoms in FeMPz and the
substrate. We also use DFT to compute the difference in total
energy between the high and low spin configurations (ΔEHL).
For the bulk molecular crystal, ΔEHL = 102 meV. For an
unstrained (100) monolayer, ΔEHL = 150 meV. For the
strained (100) monolayer, ΔEHL = 97 meV, and for a (100)
monolayer deposited on Cu(110), ΔEHL = 140 meV. These
results show that there is a complex interplay between strain
effects and binding to the substrate that affects the ΔEHL value.
These results alone cannot explain spin locking on Cu(110), as
the values of ΔEHL are comparable in the molecular crystal and
the monolayer on Cu(110). This may be due to our neglect of
entropic contributions to the thermodynamic free energy,
which could be quite different (especially the vibrational part)
on the surface than in the bulk. Alternatively, the HS state
could be kinetically trapped due to a large activation energy
barrier for the HS-to-LS transition. We note that strong
binding to the substrate is likely to increase this barrier due to
the structural transition that accompanies the spin-crossover.
Unfortunately, the large system size makes explicit calculations
of entropic and kinetic effects infeasible in a reasonable time
scale.

Figure 3. (a) Variation of the total energy with respect to the bulk for the four different orientations considered (ΔE), as one goes from the bulk
molecular crystal to the monolayer on the substrate in three steps: (i) carving out the monolayer from the bulk crystal, (ii) straining the monolayer
to obtain lattice-matching with the substrate, and (iii) depositing the strained monolayer on the substrate. Adsorption geometries and charge
redistribution for the molecular film orientations of (b) (001) and (c) (100) on the Cu(110) substrate. The charge redistribution (Δρ) is plotted
using an isosurface value of ±5 × 10−4 e/bohr3. The red and green lobes represent regions of electron accumulation and depletion, respectively.
The FeMPz is visualized as a wireframe, and the pale yellow spheres correspond to Cu atoms. The vertical black lines show the boundaries of a
surface unit cell. High spin state is assumed in the structural model.
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Upon increasing the molecular film thickness, its structure
evolves. Two samples are discussed here, one in the main text
and a second in the SI (Figure S6). As visible on the (h, k)
map presented in Figure 4, for a 10 ML-thick molecular film,

the spots around the positions expected for the epitaxial
domains are doubled, and additional spots at intermediate
positions corresponding to extra domains are observed. As
highlighted by the dashed and solid networks in Figure 4, for a
given epitaxial domain, the spots are now doubled, and two
misoriented domains with the same lattice parameters
(denoted as afilm and bfilm) are observed. For a greater
thickness (SI), the same doubling is observed. The determined
values of the lattice parameters are afilm = 10.3 ± 0.1 Å,

bfilm = 10.7 ± 0.1 Å, and a b( , )film film = 117 ± 1°. Again, these
parameters can be compared to those of the (100) plane of the
bulk molecular crystal for the high spin state.10 Interestingly,
with increasing thickness, the lattice parameters evolve to

values nearer to those of the (100) plane in the bulk molecular
crystal, with the strain imposed being decreased to 0.8% along
the direction of afilm and −0.8% along the direction of bfilm.
Thus, increasing the thickness of the molecular film leads to
relaxation of the epitaxial strain with the doubling of the
domains and a growth of (100) molecular planes with respect
to the bulk crystal. As detailed in the SI (Figure S7), all of the
intermediate spots can be assigned to two domains equivalent
by mirror symmetry whose parameters are also similar to those
of the (100) plane of the bulk molecular crystal. The thick
molecular films are not any more in registry with the substrate,
and most probably misfit dislocations or cracks24 are created in
the molecular film near the interface with Cu(110).
Out-of-plane measurements have also been carried out for

all of the molecular domains. The intensity along the rods
displays modulation with peaks at particular positions (see
Figure S8 in the SI). Their positions can be compared to the
position expected in l for the Bragg peaks of the bulk molecular
crystal exhibiting a (100) plane termination. As detailed in the
SI, the agreement between the expected and measured values is
very good, thus confirming the growth of the molecular film
composed of (100) planes.
In thick molecular films with a thickness of around 20 nm,

atomic force microscopy measurements have also been carried
out. As can be observed in Figure 5a, the molecular film is
composed of flat islands indicating a preferred layer-by-layer
growth mode.
Finally, we also performed X-ray reflectivity measurements

on the 10 nm-thick FeMPz film grown on Cu(110) and
compared the results to those obtained on the bare Cu(110)
substrate (see the black dots and green dots, respectively, in
Figure 5b). The Bragg peaks of the molecular layer are
observed at qper values of 0.782 and 1.486 Å−1 and are
modulated by Laue oscillations, which indicate that the
molecular planes are well-defined. To reproduce these
oscillations, we build a model composed of N layers of
FeMPz molecules grown on a semi-infinite Cu substrate (see
Figure 5c and Figure S9 in the SI). The molecular layers are
considered to be (100) planes with respect to the molecular
bulk, thus defining the distance between the molecular planes
(d100). The best agreement between the simulation (blue
curve) and the experimental data is obtained for the d100 of the
bulk and 10 monolayers of molecules (N = 10). This X-ray

Figure 4. In-plane (h, k) map for the 10 ML-thick molecular film of
FeMPz on Cu(110) (the intensity is integrated along the l-direction
in the range 0.05−0.15). Two of the nearby molecular lattices (a film*

and bfilm
* ) are highlighted with dashed and solid networks and circles,

respectively. The Bragg peak positions of Cu(110) are highlighted by
orange circles.

Figure 5. (a) AFM image of a 20 nm-thick molecular film of FeMPz on Cu(110) (4 × 4 μm2). (b) X-ray reflectivity measurements performed on
the 10 nm-thick molecular film of FeMPz on Cu(110) (black dots) and on the bare Cu(110) surface (green dots). The simulated curve is
superimposed (blue curve). (c) Schematic drawing of the model developed to simulate reflectivity measurement, considering N FeMPz layers
separated by interplanar distance d100 and deposited on a Cu semi-infinite crystal.
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reflectivity measurement confirms that the molecular film is
well crystallized and composed of a stack of (100) planes.
To summarize, thin films of FeMPz grow epitaxially in a

layer-by-layer mode on Cu(110). For submonolayer coverage,
the molecular layer is in perfect epitaxy with the Cu(110),
leading to the locking of the molecules in the HS state, as
supported by the combination of XA spectroscopy and GIXD
measurements. DFT calculations demonstrate that the
orientation of the molecular layer is primarily determined by
maximizing the molecular−substrate binding, which in turn is
determined by the number of peripheral H atoms available to
bond with the substrate. The spin state locking cannot be
explained by electronic energy differences (ΔEHL) alone;
entropic and/or kinetic effects must also be considered.
Increasing the molecular coverage leads to the release of the
epitaxial constraint in the film and a preferential growth of a
molecular film composed of (100) planes with respect to the
molecular crystal, and the molecules recover their spin-
crossover properties with temperature with the opening of a
hysteresis. These results clearly demonstrate that not only the
nature of the substrate but also its symmetry plays a role in the
spin-crossover properties of molecular films.

■ METHODS

Sample Preparation
The different samples investigated were prepared under ultrahigh
vacuum (UHV, base pressure of 10−10 mbar) in different UHV
chambers. For all the samples prepared, the Cu(110) single crystal
(Surface preparation laboratory, with a purity of 6N) was first cleaned
by Ar+-sputtering (at 1 keV) and annealing (between 500 and 700
°C) cycles. Once the Cu(110) substrate was cleaned, the FeMPz
molecules, synthesized following the procedure described by Iasco et
al.,10 were deposited from a homemade evaporator (Knudsen-type) at
a crucible temperature around 90 °C. During the molecular
deposition, the substrate was kept at room temperature except for
the sample measured by STM at low temperature, for which the
substrate was kept at 80 K. The coverage of the different samples
ranged from submonolayer coverage to around 20 ML. The thickness
calibration is further discussed in the SI.

Grazing Incidence X-ray Diffraction
The GIXD experiments were realized on the Surfaces and Interfaces
X-ray Scattering (SixS) beamline at synchrotron SOLEIL on the UHV
end station.35 All of the GIXD measurements were performed at room
temperature, at a beam energy of 18.4 keV and an incident angle of μ
= 0.2°. For the GIXD experiments, the experimental results are
presented in the Cu(110) basis, which is defined as follows compared
to the fcc structure of Cu: a 1 10(110)

1
2

= [ ], b 001(110) = [ ], and
c 110(110)

1
2

= [ ]. For the data analysis, binoviewer software was used.36

Scanning Probe Microscopy
The submonolayer samples were measured by scanning tunneling
microscopy both at low temperature (4.6 K, LT-STM from Omicron
Scienta) and at room temperature (VT-XA STM from Omicron
Scienta). A thicker sample was imaged by atomic force microscopy
(CoreAFM, Nanosurf) using an ultrasharp tip (SSS-NCHR, Nano-
AndMore).

X-ray Absorption Spectroscopy
The XA spectroscopy experiments were carried out on the DEIMOS
beamline at Synchrotron SOLEIL using total electron yield (TEY)
detection.37 The sample was prepared using a shadow mask during
the molecular deposition to define two areas with different thicknesses
(1.0 ± 0.3 and 5.9 ± 1.5 ML), which were measured in parallel. Thus,
the thermal ramps applied to both thicknesses were exactly the same,

and the evolution of the HS proportion as a function of temperature
can be directly compared.
DFT Calculations
Density functional theory (DFT) calculations were performed using
the Quantum ESPRESSO package.28,29 The Kohn−Sham orbitals
were expanded in a plane wave basis with cutoffs of 60 and 300 Ry for
wave functions and charge densities, respectively. We used PAW
pseudopotentials,38 while exchange correlation interactions were
treated using the PBE form of the Generalized Gradient
Approximation.30 van der Waals interactions were incorporated
using the DFT-D3 method.31 Strong correlations were described
using Hubbard parameter U = 2 eV on Fe d orbitals, following the
Dudarev formalism39 and the subsequent implementation by
Cococcioni and de Gironcoli.32 We fixed the value of the Hubbard
parameter U to reproduce the difference in the enthalpy between the
LS and HS phases that has been measured to be around 100 meV by
calorimetric measurements10 (see the SI for more details).
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