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1. Introduction

The vision of using organic molecules as ultimately small 
building blocks in a future nanoelectronics instead of litho-
graphic semiconductor structures has triggered an enormous 
amount of research work. The idea is to rebuild logic functions 
by assemblies of molecules. These could be logic operations to 

process information or the storage of information. Molecules 
have certain advantages over other materials. They can be 
produced in large quantities with exact reproducibility. Their 
functionality can be changed in a controlled way by chemical 
synthesis, for example by subtle modifications of ligands or 
other parts of the molecules. Furthermore, different function-
alities may be added to the same molecule by different ligands.
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Abstract
Gaining control on the size or the direction of the magnetic moment of adsorbed metal–
organic molecules constitutes an important step towards the realization of a surface-mounted 
molecular spin electronics. Such control can be gained by taking advantage of interactions 
of the molecule’s magnetic moment with the environment. The paramagnetic moments of 
adsorbed metal-organic molecules, for example, can be controlled by the interaction with 
magnetically ordered substrates. Metalloporphyrins and -phthalocyanines display a quasi-
planar geometry, allowing the central metal ion to interact with substrate electronic states. 
This can lead to magnetic coupling with a ferromagnetic or even antiferromagnetic substrate. 
The molecule–substrate coupling can be mediated and controlled by insertion layers such as 
oxygen atoms, graphene, or nonmagnetic metal layers. Control on the magnetic properties 
of adsorbed metalloporphyrins or -phthalocyanines can also be gained by on-surface 
chemical modification of the molecules. The magnetic moment or the magnetic coupling 
to ferromagnetic substrates can be changed by adsorption and thermal desorption of small 
molecules that interact with the fourfold-coordinated metal center via the remaining axial 
coordination site. Spin-crossover molecules, which possess a metastable spin state that can 
be switched by external stimuli such as temperature or light, are another promising class of 
candidates for control of magnetic properties. However, the immobilization of such molecules 
on a solid surface often results in a quench of the spin transition due to the interaction with 
the substrate. We present examples of Fe(II) spin-crossover complexes in direct contact with a 
solid surface that undergo a reversible spin-crossover transition as a function of temperature, 
by illumination with visible light, or can be switched by the tip of a scanning tunneling 
microscope.
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If molecules possessing a magnetic moment are included 
in such a molecular electronics, spin-dependent transport phe-
nomena might be within reach. This has been coined ‘molec-
ular spintronics’, in analogy to conventional spintronics in 
which magnetic materials are embedded in lithographic het-
erostructures to take advantage of the electron spin as carrier 
of information rather than its charge [1–4]. A major challenge 
in molecular spintronics is the stabilization of the magnetic 
moment of molecular building blocks against thermal fluctua-
tions. Since the magn etic moments of individual molecules are 
rather small, thermal energy is usually surpassing the typical 
magnetic energies even at temperatures way below ambient 
temper atures, leading to the disappearance of the thermal aver-
age of the magnetic moment and thus to the disappearance of any 
spin-dependent effects. A second major challenge is the immo-
bilization of suitable molecules, which is necessary for any kind 
of addressing or contacting. Over time, coordination chemistry 
has led to quite a number of molecules with exciting properties; 
however, once immobilized on a solid surface by adsorption, 
the molecule–surface interaction has a dominant influence on 
the electronic and magnetic properties of the molecule, and a 
quenching of the desired functionality is not at all uncommon.

Here is where surface science comes into play. Over the 
decades both experimental and theoretical progress have 
helped to understand also relatively complex adsorbate–
surface systems. Although single crystals will probably not 
be part of future applications, single-crystalline surfaces are 
advantageous in experiments aimed at gaining fundamental 
insight into the processes governing the molecule–substrate 
interaction and their influence on the desired function.

To be able to perform logic operations, the control of 
molecular properties by the environment is required. A rela-
tively straightforward way of controlling the magnetism of 
adsorbed molecules is to take advantage of magnetic cou-
pling between the magnetic ion of an adsorbed molecule and 
a ferromagnetic substrate. Up to now, different mechanisms 
mediating such a coupling have been identified. They will be 
reviewed in section 2.

For free molecules in gas phase or in solution, certain 
ways to control the molecular magnetic moment by means 
of external stimuli are known. Switching by chemical means, 
for example by attaching additional functional groups to a 
molecule, is one way. More sophisticated approaches have 
used photoisomerization to approach or retract a nitrogen-
terminated ligand to the magnetic ion, resulting in spin state 
switching [5]. On surfaces, the flexibility and mobility of 
adsorbed molecules is restricted, and the same kind of switch-
ing has not yet been obtained. However, several experiments 
with different systems have shown the principal feasibility of 
this approach. Adsorbing small molecules from the gas phase 
to already-adsorbed magnetic molecules can lead to a charac-
teristic change of the magnetic properties. In many cases the 
coadsorbed molecules can be desorbed in a reversible manner 
by increasing the substrate temperature, illustrating a path to a 
reversible switching of the molecular magnetism. The present 
state of such experiments will be presented in section 3.

Spin crossover (SCO) molecules are another example of a 
reversible modification of molecular magnetic properties. In 

the bulk phase or in solution, such molecules are known to 
change their magnetic moment by temperature, exposure to 
light, or pressure [6, 7]. They would thus be a promising class 
of molecules for molecular spintronics, however, the delicate 
balance between spin-pairing energy and ligand field is read-
ily disturbed by the adsorption on a solid surface. Quenching 
of the spin crossover transition of molecules in direct contact 
with a surface is most often the consequence. Recent experi-
ments, however, demonstrated that for certain molecules, 
which can be evaporated in vacuum, and weakly interacting 
substrates such as graphite a complete spin-crossover switch-
ing by temperature and even by light is possible. This is the 
content of section 4, in which we summarize the current state 
of such experiments.

2. Controlling the paramagnetic moment by the 
interaction with magnetically ordered substrates

Metalloporphyrins are planar molecules in which a single 
transition metal center ion is coordinated by four nitrogen 
atoms [8]. This allows to exert control on the ion’s magnetic 
properties from the two remaining vertical coordination sites. 
Porphyrins typically adsorb flat on solid surfaces, such that the 
surface can take the place of one of the remaining coordina-
tion sites [9–11]. Usually the energy barrier for magnetization 
reversal in these molecules is much smaller than the thermal 
energy, in particular for ambient temperature. The time- or 
ensemble-averaged magnetization of such paramagnetic mol-
ecules is thus zero without external field. It has been realized, 
though, that when placed on a ferromagnetic substrate, even 
at room temperature a sizeable magnetization can be detected. 
Element-resolved x-ray magnetic circular dichroism (XMCD) 
experiments on Mn tetraphenylporphyrin (MnTPP) on Co 
films [12] and on Fe octaethylporphyrin (FeOEP, see inset of 
figure 1) on Co and Ni films [13] showed a sizeable differ-
ence in the absorption of right and left circularly polarized 
soft x rays at the absorption edge of the central ion species 
even at room temperature and without any external magnetic 
field. This XMCD difference provides information about 
the magnetic properties of the corresponding element in the 
sample [14], and can be conveniently used to measure magn-
etic properties of a submonolayer of adsorbates on top of a 
magnetic substrate, provided adsorbate and substrate contain 
different elements. The presence of XMCD at the absorption 
edge of the molecule’s ion in zero external magnetic field can 
only be explained by a magnetic coupling between the rema-
nently magnetized substrate and the magnetic moments in the 
adsorbed metalloporphyrin molecules. The dipolar coupling 
from the substrate, which is present close to the surface due 
to the discrete positions of the atomic magnetic moments in 
the metal layer, is on the average typically only of the order 
of some mT, as estimated in the supplementary material of 
[15], and thus much smaller than the experimentally observed 
coupling presented in the following.

Spectra of 0.6 atomic monolayers (ML) of FeOEP on Ni/
Cu(0 0 1) are shown in figure 1 as black broken lines. On the 
left, spectra taken at the Fe L2,3 edges are shown, on the right 

J. Phys.: Condens. Matter 29 (2017) 023001



Topical Review

3

the corresponding spectra at the Ni L2,3 edges. The top row 
displays the absorption spectra, averaged for positive and 
negative helicity, while the bottom row presents the XMCD 
difference spectra (absorption at positive helicity minus 
absorption at negative helicity). The nonvanishing XMCD 
in the Fe L2,3 spectra proves the magnetic substrate coupling, 
while the identical sign of the XMCD at the Fe and Ni L2,3 
edges shows that molecule and substrate magnetization are 
aligned parallel.

Density functional theory (DFT) calculations for Fe por-
phyrin (FeP) on Co revealed that this coupling is mediated 
by a �90  superexchange via the nitrogen atoms. This is sche-
matically shown in figure  2(a), which reproduces the result 
of a DFT calculation for an FeP molecule adsorbed on Co/
Cu(0 0 1) [13]. Blue and orange colors represent spin density 
contour surfaces of opposite sign, while red, yellow, and green 
spheres mark the position of nitrogen, carbon, and hydrogen 
atoms, respectively, in the molecule. While there is no overlap 
between the spin densities of equal sign of the Fe ion in the 
molecule and the Co atoms in the substrate, the indirect �90  
coupling via the spin density of the N atoms of opposite sign 
is clearly visualized.

This coupling seems to be rather common for planar trans-
ition metal porphyrin and phthalocyanine molecules adsorbed 
on metallic ferromagnets and has been observed also in other 
combinations of transition metal ion and substrate [17–20]. In 
the case of the larger 4f ions, which due to their ionic radius 
do not fit into the plane of the molecules, double-decker vari-
ants exist. In phthalocyanine double deckers one rare-earth 
ion is coordinated by two parallel phthalocyanine (Pc) units.  
TbPc2 double-decker molecules show single-molecule-magnet  
behavior [21, 22]. Also for these molecules a magnetic 

coupling to a ferromagnetic Ni film [15], to a Co film [23], 
or to an Fe film as a substrate has been reported [24], in each 
case with an opposite sign compared to the case of planar 
transition-metal molecules. The opposite sign of the coupling, 
antiferromagnetic instead of ferromagnetic, has been attrib-
uted to the larger separation of the magnetic ion from the sur-
face, which changes the superexchange coupling path more 
towards �180  compared to the planarly coordinated trans ition 
metal ions [15]. This coupling has been also studied for other 
lanthanide ions in double [25] and even triple deckers [26]. 
Antiferromagnetic coupling is also observed for Cr porphyrin 
molecules on a Co substrate, where the antiparallel exchange 
coupling is attributed to the less than half-filled 3d shell of 
the Cr2+ ion [27], and for Mn phthalocyanine molecules on 
ferromagnetic EuO, where the interaction between the half-
filled 3d shell of Mn2+ and the Eu 5d electrons is held respon-
sible for the antiparallel coupling [28]. The coupling of a 
Cu  tetraazaporphyrin to a magnetite(1 0 0) surface changes 
even sign as a function of the magnetization direction, which 
is interpreted as evidence for a strongly anisotropic exchange 
coupling between the Cu moment and the magnetite surface 
resulting from the simultaneous presence of competing super-
exchange coupling paths [29].

Figure 1. X-ray absorption spectra at the Fe (left) and Ni L2,3 edges 
(right) and the corresponding XMCD difference curves (bottom) 
of 0.6 ML FeOEP on Ni (black broken lines) and on O–Ni (red 
continuous lines) taken at a sample temperature of 40 K without 
external magnetic field. The XMCD changes sign when oxygen 
atoms are placed between the ferromagnetic Ni substrate and the 
FeOEP molecules. The inset shows sketches of the Fe porphyrin 
molecule and of the samples. Reprinted with permission from [16]. 
Copyright 2009 by the American Physical Society.

Figure 2. (a) Calculated spin density contours of an FeP molecule 
adsorbed on a Co(0 0 1) substrate. Blue and orange are spin density 
contour surfaces of opposite sign, while red, yellow, and green 
spheres mark the position of nitrogen, carbon, and hydrogen atoms, 
respectively. Reprinted from [13] by permission from Macmillan 
Publishers Ltd: Nature Materials, copyright 2007. (b) Calculated 
spin density contours of an FeP molecule adsorbed on top of 
an oxygen molecule on a Co(0 0 1) substrate. Blue and red are 
spin density contour surfaces of opposite sign, while yellow and 
cyano spheres mark the position of carbon and hydrogen atoms, 
respectively. Reprinted with permission from [16]. Copyright 
2009 by the American Physical Society. In both cases the Fe ion 
is coupled by superexchange coupling to the ferromagnetic Co 
substrate. In (a) a �90  superexchange coupling via the nitrogen 
atoms is leading to a ferromagnetic coupling between molecule 
and substrate, while in (b) a �180  superexchange coupling via the 
underlying oxygen atom results in an antiferromagnetic coupling.
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For late-transition-metal porphyrins the coupling to the 
substrate is ferromagnetic as long as these molecules are 
placed directly on top of a metallic 3d ferromagnet. This is no 
longer true when other atoms are inserted between substrate 
and molecules. If oxygen atoms, for example, are adsorbed on 
top of the magnetic substrate, the sign of the coupling reverses. 
This is shown in figure 1 by the spectra reproduced by red and 
green lines. The spectra of the Ni substrate are identical to 
the case with no oxygen on the sample, but the XMCD at the 
Fe absorption edges (left bottom) reverses sign. A surfactant 
effect described in literature helps to prepare a regular array of 
oxygen atoms on top of Co or Ni films on Cu(0 0 1) [30, 31]: 
if the clean Cu(0 0 1) surface is exposed to oxygen at a certain 
elevated temperature, the adsorbed oxygen atoms float at the 
surface during subsequent room-temperature deposition of Co 
or Ni, forming a regular ( )×2 2  superstructure.

DFT calculations have helped to understand this sign rever-
sal by the interleaved oxygen atoms: while in the case with no 
oxygen atoms the coupling is identified as �90  superexchange 
coupling, in the case of a metal porphyrin molecule sitting on 
top of an adsorbed oxygen atom, the coupling mechanism is a 
�180  superexchange coupling [16], similar to the one that leads 

to antiferromagnetism in 3d monoxides like CoO or NiO. This 
is illustrated in figure 2(b), which shows the opposite signs of 
the calculated spin density in red and blue. The spin density of 
the metal ion in the molecule at the top is connected along a 
straight vertical path down to the substrate’s spin density in a 
sign-alternating way (red–blue–red–blue). This is the typical 
appearance of a �180  superexchange coupling.

The coupling mechanism becomes even more complex if a 
layer of graphene [32] is inserted between metalloporphyrin 
molecules and a metallic ferromagnet. The sp2-hybridized car-
bon atoms in graphene are not supposed to engage in covalent 
bonds with adsorbed molecules, which are considered to be 
purely physisorbed on graphene. DFT calculations consider-
ing van-der-Waals corrections consequently yield a relatively 
large distance of 3.51 Å between the Co ion in the molecule and 
the graphene carbon atoms [33]. Co L2,3 absorption spectra are 
nearly identical to the ones of CoOEP bulk material, and sig-
nificantly different to the ones of CoOEP adsorbed on Ni ([33], 
supporting information), confirming a negligible influence of 
the adsorption to the graphene substrate on the Co electronic 
states. Nevertheless, experiments show that CoOEP molecules 
on graphene couple magnetically to the Ni film on which the 
graphene is grown [33]. The graphene layer has been prepared 
on a Ni film deposited on a W(1 1 0) single crystal surface, fol-
lowing a recipe from literature [34, 35]. Again, a nonvanish-
ing XMCD signal at the Co L2,3 absorption edges shows that 
even in this system an antiferromagnetic coupling between 
the Ni layer and the Co ions is present. Figure 3 presents the 
theoretically calculated spin and charge densities of a CoP 
molecule adsorbed to graphene/Ni. Looking only at the spin  
density (top panel), one could be tempted to interpret the cou-
pling as direct overlap of the spin density at the site of the 
Co ion, with a shape indicating a predominant −d z r3 2 2 orbital 
character, and the induced spin density in the graphene layer 
of the same sign (blue contours). However, considering also 
the charge density distribution (bottom panel), one realizes 

that the coupling path is more complicated: the small spin 
density on graphene, antiparallel to the dominant one on Ni, 
is induced by hybridization of spin-minority Ni sp states with 
graphene pz orbitals. A weak antiparallel coupling between 
graphene and porphyrin π orbitals then induces a small spin 
density in the molecule, mainly on the pyrolic nitrogen atoms, 
parallel to the Ni magnetization, recognized in figure 3(a) by 
yellow contours. The final chain in the exchange path is the 
magnetic coupling between the nitrogen atoms and the central 
Co ion, mediated by a weak hybridization with the Co −d z r3 2 2 
orbital, favoring an antiparallel spin polarization on N and Co.

An estimate of the coupling strength can be obtained from 
the temperature dependence of the XMCD signal, meas-
ured in zero field at remanence of the magnetic substrate. 
The temper ature dependence of the substrate magnetization 
is taken into account by normalizing the molecule’s XMCD 
signal to it, thereby utilizing the fact that the time constant 
for exchange coupling is significantly smaller than the time 
constant of typical thermal fluctuations of the substrate mag-
netization. Since the magnetic anisotropy of magnetic mol-
ecules coupled to a ferromagnetic substrate is not easy to 
measure, in exper imental estimates of the coupling energy 
based on the temperature dependence it is mostly assumed to 
be zero. The temperature dependence of the XMCD is then 
fitted by a Brillouin function, assuming the behavior of an iso-
tropic quantum-mechanic magnetic moment. Coupling ener-
gies defined as half of the energy difference between parallel 

Figure 3. (a) Calculated spin density contours of a CoP molecule 
adsorbed on a graphene layer grown on Ni/W(1 1 0). Blue and yellow 
mark spin density contour surfaces of opposite sign, while grey and 
green spheres mark the position of carbon and hydrogen atoms, 
respectively. (b) Cut through the calculated charge density contour 
of the same system. Red, blue, golden, and green spheres represent 
Co, N, C, and H atoms, respectively. Overlapping charge densities 
between the CoP molecule and the graphene layer are seen mainly at 
the outer ligands of the molecule. Reproduced with permission from 
[33], copyright 2013 Wiley-VCH Verlag GmbH & Co.
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and antiparallel coupling obtained in this way are 70 meV for 
FeOEP on Co, 20 meV on Ni [36], and 37 meV for FeOEP 
on oxygen-covered Co [16]. The coupling energy of CoOEP 
to Ni across graphene is smaller, but still amounts to 1.8 meV 
[33].

A graphene layer can thus obviously be used to mainly 
decouple magnetic molecules from a reactive metallic ferro-
magnetic surface, while still allowing for magnetic interaction. 
The latter could be used to control the direction of the mol-
ecule’s magnetic moment. The cage of carbon Buckminster 
fullerenes [37, 38] can be regarded as a spherical edition of 
graphene. Magnetic coupling across the fullerene cage, simi-
lar to the one across a graphene layer, is thus conceivable. The 
inner free space of fullerenes offers the opportunity to encap-
sulate magnetic atoms or ions, for example to protect them 
from a reactive environment. Fullerenes filled with atoms or 
clusters are called ‘endohedral fullerenes’ [39]. In the case of 
trimetallic nitride endohedral fullerenes, three rare-earth ions 
are contained in a relatively small space. Long magnetic relax-
ation times, characteristic of single-molecule magnets, have 
been observed in DySc2N@C80 endohedral fullerenes [40]. 
Magnetic coupling to a substrate has been studied in Gd3N@
C80 adsorbed on Ni/Cu(0 0 1) [41]. A sketch of this molecule 
is shown in figure 4. The observed complicated behavior of 
the XMCD signal at the Gd M5 edge as a function of external 
magnetic field and temperature revealed that in addition to a 
parallel intramolecular magnetic coupling between the three 
Gd ions inside the molecule (blue arrows in figure 4), there 
are also (at least) two different kinds of magnetic interac-
tions active that couple the Gd moments to the substrate ones. 
The experimental data can be explained by the presence of a 
stronger ferromagnetic coupling acting on a smaller part of 
the Gd moments, and a weaker antiferromagnetic one, acting 

on a larger part of the Gd moments. Two different scenarios 
are equally consistent with the data [41]: in the first, 43% of 
the Gd moments couple ferromagnetically to the Ni substrate 
with a coupling energy of 6.1 meV, and 57% couple antifer-
romagnetically with a coupling energy of 2.2 meV, while Gd 
moments inside the molecule are coupled together ferromagn-
etically with an energy of 50 μeV. In this case, the different 
fullerene species would correspond to molecules with different 
adsorption orientations. In the second scenario, two out of the 
three Gd ions in each molecule couple antiferromagnetically 
to the substrate, while the third one couples ferromagnetically. 
Coupling energies in this case would be 5.1 and 2.0 meV for 
the two species, respectively, while the intramolecular cou-
pling amounts to 137 μeV. This second scenario is depicted by 
arrows in figure 4, where red arrows indicate a weaker antifer-
romagnetic coupling, green stands for a stronger ferromagn-
etic coupling, and blue for the intramolecular ferromagnetic 
coupling between Gd ions. The coupling energies across the 
fullerene cage of a few meV are of the same order of magni-
tude as for the coupling of metal porphyrin molecules across 
graphene. The coupling mech anism is likely similar to the one 
across graphene, namely an indirect carbon-cage-mediated 
exchange. Such a magnetic substrate coupling should not only 
be specific to the case of Gd3N@C80, but more generally valid 
likewise also for other, similar endohedral fullerenes, allow-
ing a reliable communication with and access to the enclosed 
magnetic units of endohedral fullerenes without the need for 
an applied magnetic field.

Coupling between planar magnetic molecules and ferro-
magnetic films is thus possible across a variety of interlayers. 
Even across a nonmagnetic metallic spacer layer such as Cu, 
clear indications for coupling to adsorbed Mn phthtalocyanine 
molecules have been observed [42]. Although there is no more 
direct contact between the molecules and the ferromagnetic 
layer, the electronic states close to the Fermi edge in the non-
magnetic overlayer acquire a spin polarization, the sign of 
which oscillates as a function of the overlayer thickness and 
couple to the magnetic moment of the molecules. This can 
be viewed in terms of the spin polarization of quantum well 
states in the nonmagnetic layer emerging due to the different 
confinement of electrons that are of the majority or minor-
ity type in the adjacent ferromagnetic layer [43–45]. This 
interlayer exchange coupling [46, 47] is well explored both 
experimentally [48–50] and theoretically [51–53] in trilay-
ered systems in which the magnetizations of two ferromagn-
etic layers couple across a nonmagnetic spacer layer. In the 
case of molecules adsorbed on top of the nonmagnetic layer, 
the coupling path to the metal substrate connects to the elec-
tronic states of the nonmagnetic thin film, which feel the spin 
polarization of the buried ferromagnetic layer in an oscillatory 
dependence on the thickness of the nonmagnetic layer.

Apart from coupling to ferromagnetic substrates, also cou-
pling between individual molecules and antiferromagnetic 
substrates is possible [24, 54]. In antiferromagnetic materials 
the direction of neighboring atomic moments changes such 
as to yield zero total magnetization. If adsorbed molecules 
were to randomly couple to the moments of a magnetically 
compensated surface, an ensemble-averaging method such as 

Figure 4. Sketch of a Gd3N@C80 molecule adsorbed on a magnetic 
substrate. Red, blue, and grey spheres represent Gd, N, and C 
atoms, respectively. The superimposed arrows indicate magnetic 
coupling between the Gd atoms as well as to the substrate.
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XMCD could not detect the coupling. However, if the system 
is cooled in a magnetic field through the ordering temper-
ature of the antiferromagnet, the Néel temperature, and there 
is coupling between ferromagnetic moments and some of the 
surface magnetic moments in the antiferromagnet, a certain 
domain structure will be imposed in the antiferromagnet upon 
cooling such as to favor the alignment of the ferromagnetic 
moments along the cooling field direction. This results in a 
unidirectional shift of the magnetization curves along the field 
axis. For bilayers of a ferromagnetic and an antiferromagnetic 
material this is well-known as the ‘exchange bias’ effect [55, 
56]. XMCD field curves of TbPc2 on antiferromagn etic Mn 
films on Ag(0 0 1) [54] as well as on FeMn films on Cu(0 0 1) 
[24] showed a small loop shift, which proves that some 
coupling to the antiferromagnetic surface must be present. 
Stabilizing the spin of adsorbed molecules by an antiferro-
magnetic substrate rather than a ferromagnetic one may have 
the advantage of greater insensitivity to external magnetic 
fields.

Recently even the coupling of nonplanar magnetic mol-
ecules such as the spin-crossover molecules discussed in 
section 4 to a ferromagnetic Co film has been observed [57]. 
Since the Fe ion in this molecule is separated from the Co 
surface by as much as 5.1 Å, also here the coupling has to be 
of the superexchange type, mediated by the ligands touching 
down to the substrate surface.

3. Controlling the molecular magnetic properties 
by on-surface chemical modification

When a planar, four-fold-coordinated metal complex like a 
metalloporphyrin or -phthalocyanine is adsorbed on a surface 
in a parallel, flat way, there is free access to the metal ion 
from the top side, opposite to the surface. This remaining sixth 
coordination site can be used to gain control on the magnetic 
properties of the molecule. By attaching a small molecule 
as additional ligand to this site, the crystal field felt by the 
metal ion is modified, and thus also the electronic and magn-
etic properties of the molecule including the coupling to the 
substrate. X-ray and UV photoelectron spectroscopy measure-
ments have shown that the adsorption of NO on top of Co tet-
raphenylporphyrin (TPP) molecules on Ag(1 1 1) in ultra-high 
vacuum weakens the binding between Co and the Ag substrate 
[58]. In this study, 300 L of NO gas was dosed to the sample 
held at a temperature of 140 K (1 L  =10−6 mbar s). This was 
interpreted as a competition between the NO molecule and the 
Ag surface as two axial ligands of the Co ion, similar to the 
trans effect [58]. After thermal desorption of the NO at 500 K, 
the previous situation is recovered, demonstrating a reversible 
manipulation of the Co electronic properties by this chemical 
stimulus.

When the same molecule is adsorbed on a ferromagnetic Ni 
film, the magnetic substrate coupling discussed in the previous 
section leads to a nonvanishing magnetization of the adsorbed 
molecules and thus XMCD signal at the Co L2,3 absorption 
edges even at room temperature. After dosing 6000 L of NO 
to 1 ML of CoTPP on Ni/Cu(0 0 1) at room temper ature, this 

XMCD signal entirely disappears [18]. This is a clear indica-
tion that the magnetism of adsorbed metalorganic molecules 
can be strongly influenced by chemically disturbing the metal 
ion’s electronic system, for example by coadsorption of small 
molecules like nitric oxide. After heating the sample to 615 K, 
an XMCD signal reappeared, indicating the removal of NO 
from the site of the Co ion [18].

The presence of NO molecules even after heating of the 
sample at regions where the bare metallic substrate is exposed 
can be avoided if these regions are covered by an ordered 
array of oxygen atoms. On Ni/Cu(0 0 1) or Co/Cu(0 0 1), this 
can be achieved by depositing the Ni or Co films, respectively, 
on a preoxidized Cu(0 0 1) single crystal, following [31]. The 
oxygen atoms act as a surfactant for the growth of the ferro-
magnetic film, always floating on top of the surface [30, 31]. 
This results in a well-characterized ( )×2 2  superstructure of 
0.5 ML atomic oxygen on top of the ferromagnetic films. As 
discussed in the previous section, the magnetic coupling of 
adsorbed porphyrin molecules is present also through such a 
layer of oxygen atoms [16]. Figure 5 shows the XMCD sig-
nal at the Fe L3 absorption edge of 0.6 ML of FeOEP mol-
ecules adsorbed on ( )×c 2 2 -O/Co/Cu(0 0 1) at several stages 
of sample history. From left to right, the spectra correspond 
to the pristine sample, to the sample after adsorbing 24 L of 
NO at 120 K, after desorbing the NO at 350 K, and after anew 
adsorbing 24 L NO at 120 K [59]. All spectra have been taken 
at 120 K. It is evident that the adsorption of NO causes the 
reduction of the XMCD signal by about a factor of 2, that after 
the desorption of NO from the sample, the initial Fe XMCD 
intensity is almost completely recovered, and that dosing NO 
again causes once more a reduction by nearly a factor of 2. 
From the fact that the Fe L2,3 absorption signal hardly changes 
after adsorption of NO it had been concluded that the main 
effect of the NO in this system was the reduction of the magn-
etic coupling between the Fe ion in the porphyrin molecules 
and the magnetic Co substrate, which at finite temperatures 
results in a reduction of the molecule’s magnetization [59].

The situation is different in CoOEP molecules on 
( )×c 2 2 -O/Ni/Cu(0 0 1) [60], as illustrated in figure  6. It 

shows absorption spectra at the Co L2,3 edges of CoOEP 
adsorbed on a Ni ferromagnetic substrate on Cu(0 0 1), cov-
ered with a ( )×2 2  oxygen layer. From bottom to top, spectra 
taken from the pristine sample, after dosing 28 L of NO at 
130 K, after desorbing the NO at 350 K, and after a second 
dosage of NO are shown [60]. By using linearly p-polarized 
x rays, this experiment is mostly sensitive to unoccupied out-
of-plane d orbitals of Co. The spectra exhibit a clear shift in 
energy, which is completely reversible upon removal of the 
NO by thermal desorption. This shift is explained by charge 
transfer from the Co dz2 orbital to NO, leading to a further 
partial oxidation of the Co2+ ion [60]. The consequence is a 
reduction of the magn etic moment of the Co ion, which in the 
d7 low-spin state is due to the unpaired electron in the dz2 state.

Comparing the two systems FeOEP/O-Co and CoOEP/
O-Ni, the effect of NO adsorption to the porphyrin molecules 
in the former is mainly the reduction of the magnetic cou-
pling between the molecule and the ferromagnetic substrate, 
while in the latter there is also a prominent charge transfer 
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away from the metal ion. Both leads to an about 50% reduc-
tion of the magnetization of the molecules at the measure-
ment temper ature of 130 K. The different behavior may be 
explained by the different oxidation and spin states in the 
two systems: the Fe ion in FeOEP/O-Co is in a 3+  oxidation 
state and intermediate spin state, where an oxygen atom of 
the substrate takes the role of the fifth ligand [59], such that 
further oxidation is unlikely and the NO is only physisorbed. 
In CoOEP/O-Ni, in contrast, Co is in a 2+  oxidation state and 
low spin state, and may more easily experience further oxida-
tion by the attached NO.

Both, a spin state change and a change in the interaction 
with the underlying substrate, has been reported for Mn phth-
alocyanine (MnPc) molecules on a Bi(1 1 0) surface to which 
CO is adsorbed [61]. Scanning tunneling spectroscopy revealed 
a variation of the Kondo screening of the magnetic moment in 

the Bi substrate, which is an indication for the variation of the 
substrate–molecule interaction. Accompanying first principles 
calculations showed that also the Mn spin state is changed from 
S  =  1 to S  =  1/2 upon CO attachment [61]. All these changes 
could be reversed upon desorption of the CO molecules.

Depending on the metal center of the magnetic molecule 
and the adsorbing small molecule quite different effects on 
the molecular magnetization can be attained. Besides a full 
or partial quenching of the magnetization of metalloporphy-
rin molecules coupled to a ferromagnetic substrate, also its 
reversal or enhancement is possible. In Co tetraphenylpor-
phyrin (CoTPP) molecules on Ni/Cu(0 0 1), adsorption of NO 
leads to the disappearance of the molecular magnetization, 
while in FeTPP/Ni/Cu(0 0 1) it is only partly quenched [62]. 
Interestingly, in MnTPP/Co/Cu(0 0 1), the Mn magnetization 
after NO adsorption is reduced, but also reversed in sign with 
respect to the Co substrate magnetization [62]. Furthermore, 
adsorption of ammonia to Mn phthalocyanine on Co/Cu(0 0 1) 
leads to an enhancement of the Mn magnetization at low 
temper atures, but a decrease of the coupling strength to the 
substrate [62]. Theoretical density functional calculations 
could reproduce these different effects of adsorbing small 
molecules to surface-coupled square-planar metal complexes. 
They show that for different metal centers the bond angle of 
NO as well as the variation of the distance between the metal 
center and the substrate depend on the 3d electronic configu-
ration, thus leading to the observed variety of effects [62].

Instead of switching off the spin of an adsorbed metal 
porphyrin molecule by coadsorption of a small molecule, 
also the opposite effect has been observed and is possible. 
Adsorbed NiTPP molecules are in an S  =  0 low-spin state on 

Figure 5. (a) Sketch of an NO molecule adsorbing on an FeOEP 
molecule adsorbed on a ( )×2 2 -O-covered Co(0 0 1) film. Hydrogen 
atoms of the FeOEP molecule are not shown for clarity.  
(b) Sequence of XMCD difference spectra at the Fe L3 edge of 0.6 
ML FeOEP on O/Co/Cu(0 0 1) measured in the pristine state, after 
dosage of 24 L of NO, after thermal desorption of the NO at 350 K, 
and after dosing with 24 L of NO once more (from left to right). 
Sample temperature during the measurements was 120 K. Reprinted 
with permission from [59]. Copyright 2011 American Chemical 
Society.

Figure 6. Co L2,3 absorption spectra of 0.7 ML CoOEP on 
( )×2 2 -O/Ni/Cu(0 0 1) measured with linearly p polarized light 
at an angle of �20  between the incoming x rays and the surface 
at 130 K for the pristine sample, after dosing with 28 L of NO, 
after the ensuing desorption of NO by heating to 350 K, and after 
dosing again with 14 L of NO (from bottom to top). Measurement 
temperature 130 K. The spectra are shifted vertically for clarity. The 
sketch in the inset illustrates the measurement geometry and the 
orientation of the polarization vector E of the x rays. Reproduced 
with permission from [60]. Copyright 2012 IOP Publishing Ltd.
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Co/Cu(0 0 1). Coadsorption of NH3 leads to the emergence of 
a sizable XMCD peak at the Ni L2,3 edges [63]. The ammo-
nia can be thermally desorbed, such that this switching on of 
the Ni spin is fully reversible. Theoretical DFT calculations 
revealed that the ammonia increases the energy of the previ-
ously doubly occupied Ni dz2 orbital, moving it closer to the 
previously unoccupied −dx y2 2 orbital, such that after ammo-
nia attachment both these orbitals are singly occupied by an 
unpaired electron, leading to S  =  1 [63].

A regular two-dimensional assembly of two different spe-
cies of paramagnetic molecules that are differently suscepti-
ble to chemical switching by ammonia coadsorption has been 
reported in [64]. Iron phthalocyanine molecules function-
alized with 16 fluorine atoms at the outside (perfluorinated 
iron(II)phthalocyanine, FeF16Pc) engages in hydrogen bonds 
with a ‘normal’ phthalocyanine molecule, for example MnPc. 
Coevaporation of both molecules in a 1:1 stoichiometric ratio 
on a ( )×2 2 -O/Co/Cu(0 0 1) substrate leads to a regular chess-
board-like arrangement, as shown in figure 7 [64]. Both mol-
ecules are subject to an antiparallel magnetic coupling to the 
magnetization of the Co substrate, as evidenced from XMCD 
measurements taken at 70 K with zero external magnetic field 
(figure 7). Coadsorption of ammonia leads to the quenching 
of the moment of the FeF16Pc molecules, while the spin of 
the MnPc molecules is just reduced, but not quenched [64]. 
After adsorption of NH3, the pattern of magnetic moments on 
the surface is thus modified. The magnetic moment of each 
other molecule, namely of all the FeF16Pc molecules, has been 
switched off. Adsorption and desorption of NH3 have been 

found to be fully reversible [64]. In addition, NH3 displays a 
stronger affinity to MnPc compared to FeF16Pc, which could 
be an additional means of selective manipulation.

4. Controlling the magnetic properties of adsorbed 
spin-crossover molecules

Spin-crossover (SCO) molecules possess two metastable spin 
states as a result of the competition between the ligand-field 
splitting and the spin-pairing energy. In their low-spin state, 
the d electrons pair up occupying the levels lowest in energy, 
whereas in their high-spin state the spin is maximized and 
the electrons occupy all d levels, as shown in figure 8 for the 
6 d electrons of the Fe2+ ion. The metastable balance of the 
two spin states reacts sensitively to tiny perturbations, such as 
changes in temperature, intermolecular interactions, or excita-
tion with light.

The temperature-dependent spin transition is driven by the 
entropy difference between the high-spin and the low-spin 
state. The entropy difference stems from the difference in spin 
multiplicity and in the number of accessible vibrational lev-
els. In the high-spin state, the coordination bond is weakened, 
leading to a closer spacing of the vibrational energy levels and 
thus to higher entropy. The high-spin state is therefore favored 
at higher temperatures, while the low-spin state is the ener-
getic ground state at low temperatures.

In bulk and in solution the SCO phenomenon has been 
extensively studied since the 60s [6]. To exploit the spin-
switching functionality for a future spin electronics on the 

Figure 7. Chessboard-like arrangement of FeF16Pc and MnPc on ( )×2 2 -O/Co/Cu(0 0 1). Left top: schematic view in which green circles 
represent Mn, blue circles Fe atoms, and red arrows indicate the direction of magnetic moments coupled antiparallel to the Co substrate 
magnetization. Bottom: scanning tunneling microscopy image and magnified section thereof with overlaid chemical structure of the 
molecules. Right top: x-ray absorption spectra and XMCD difference spectra of the Fe, Mn, and Co L2,3 edges. Measurement temperature 
70 K. Reproduced with permission from [64], copyright 2013 Wiley-VCH Verlag GmbH & Co.
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molecular level, the complexes have to be contacted and 
immobilized, which requires to bring them into contact with a 
solid surface. However, the additional interaction with a sur-
face acts on the metastable balance of the spin states and eas-
ily results in a quenching of the SCO transition.

The vast majority of the known SCO molecules are salts 
which complicates the preparation of well-defined surface 
layers due to the presence of counter ions. Vacuum deposi-
tion is a way to obtain high quality surface layers, but requires 
sublimation of the complexes, which is typically not possible 
with salts. A solution are neutral SCO complexes in which the 
positive charge of the metal center is compensated by negative 
charges on the ligands. Only for a few number of such com-
plexes successful vacuum deposition was reported [65–75].

[Fe(bpz)2(phen)], where bpz  =  dihydrobis(pyrazolyl)
borate and phen  =  1,10-phenanthroline (inset of figure 10(b)), 
is a neutral molecule that can be sublimated in vacuum at 
comparably low temperature of about 435 K. Deposition on a 
Au(1 1 1) surface resulted in a fragmentation of the molecules 
into phen and [Fe(bpz)2] for molecules in direct contact with 
the surface, as judged from x-ray absorption (XA) spectra [71]. 
This was confirmed by scanning tunneling microscopy (STM) 
images where phen dimers and four-coordinate Fe complexes 
could be identified [71]. No spin transition could be observed 
at submonolayer coverages, as can be seen from the absence of 
changes in Fe L3 spectra with temper ature shown in figure 9(b). 
Only at higher coverages, like at 1.6 ML shown in figure 9(a), a 
partial thermally induced spin transition can be observed. The 
amount of spin switching is compatible with the notion that 
only molecules in the second monolayer switch.

A study of the similar molecule [Fe(bpz)2(bipy)]/Au(1 1 1) 
(bipy  =  2,2’-bipyridine), in contrast, reported a spin transition 
of isolated complexes for 20% of the molecules at a coverage 
of 0.03–0.14 ML [72]. This apparent contradiction in the two 
reports disappears when looking at the peak-to-background 
intensity of the Fe spectra. As shown in the supporting informa-
tion of [72], the Fe L3 peak-to-background intensity, and thus 
the areal density of Fe ions, is comparable to the one of the 1.6 
ML sample in [71]. Since both preparations are on the same 
substrate, the peak-to-background intensity is directly compa-
rable. A likely cause of the discrepancy in the interpretation of 

the coverage in [71] and [72], 1.6 versus 0.03–0.14 ML, could 
be that in the latter the peak-to-background intensity has been 
compared to the one of a thick film of the same molecules, in 
which no signal from the substrate is present, without consid-
ering that the x-ray absorption at the Fe L3 pre-edge (around 
705 eV) of Au, which dominates the background intensity at 
small coverages, is more than one order of magnitude higher 
than that of the molecular film, which mainly consists of car-
bon [76]. Considering that the coverages are similar, the two 
similar molecules thus also behave similarly with respect to 
thermal SCO switching. Relying on the coverage depend-
ence of the switching and the additional STM work of [71], 
this observed thermal SCO switching most likely has to be 
ascribed in both cases to molecules not in direct contact with 
the Au substrate and a coverage higher than one monolayer.

Changing the substrate to highly ordered pyrolytic graphite 
(HOPG) as a conductive and even more weakly interacting 
substrate compared to Au, a complete thermal spin transition 
of vacuum-deposited [Fe(NCS)2L] (L  =  1-{6-[1,1-di(pyridin-
2-yl)ethyl]-pyridin-2-yl}-N,N-dimethylmethanamine) [67] 
and [Fe(bpz)2(phen)] molecules [77] could be observed at 
submonolayer coverages. Formation of three-dimensional 
crystallites was excluded in both cases by means of low-
energy electron diffraction and atomic force microscopy, 
respectively. An Fe L2,3 spectrum of [Fe(NCS)2L] (inset in 
figure 10(a)) on HOPG at room temperature is shown by the 
black line in figure 10(a). It displays two main L3 resonances 

Figure 8. Schematics of the spin-crossover transition in a 3d6 
system. If the ligand-field splitting of the d states exceeds the spin 
pairing energy, a low-spin state with S  =  0 is obtained. Otherwise 
the d states are filled according to Hund’s rules, resulting in 
four unpaired electrons and a high-spin state with S  =  2. Since 
the entropy is higher in the high-spin state, in spin-crossover 
compounds it is favored at higher temperatures, whereas the low-
spin state is the energetic ground state at low temperatures.

Figure 9. X-ray absorption spectra at the Fe L3 edge recorded at an 
angle of incidence of �54.7  at 300, 90, and 5 K of (a) 1.6 ML and 
(b) 0.8 ML of [Fe(bpz)2(phen)] on Au(1 1 1). Arrows indicate the 
energies representative of molecules in the high-spin and low-spin 
states. While at 0.8 ML coverage the spectra do not change with 
temperature, at the coverage of 1.6 ML some changes characteristic 
for a thermal transition from a high-spin state at 300 K towards 
an increasing content of low-spin state at lower temperatures is 
observed. Reproduced with permission from [71], copyright 2013 
Wiley-VCH Verlag GmbH & Co.
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at 707.8 and 708.5 eV, reflecting the splitting of the eg and 
t2g empty density of states in the high-spin state. At 75 K, the 
shape of the Fe spectrum (red line) is completely modified 
displaying a single Fe L3 resonance at 709.1 eV, which can 
be assigned to the eg empty density of states of the low-spin 
state. For a realistic description of the XA spectrum the multi-
electron nature of the electronic states has to be taken into 
account giving rise to additional fine structure in the spectra as 
seen in figure 10, which can be calculated by means of multi-
plet theory. Anyway, the very small intensity of the low-spin 
spectrum (red curve) at the energies at which the high-spin 
spectrum has high intensity shows that the conversion of the 
adsorbed molecules is virtually complete. A more detailed 
comparison of the two spectra and deconvolution into spectra 
assigned to the ‘pure’ high-spin and low-spin states reveals 
that at 75 K all of the molecules are in the low-spin state, while 
at 300 K about 90% are in the high-spin state [67].

The temperature-dependent spectra of 0.4 ML of 
[Fe(bpz)2(phen)] on HOPG are qualitatively identical. Also 
here the spectrum taken at room temperature (red line in 
 figure  10(b)) exhibits a double-peak structure, shifted by 
0.6 eV to higher photon energies compared to the case of 
[Fe(NCS)2L] molecules. The spectrum at 6 K (blue line) 
shows a single peak at higher energy, evidencing the complete 
conversion of the molecules into the low-spin state [77].

While this spin-state switching of surface-anchored mol-
ecules by temperature variation is certainly very interesting, 
switching at constant temperature would be more relevant for 
applications. The so-called ‘light-induced excited spin-state 
trapping’ (LIESST), which has been observed for certain 
SCO molecules in bulk material [7, 78–80], might be a way 
to accomplish that. LIESST means the optical pumping of the 
metal ion at low temperatures at which the low-spin state is 
the ground state into the metastable high-spin state. A highly 
efficient pumping mechanism is based on an excitation of the 
metal-to-ligand charge transfer band whereby an electron is 

promoted from the Fe ion to one of the ligands. This excited 
state decays fast to the high-spin state with a quantum yield 
close to unity [81]. If the temperature does not exceed the 
temper ature needed to thermally overcome the barrier sepa-
rating the metastable high-spin from the energetically lower-
lying low-spin state, the high-spin state reached after optical 
excitation is trapped, hence the name.

This LIESST effect could also be observed in 
[Fe(bpz)2(phen)] molecules adsorbed on HOPG. Illumination 
of a submonolayer of molecules at 6 K with green light leads 
to a complete change of the Fe L2,3 spectrum (green line in 
figure 10(b)), evidencing a full LIESST transition [71]. This 
light-induced transition of molecules in direct contact with a 
solid surface is highly efficient with an effective cross sec-
tion being lower by only one order of magnitude compared 
to bulk samples [82]. It thus provides optical control over the 
magnetic moment of the adsorbed complexes. A strategy to 
obtain light-induced spin-state switching at room temperature 
is to use photoisomerizable molecules as ligands, which has 
been demonstrated in the solid phase for an Fe complex con-
taining a diarylethene ligand [83].

Vacuum-deposited SCO molecules have been also studied 
by means of STM. [Fe(bpz)2phen] molecules of the second 
molecular layer on Au(1 1 1), sitting on a complete layer of 
decomposed [Fe(bpz)2] and (phen), could be distinguished 
with respect to their spin state by their different appearance 
in STM images. Individual molecules could then be switched 
in a controlled way from low spin to high spin by placing the 
tip above them and applying a voltage pulse [84]. The reverse 
switching, from high spin to low spin, was observed in a ran-
dom way in a larger vicinity of the tip after tunneling a rel-
atively high current between tip and sample [84]. Recently, 
light-induced switching of a fraction of a submonolayer of 
[Fe((3,5-(CH3)2pz)3BH)2] (pz  =  pyrazolyl) on Au(1 1 1) has 
been reported and the propagation of the excited phase has 
been monitored using STM [74].

Figure 10. Temperature-dependent Fe L2,3 XA spectra recorded at an angle of incidence of �54.7 . (a) Spectra taken at 300 K (black) 
and 75 K (red) of 0.8 ML of [Fe(NCS)2L] on highly ordered pyrolytic graphite. Reproduced with permission from [67]. Copyright 2012 
American Chemical Society. (b) Spectra taken at 300 K (red) and 6 K (blue) of 0.4 ML of [Fe(bpz)2(phen)] on highly ordered pyrolytic 
graphite, as well as a spectrum taken at 6 K after illumination with green light (green). Reproduced with permission from [77]. Copyright 
2015 American Chemical Society. In both cases, the spectral shape changes completely when going from room temperature to low 
temperature, evidencing a near-complete thermal spin transition between high spin and low spin. The illumination with green light in 
(b) induces the transition back to the high-spin state with a spectrum closely resembling the one recorded at room temperature. The insets 
show the chemical structure of the respective molecules.

J. Phys.: Condens. Matter 29 (2017) 023001



Topical Review

11

In another STM study, isolated [Fe(phen)(NCS)2] com-
plexes, decoupled from a Cu(0 0 1) surface by a copper nitride 
layer, have been investigated. Also here the two spin states 
could be distinguished by their different appearance in STM 
images [85]. In this system, a controlled deterministic switch-
ing by the STM tip has been reported. When the bias voltage 
between tip and sample exceeds a certain threshold voltage, 
switching of the spin state of the molecule underneath the tip 
is observed. The direction of the switching hereby depends 
on the polarity of the tip voltage: positive voltages only trig-
ger the switching from high spin to low spin, while negative 
voltages only lead to the reverse switching from low spin to 
high spin [85]. Since the molecule exhibits a higher tunnel 
conductivity in the high-spin state compared to the low-spin 
state, this results in a memristive behavior. (A memristor 
is a resistor the resistance of which can be switched by the 
applied voltage, leading to bistability and hysteresis in the 
current–voltage curves.) Figure 11 shows conductance (I(V)) 
curves of an individual [Fe(phen)(NCS)2] molecule on CuN/
Cu(0 0 1). The red curve is obtained for increasing the bias 
voltage while the molecule is in the high-spin state. At a volt-
age of about  +1.2 V, switching to the low-spin state occurs. 
Reducing then the voltage, the blue curve is obtained, char-
acteristic for the molecule in the low-spin state. At a nega-
tive voltage of about  −0.8 V, switching to the high-spin state 
occurs. Both together leads to a hysteresis during cycles of 
voltage sweeps, as displayed in figure 11, provided each scan 
exceeds the threshold voltages for switching [85]. These 
findings illustrate the feasibility of spin electronics on the 
molecular level, in which not only the magnetic moment of 
an adsorbed molecule can be switched on and off, but also the 
spin state can be read out electronically.

5. Outlook

The presented examples have shown that the magnetism of 
adsorbed metal–organic molecules is an actual and rapidly 
emerging field of research. This topical review focussed only 
on systems in which the magnetic properties can be controlled 
by external means. By gaining control on the size or the direc-
tion of the magnetic moment of adsorbed molecules, certain 

functionalities are brought to the surface and, in a more general 
way, to nanoscopic building blocks of spin-electronic devices. 
If the creativity in designing new molecules with interesting 
properties by synthetic chemistry can be channelled to sys-
tems that can be deposited on a solid surface, exciting new 
possibilities for functional nanodevices can be foreseen.

However, as, in particular, the last example of the spin 
crossover molecules has shown, it is not straightforward to 
bring existing functionalities onto a surface. There are several 
examples of molecules that work well in solution, but might 
not work on a surface without adequate modification. One of 
these are hybrid molecules for light-induced manipulation of 
the magnetic properties that contain a photochromic switch 
and a magnetic entity. Combining the photochromic switch-
ing capability of an azobenzene unit and the susceptibility of 
a metal porphyrin to additional coordination, like discussed 
in section 3 of this review, yields photoswitchable molecules 
that work perfectly in solution [5]. Similarly, spin-crossover 
molecules with a photoswitchable diarylethen ligand show 
promising light-induced control on the magnetic properties 
[86]. However, it is a challenge to bring these molecular func-
tionalities to the surface. To achieve this, it might be necessary 
to redesign the molecules specifically for functioning in the 
adsorbed state. In this sense, it is also a challenge for synth-
etic chemistry to create molecules that exhibit such interesting 
properties on surfaces.

There are strategies to bring certain functionalities to the 
surface. The role of the surface in this is threefold. In some 
cases it is only the platform to immobilize the functional mol-
ecules and to keep them in place while at the same time not 
disturbing their specific function. In that case the interaction 
should be strong enough to fix the molecule at a certain place, 
but not too strong in order not to interfere with its function. 
Highly oriented pyrolytic graphite, as in the last examples, 
would be such a substrate. In other cases the substrate is 
an essential part of the system, like the magnetic substrates 
discussed in section 2. Here the substrate participates in the 
magnetic coupling, it is thus essential for the functionality. In 
a third class of systems the main functionality is in the sub-
strate, and magnetic molecules and their (possibly externally 
controllable magnetism) are the means to manipulate this 
functionality. An example are surfaces with nontrivial trans-
port or topological properties such as topological insulators 
[87, 88]. Paramagnetic molecules might be an advantageous 
alternative means instead of metal atoms for magnetic surface 
doping of topological insulators, a lively discussed topics 
[89–92]. Using molecules as a means to locally modify the 
electronic properties of such surfaces and in addition control-
ling the magnetism of these adsorbed molecules could provide 
a handle to switch such modifications on and off.

Considering the wealth of molecular function in solution, 
the possibilities to design magnetic metal–organic molecules, 
and the interest in functional surface structures and hybrid 
interfaces, we expect that the field is right now just in its 
infancy, and that we will witness a rapid growth in width and 
depth accompanied by an increasing number of fundamental 
breakthroughs.

Figure 11. Scanning tunneling spectroscopy I(V) curves recorded 
at the center of Fe(phen)2(NCS)2 molecules adsorbed on CuN/
Cu(0 0 1). The molecules can be switched between the high-spin 
(red lines) and low-spin state (blue lines) by applying high bias 
voltages between the tip and sample. Together with the different 
tunneling characteristics this leads to a memristive behavior. 
Reprinted from [85] by permission from Macmillan Publishers Ltd: 
Nature Communications, copyright 2012.
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