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We review the progress and future possibilities in the emerging area of molecular spintronics. We first provide an 
overview of the different transport regimes in which electronic nanodevices can operate, then briefly overview the 
important characteristics of molecular magnetic materials that can be useful for application in spintronics and we 
eventually present several schemes to include such systems into spintronic nanodevices. We hightlight the 
importance of a chemical approach to the area, and in the last section we showcase some approaches to the 
creation of hybrids made of carbon nanostructures and molecular magnets, which are gaining increasing attention. 
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1  Introduction 

The field of molecular spintronics is the natural combina-
tion of two fields: spintronics and molecular electronics. 
Spintronics studies how the magnetization state of one or 
more magnetic materials can influence the current that is 
passed through them. This field has gained enormous atten-
tion since these effects were shown to be very strong in very 
thin structures, and now finds application in a variety of 
devices, most notably in the logical and memory units of 
computers. Despite this extremely rapid growth and shift to 
applications, the field still holds a number of fundamental 
problems, and new physical effects are being discovered. 
Several excellent reviews are available to the interested 
reader, and here we will only sketch out the main concepts 
of the subject, necessary for the understanding of the pre-
sent state of molecular spintronics. It should be noticed, 
anyway, that since at least twenty years, much of the re-
search in this area has aimed at explaining the physical ef-

fects that arise when one or more of the components are 
reduced to nanosize dimensions. Even though the fabrica-
tion and characterization of such systems has mainly seen 
physical methods at work, the field is rapidly moving to-
wards sizes that are comparable to that of single molecules, 
which will likely represent the final attainable level of mini- 
aturization. An audience of chemists should then be aware 
that there is a huge research field that is just appearing on 
the horizon, where the chemical design of the system will 
largely contribute to the functionality of the devices.  

On the other hand, before the study of spin effects in 
transport through molecules becomes feasible, one must 
understand the effect of transport through molecules them-
selves. This is the domain of molecular electronics [1, 2], 
which studies what happens when one part of an electric 
circuit is reduced in size to a single-molecule level. Three 
main approaches have been followed to this aim: the first is 
to assemble the molecules on a surface and then measure 
the system via a conducting tip [3, 4]; the second is to pro-
duce gaps in a metal that are only a few nm wide, where 
molecules can then be sandwiched [5–7]; the third is to re-
duce the dimensions of a conducting system, usually an  
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organic one like carbon nanotubes (CNTs) [8, 9] or graph-
eme [10, 11], so as to turn its density of states into a set of 
discrete energy levels. Whatever the approach the resulting 
device will contain lead electrodes, which act as reservoirs 
of electrons, and a quantized system in between, which is 
called a quantum dot (QD) [12]. Many interesting physical 
phenomena have been evidenced using such systems, and 
several excellent reviews and books on the field already 
exist, which treat the transport of one or more QDs depth 
[13–15]. Here we will thus limit ourselves to explaining the 
basic concepts of this area, in a way that should be accessi-
ble to chemists and material scientists alike, so as to prepare 
the basis for the following discussion of molecular 
spintronic effects. It should be understood, anyway, that the 
physics of these devices constitutes a very active field of 
research in itself, which will offer a very fertile ground 
when mixed with spintronics. 

The key element to merge these two fields is the use of 
magnetic molecules, which saw a very fast development in 
the last three decades. The field of molecular magnetism 
allows creating magnetic materials whose properties can be 
tuned with the means of classical synthetic chemistry, for 
example changing the ligands surrounding a metal center or 
their disposition, or by tuning the molecular bridges that 
link two magnetic centers [16, 17]. In the last decades, 
chemists have developed a huge library of ligands and 
compounds to choose to design the magnetic properties of 
these systems [18]. They have also been able to relate many 
magnetic properties, such as the exchange interaction or the 
magnetic anisotropy, to structural features, and thus man-
aged to rationalize the behavior of entire classes of com-
pounds. It is thanks to these tools that the first molecular 
clusters with a high spin ground state were created, at the 
end of the 1980s [19, 20]. It was later discovered that such 
clusters can retain their magnetization for long times at low 
T, leading to the opening of a hysteresis cycle of dynamical 
origin [20]. This opened the possibility of storing infor-
mation at the single-molecule level, and, on the fundamental 
level, allowed the study of dynamical magnetic processes 
on perfectly monodisperse systems, which possessed un-
precedented cleanliness [21]. It was soon realized that 
quantum features could be observed on the magnetization 
dynamics of such systems [22–24], and a whole area of 
physical investigation developed, leading to the observation 
of macroscopic quantum tunneling of the magnetization 
[25], Berry phase interference and quantum parity effects 
[26, 27]. The presence of these quantum properties stimu-
lated research also in the possible use of molecular clusters 
as computational units for quantum logics, and several 
studies now indicate that these systems could indeed con-
stitute the basis for solid-state quantum logical systems 
[28].  

The present review is calibrated to introduce the inter-
ested reader to the field by giving a framework where he 
can orient himself, whatever his background. We particu-
larly calibrate the exposition of the concepts so that it can 

be accessible to synthetic chemists and experimentalists of 
other fields alike. We first introduce the basic concepts of 
quantum transport and the different regimes that can be at-
tained in nanodevices, and the different conceptions of the 
devices that lead to them. We then briefly introduce the 
main characteristics of molecular magnets. In the fourth 
section we sketch the different possible ways of attaining 
molecular spintronic devices and connect them to present 
experimental results. Eventually we concentrate on the 
chemistry of one of the detection schemes, which seems 
particularly promising for its completeness and for the 
chemical challenges it poses. 

2  A brief overview of quantum transport 

Electrons in bulk metals are delocalized over collective 
states and the overall electronic states shall be described by 
band theory. On the contrary, the electronic states of mole-
cules are strongly quantized and often localized, with delo-
calization playing a role especially when groups and func-
tionalities involving  orbitals are present. Thus, when a 
molecule is sandwiched between two bulk electrodes, one 
produces a device where two electronic reservoirs, which 
are characterized by partially filled energy bands, interact 
with a system with discrete and quantized energy levels. In 
the following we will discuss the fundamental mechanisms 
that control electron flow through such devices. It should be 
stated clearly, that the same situation can be produced also 
by sandwiching a sufficiently small piece of a standard 
conductor between the electrodes, i.e. creating a metallic 
island. It is important to state this situation clearly because 
this is exactly what happens when using carbon nanotubes 
(CNTs) for spintronic devices. If the dimensions of the me-
tallic system are reduced to such a small size as to lead to a 
quantization of the electronic band structure, we can pro-
duce a quantum dot (QD), i.e. a set of discrete energy levels 
that resemble what is naturally found in molecules. QDs can 
be assimilated to “artificial molecules” and form good qua-
si-zero-dimensional systems, but it is important to clearly 
state some differences: in molecules the energy level spac-
ing is defined by the choice of the system and can be varied 
using different chemical constituents and arrangements of 
the molecular structure; in QDs the level spacing largely 
depends on the material chosen and the size of the system. 
The typical dimensions necessary to observe quantum ef-
fects are between tens and several hundreds of nanometers, 
depending on the material. While quantum behaviour ap-
pears for a few atoms of a metal [29, 30], it can emerge in 
structures that are several nanometers large for semicon-
ducting systems [13, 15, 31–33], while several hundreds of 
nanometers are sufficiently small to achieve quantization of 
the energy levels in CNTs [9, 34].  

The electronic properties of electronic devices based on 
single molecules or QDs are usually investigated via 
transport measurements by connecting them to leads. The  
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Figure 1  Finite-size effects leading to the creation of a set of quantized 
energy levels from a metallic band structure when the system is reduced to 
nanoscopic dimensions. In the original band structure (left) a number of 
small energy gaps start appearing when the dimension of the system is 
progressively reduced, creating a number of small energy bands (center). 
Reducing the size of the system even further leads to the presence of only a 
small number of allowed occupational states, which are differently spaced 
based on the actual dimension of the system (right).   

following discussion about quantum transport holds equally 
for devices with a molecule or any other kind of quantum 
dot. Hence, the two terms can be used interchangeably. It 
must be stressed, here, that a sizeable energy barrier can 
develop between the QD (or the molecule) and the leads 
themselves. At low temperatures the presence or absence of 
the barrier can lead to a completely different response of the 
molecule sandwiched between the leads. As a rule of thumb 
different mixings of the molecular electronic states with the 
delocalized wavefunction of the electrodes will cause dif-
ferent barrier heights, and we can distinguish three main 
regimes: (1) a strong-coupling regime, where the molecular 
states are strongly hybridized with those of the bulk metal, 
leading to small barriers; (2) a weak-coupling regime, 
where the molecular states are well separate and distinct 
from those of the leads, and the barriers are high; (3) a 
physically very rich and interesting intermediate regime, 
where the molecular/QD levels are only partially mixed 
with those of the leads, and the molecule can still retain its 
identity, but can be easily accessed by the lead electrons.  

As the height of the barrier will generally lead to differ-
ent regimes, it is thus important to understand, at least intui-
tively, what is its origin. For molecules the barrier height is 
usually varied using one of two strategies: the first approach 
involves changing the group responsible for the grafting 
onto the lead; a second approach involves inserting a 
non-conjugated molecular spacer, e.g. an alkyl chain, be-
tween the grafting group and the molecule itself, as schema-

tized in Figure 2 [35]. The proof of principle of the strate-
gies have been implemented experimentally, the first using 
different sulphonated ligands to SMMs to Au leads, and the 
second using alkyl spacers between strongly binding thiol  
groups and a central molecular core, constituted by a 
Co(terpy)2 complex (Figure 2). 

In addition to the source and drain electrodes, a gate 
electrode is usually added to the device, so as to be able to 
tune the electrostatic potential by a capacitive coupling. 
Experimentally, this is usually implemented by building the 
devices over doped Si wafers with a 100–300 nm SiO2 layer 
on top creating a backgated device [9, 36]. The same effect 
can also be obtained using top-gates or side-gates, as some-
times necessary when the device includes more than one 
QD [37–39]. The final circuit diagram representing a typical 
three-terminal device is sketched in Figure 3. 

The behavior of the system shall then be schematized by 
introducing a quantity called the quantum of conductance 
G0 = e2/h, which can be used to classify the characteristics 
of our devices. The second range that defines the transport 
characteristics of our devices is the energy of the conduc-
tion channels. Two main quantities will define the behav-
iour of our system: the spacing of the quantized levels, δ, 
discussed above and the energy EC which needs to be spent 
to overcome the Coulomb repulsion when adding an elec-
tron to a system already containing some. The absolute en-
ergy scale will depend on the level of confinement of the 
electrons and on the system in consideration, and is usually 
of the order of eV for single atoms. 

Once these scales are defined we can draw, following 
previous considerations, a rather general and basic sketch of 
the different regimes in which an electronic device can op-
erate (Figure 4). Several boundaries can be defined. Let us 
consider the limiting situations first. If the conductance G 
through the device is large and G>>G0, a large number of  

 

 

Figure 2  Structure of molecules used to observe strong and weak cou-
plings with the leads by introducing a five-carbon alkyl chain [35]. (a) 
Weak coupling. [Co(tpy-(CH2)5-SH)2]

2+; (b) strong coupling. [Co(tpy- 
SH)2]

2+. 
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Figure 3  Circuit diagram of a typical nanoelectronic device. The mole-
cule or quantum dot is connected to two leads–source (sc) and drain 
(dr)–via tunnel barriers, each represented by a capacitance Csc/dr and a 
tunnel resistance Rsc/dr. A gate electrode is capacitively coupled to the dot 
Cgt. A bias voltage can be applied via Vsource and Vdrain and the electrostatic 
potential on the dot can be tuned by Vgate. 

 

Figure 4  Basic diagram of the regimes in which a nanoelectronic device 
can operate. The vertical energy scale is given in units of the quantum of 
conductance (G0), while the horizontal one, which defines the level statis-
tics, is in terms of Coulomb charging energy (EC).    

electrons are traveling through our device simultaneously 
and this will happen via a number of ways, called transport 
channels. If, on the contrary, G<<G0 the electrons will get 
through the QD only very rarely in discrete events. The re-
gime for which G~G0 is still under intense theoretical and 
experimental investigation and constitutes one of the boun- 
daries of our diagram.   

For G>>G0 the electrons can spend different amounts of 
time on the QD, and as any time scale is related to a corre-
sponding energy scale by the Heisenberg uncertainty prin-
ciple, we can define a so-called Thouless boundary around 
2∆E∆t~ħ. This boundary provides an upper energy limit for 
coherent transport with multiple channels, which is a semi-
classical regime. At energies higher than this boundary we 
will find a region where electron-electron interactions,  

which work destructively against any form of coherence, 
become dominant. This second boundary will be found 
when the time that the electron spends on the QD is ap-
proximately the same as the inelastic scattering time. Above 
this energy we will thus operate in a completely classical 
regime, while below this energy the conductors are better 
described as a collection of smaller nanostructures, so that the 
boundary region is usually called the mesoscopic border. 

Once the three main regions with many transport chan-
nels are defined, we now move to devices in which there is 
only 1 quantum of conductance or less. The region defined 
by G<<G0 and E>>EC is characterized by a strong localiza-
tion of the electronic excitations and a conduction mecha-
nism dominated by electron hopping, and is usually called 
the strong-localization regime. The most important region, 
for our purposes, is the one at lower energies, where the 
charging energy becomes the fundamental energy scale, 
which is called the Coulomb blockade regime of a 
nanodevice. When we are in this region and close to G0, we 
can place the electrons one by one onto the QD during our 
transport measurements. This means that we will have in-
coherent tunneling of the electrons onto the molecule 
through the aforementioned energy barriers with the leads, 
and one can manipulate electrons one by one. The energy 

scale CE   will define a boundary between regions 

where this tunneling happens elastically and where inelastic 
tunneling effects dominate. It should be noticed that, if one 
can operate in the coherent tunneling region and build de-
vices with superconducting electrodes, one can create 
quantum devices of almost macroscopic size. As we dis-
cussed above, the barrier energy between the QD and the 
leads is fundamental. When its transparency becomes high 
enough that the electromagnetic environment can affect the 
QD, we fall into the bottom-left region of the diagram. In 
this region the distinction between the states of the QD and 
the leads becomes blurred. In certain cases the electrons that 
pass through the magnetic QD will perceive it only as a 
magnetic impurity, which screens the electron flow. This 
regime, which is of high theoretical and experimental inter-
est, is called the Kondo regime [35, 40, 41], and is obtained 
only for strong coupling of the QD to the leads. 

Now that we have defined this general background, we 
will ignore most of the mentioned areas and we will con-
centrate on two of them: the Coulomb blockade regime and 
the region to its left – the Kondo regime. 

Let us examine the Coulomb blockade first. In the 
three-terminal setup of a quantum dot, two voltages are 
available to manipulate the electronic environment of the 
QD/molecule: the bias voltage Vbias, i.e. the difference in 
chemical potentials of the source and the drain electrode, 
and the gate voltage Vgate. In the linear response regime, 
only a small bias voltage is applied and the current via the 
QD is measured as a function of gate voltage. In the case of 
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a weak coupling and sufficiently low T, generally, no state 
of the QD is aligned within the small bias window, as 
sketched in the left panel of Figure 5(a), so that the number 
of electrons on the dot, N, is fixed and no current is meas-
ured. Increasing Vgate lowers the QD potential, and when a 
level is aligned within the bias window, one electron can 
tunnel from the source onto the dot and off into the drain. In 
this way a non-zero current is measured only in the proxim-
ity of the QD energy levels (center panel of Figure 5(a)). 
Increasing Vgate further fills the dot with one more electron 
from the source, and, by sweeping the voltage we can sub-
sequently fill the dot with electrons. The conductance 
measurement thus exhibits so-called Coulomb oscillations 
in the current across the QD, as in Figure 5(b) [42, 43].  

Another way to measure transport via the quantum dot is 
by changing Vbias. Keeping Vgate constant and increasing Vbias, 
the changes in the number of available states in the bias 
window can be monitored by the differential conductance 
dIdot/dVbias. Whenever one additional dot level falls into 
resonance with the Fermi energy, one more transport chan- 

 

 

Figure 5  (a) Schematic of the quantized states of the electrochemical 
potential of a quantum dot for three different level alignments. The gate 
voltage increases from left to right. If there is no dot chemical potential 
aligned within the bias window, the number of electrons on the dot is fixed 
(N) and it is in Coulomb blockade. No current can be measured. Increasing 
Vgate lowers the dot chemical potentials and when one of the levels is 
aligned within the Fermi energy of the leads, electrons tunnel across the 
dot and a non-zero current Idot is measured; (b) Coulomb oscillations in the 
current Idot across the QD; (c) schematic differential conductance dIdot/dVbias 
plot exhibiting Coulomb diamonds and excited state resonances. The addi-
tion energy Eadd and the energy Eexc of an excited state are indicated. 

nel opens up and the current increases observed as peaks in 
the differential conductance. By varying both available 
voltages, a conductance map can be constructed as function 
of Vgate and Vbias, forming the stability diagram of a quantum 
dot. As sketched in Figure 5(c), the diagram consists of di-
amond-shaped regions, called Coulomb diamonds, where 
the number of electrons on the dot is fixed. The diamonds 
are connected by ridges where the differential conductance 
is high, and which follow the evolution of the energy level 
of the QD when we are applying potentials to the leads 
and/or gates.  

It should be stressed here that this map is a form of spec-
troscopy of the QD/molecule: in standard spectroscopy one 
sends photons onto the system, and measures absorption or 
transmission at different energies of the incoming particles. 
Here we can observe the excitations of one single molecule 
and its electronic, vibrational and spin energy levels by 
measuring the transmission of electrons through it. Analo-
gously to other forms of spectroscopy, from the Vgate and 
Vbias one can extract the essential information of the mole-
cule. The energy needed to add one electron to the molecule 
and the gate coupling parameter can be extracted from the 
height and the width of the Coulomb diamonds (Figure 5(b) 
and (c)). In general, the two slopes forming the edges of the 
Coulomb diamonds are not symmetric and depend on the 
dimensionless coupling parameters i = Ci/C (I = sc,dr,gt; C 
= Csc+Cdr+Cgt), which hence can also be extracted [13, 14]. 
Along the edge of the diamond with positive (negative) 
slope, the dot level is aligned with the Fermi level of the 
source (drain) and such regions are called source (drain) 
resonances. The transitions involving vibrational or spin 
excited states of the single-particle energy spectrum are 
found as resonance lines running parallel to the diamond 
edges. The energy-level spacing can be extracted from the 
bias window at the meeting point of an excited state reso-
nance line with a diamond edge. Following these lines as a 
function of some other external parameters (like magnetic 
field, etc...) allows observing spin or other effects that affect 
the QD. For example a splitting of a resonance line associ-
ated with spin excitations is usually expected when applying 
a magnetic field, and can provide information on the spin 
system under investigation. In summary, it is possible to 
fully characterize a QD/molecule from its stability diagram. 
The capacitances which couple the dot to the environment 
can be determined, as well as the quantum level structure 
and the excited state spectrum including spin excitations. In 
this sense, quantum transport serves as a spectroscopic 
method, capable of detecting single molecules and their 
properties. 

The second regime which we are concerned about is the 
one in which the transparency of the barriers becomes very 
high. One can picture this situation as similar to the case in 
which one atom (which has a quantized energy spectrum 
when alone) is bound to a bulk metal, which has a contin-
uum of states defined by its band structure. Until now we 
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have considered the situation when the interaction is not so 
strong (e.g. when depositing n-heptane on Au). Then, the 
energy levels of the molecule remain well-defined, in a sit-
uation similar to our case of high energy barriers. On the 
other hand it is clear that, if their bonding is good (e.g. add-
ing a Co atom to an Au surface), the atom will then become 
part of the metal and the individuality of its energy states 
will be lost, which is equivalent to saying that the barrier is 
low, in our case. This second situation is usually schema-
tized using the Kondo regime for QDs, where co-tunneling 
effects are possible. That means, that an electron may tunnel 
onto the QD while another electron tunnels off, as sketched 
in Figure 6(a) and (b). In this case, the electronic states of 
the QD/molecule become strongly hybridized with those of 
the leads and a quasi-continuum of states will develop. This 
many-body state leads to a peak in the density of states at 
the Fermi level (Figure 6(c)), which will be detected as a 
characteristic peak of conduction at zero bias voltage, often 
called a “Kondo ridge” (Figure 6(d)). Following the initial 
assumption made by Kondo to explain the resistivity of 
metals with magnetic impurities at low T, one starts consid-
ering that the spin S associated with the QD is coupled with 
the electrons on the conduction band, S and the spins of the 
conduction electrons have to align antiparallel to minimize 
the total energy. This leads to a screening of the electrons 
flowing through the device by the spin S when there is an 
odd number of electrons on the QD, while an even number 
of electrons usually produces no effect.  

3  Molecular magnetic materials 

Molecular magnetism is the research area that is concerned 
with designing, synthesizing and investigating molecular 
materials with magnetic properties. As such it is already a 

 

 

Figure 6  Schematic of the Kondo effect. (a, b) A co-tunneling process 
changing the spin on the QD; (c) a finite density of states at the Fermi level 
arises; (d) a non-zero conductance (Kondo ridge) is observed in the Cou-
lomb diamonds corresponding to an odd number of electrons on the QD.   

rather wide area, but, over the years, it has expanded even 
further to include magnetic materials obtained by molecular 
approaches. For many years the field mainly concentrated 
on obtaining organic ferromagnets from extended networks, 
following the idea that, since organic frameworks can show 
metal-like conducting properties (see also below), there 
should exist the possibility of creating organic ferromagnets. 
Room temperature organic ferromagnets have turned out 
being much more difficult to obtain than organic conductors 
and semiconductors, so that this task remains unachieved. 
One of the main reasons of this failure is that the use of or-
ganic ligands actually promotes the formation of 
low-dimensional materials, such as clusters and chains. Re-
alizing this limit has led to one of the most fertile areas of 
research of the last three decades giving rise to a fertile in-
terdisciplinary field between physics and chemistry. The 
peculiarities of molecular structures have allowed monitor-
ing the interplay of classical and quantum effects in mag-
netism, and observe several quantum features like quantum 
tunneling of the magnetization and Berry phase interference. 
This allows creating spintronic devices where the magnetic 
part behaves quantum mechanically, in contrast to present 
devices where the magnetic part has classical behaviour. In 
this paragraph we will not provide an in depth coverage of 
all the aspects of the field, and we will try to collect, ac-
cording to the authors’ sensitivity, the main results for 
which molecular magnets have a particular added value for 
molecular spintronics. Books or authoritative reviews cov-
ering the different aspects of molecular nanomagnets are 
available, and we address the interested reader to them at 
the relevant points [17, 18, 44, 45].  

Synthesizing molecular clusters made of several magnet-
ic centres is relatively easy and there already exists a huge 
library of metal ions and organic radicals that can be used to 
this aim. When creating chain systems or metal clusters the 
molecular nature works to our advantage, rather than 
against us, as happening when creating three-dimensional 
magnetic networks. The bottom-up approach typical of mo-
lecular chemistry allows building the magnetic molecules 
almost ion by ion and, at the time of the writing of this re-
view, larger and larger clusters continuously appear, some 
of which already reach the size of magnetic nanoparticles. 

The field of single molecule magnets (SMMs) has basi-
cally been started by the observation of unusual magnetic 
properties in clusters comprising twelve manganese(III, IV) 
ions, Mn12O12(O2CR)16(H2O)4(Mn12) [46, 47]. The acetate 
derivative (R=Me) was first prepared by Lis, while the 
benzoate derivative (R=Ph) was studied by Christou and 
Hendrickson [19], during a systematic investigation of 
Mn-based clusters as models of photosystem II. The break-
through came with the sound interpretation of the magnetic 
properties of Mn12Ac [20, 48] and the observation of a 
hysteresis of molecular origin [21]. The second break-
through, which could be established only due to the molec-
ular nature of the compounds, was the discovery that the 
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relaxation of the magnetization of Mn12 clusters occurs via 
thermal activation plus a tunnel mechanism [23, 24]. This 
discovery and the accessibility to the related quantum ef-
fects opened the field to a much broader audience and pro-
vided a common ground for physicists and chemists in the 
field. 

The majority of efforts in the synthesis of SMMs are 
currently devoted to: (1) increasing the size of the clusters; 
(2) increasing the spin in the ground state S; (3) increasing 
the temperature below which hysteresis is observed (a.k.a. 
blocking temperature, or TB); (4) arranging and organizing 
SMMs on surfaces or into hybrid structures. As a result of 
this research, clusters approaching the size of small proteins 
have been created, like the beautiful torus-shaped Mn84 
cluster with a diameter of 4.2 nm, and an inner hole of 1.9 
nm [49]. The ground spin state has been increased up to S = 
83/2 (in a Mn19 complex) [50] and a TB up to 8 K has re-
cently been obtained in U-based compounds [51], i.e. about 
5 K above the longstanding TB record of Mn12 clusters. 

Although SMMs have been known for almost 30 years, 
more and more insight is continuously obtained. Most of the 
work on SMMs concentrates on the low-T behaviour, which 
is usually interpreted using the “giant spin (GS) approxima-
tion”, i.e. assuming a defined spin value S in the ground 
state (for example S = 10 in Mn12 complexes). The degen-
eracy of this manifold is lifted by the presence of a magnet-
ic anisotropy. When including the application of a magnetic 
field (Zeeman effect) the low-T spin Hamiltonian reads: 

 2 2 2

2...2

1...

( ) SgH k k
z x y B n n

n S

k n

H DS E S S B O



       (1) 

where the first two terms describe the first-order molecular 
anisotropy, the third is the Zeeman splitting due to the 
magnetic field and the last term is a multipolar expansion of 
crystal field effects using the Steven’s operators [52]. The 
symmetry of the system will determine which Bk

n coeffi-
cients are nonzero: when the symmetry is tetragonal, as in 
some Mn12 complexes, only terms with k = 0, ±4 are to be 
included. These crystal field terms provide information on 
the magnetic anisotropy and consequently on the magnetic 
relaxation. Transverse anisotropy terms (i.e. those with k  
0) are particularly relevant, since they influence the tunnel 
frequency. It is important to stress that the parameters can 
be extracted from high-field electron paramagnetic reso-
nance (EPR) measurements and then compared to the mag-
netic behaviour of the systems. This is usually performed by 
taking into account the slow relaxing behaviour of SMMs, 
which we briefly describe below. 

The presence of a D < 0 anisotropy parameter leads to 
the presence of an axial magnetic anisotropy of the system, 
i.e. the magnetization will preferentially lie along one axis 
of the SMM, while it will require increasing energies to 
move it further and further away from this axis. This is 
schematized in the double-well potential diagram reported 

in Figure 7. Once the SMM becomes trapped into one of the 
wells, e.g. after application of a magnetic field, it can only 
escape by overcoming the energy barrier via thermal activa-
tion or by tunneling through the barrier via a quantum me-
chanical process. The former mechanism will become very 
improbable at sufficiently low temperatures, while the latter 
will remain an available channel whatever the temperature. 

Several examples show striking agreement between the 
energy diagrams calculated with the EPR parameters and 
the pattern of magnetic relaxation observed, with an almost 
perfect match between the fields for which the avoided level 
crossings are calculated and the experimental ones (see Fig-
ure 8). Such extremely accurate predictions allow testing a 
good deal of quantum physics, and several prominent exam-
ples have appeared such as the testing of Kramer's parity the-
orem and the observation of Berry phase interference.  

From the point of view of molecular spintronics these 
properties are interesting because they allow inserting a 
magnetic system with quantum properties into spintronic 
devices. Until now spintronic devices have made large use  

 
 

 

Figure 7  Double well potential of a SMM, the typical scheme of a Mn12 
SMM is used for convenience. The vertical axis represents the energy, 
while the Sz spin levels of the ground state multiplet are depicted within the 
two wells created by the axial anisotropy D. The situation for different 
fields is depicted, starting from zero field (top), then moving to a moderate 
field at which no levels are in resonance (middle) and eventually to a field 
where one or more levels are in resonance again (bottom).   
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Figure 8  (a) Experimental hysteresis loop of the Fe8 SMM, acquired at 
40 mK and with different cycles corresponding to different sweeping rates 
of the magnetic field, as in the colorscale; (b) energy level diagram of the 
spin levels of the Fe8 SMM as a function of the external magnetic field, as 
calculated using the anisotropy parameters extracted from EPR data. The 
correspondence between the avoided level crossings and the observed steps 
in the magnetization is highlighted with the blue lines. 

of quantum effects in the electronic part and the use of tun-
neling effects has been particularly prominent; on the other 
hand their magnetic components have always been consti- 
tuted by large classical systems, where the magnetization 
reversal can be described using domain wall motion or al-
ternative classical models. It should then be clear that 
SMMs offer an exceptional opportunity to produce 
spintronic devices with quantum properties due to the mag-
netic components. The main challenge is then to produce 
molecular magnetic systems that can be integrated into 
functional devices and still display the desired properties. In 
the following we briefly resume several strategies that have 
appeared along this direction. 

4  Magnetic molecules for quantum transport 

While in the previous sections we examined quantum 
transport and SMMs in general, in this section we discuss 
several possible ways of implementing it with molecular 
magnetic materials. Several detection and transport schemes 
have been envisaged over the time (Figure 9). The most 
basic one is the immobilization of molecules onto a con- 
ducting surface, so as to probe the energy levels on the sys- 

 

Figure 9  Three main detection schemes in molecular spintronics. All 
schemes are shown as implemented with Fe4 molecular magnetic clusters. 
(a) Detection scheme using a conducting tip, as in a scanning tunneling 
microscope; (b) molecular junction device, to which a third terminal can be 
added by building the device on a Si wafer; (c) double magnetic QD 
scheme. The molecule (i.e. a spin QD) is attached onto a second, electronic 
QD (in this case a carbon nanotube). The effect of the molecular spin onto 
the current flowing into the QD is then felt and detected, leading to single 
molecule detection without flowing electrons directly through the spin 
system, and thus avoiding strong perturbations. Again a backgate electrode 
can be added by building the device on a Si wafer. 

tem using a conducting tip, as in a scanning tunneling mi-
croscope (Figure 9(a)). The second, more advanced and 
more challenging approach (Figure 9(b)), is to immobilize a 
molecule between two electrodes and then measure the cur-
rent through it, similarly to the scheme in Figure 3. The 
third approach consists in attaching the magnetic molecule 
onto a pre-existing quantum dot, so as to constitute a 
“spintronic double quantum dot” where the molecule acts as 
a spin QD and the transport occurs through a solely elec-
tronic QD coupled to the spin one (Figure 9(c)). In the fol-
lowing we will provide a more detailed overview of these 
three situations, and explain their respective advantages and 
disadvantages. 

The first approach (Figure 9(a)) has the advantage of be-
ing more easily implementable than the other two, as it only 
needs the deposition of molecules on the metal surface. This 
has been achieved via a number of different functionaliza-
tions of SMM clusters to bind on gold and other metals. The 
scope of the different strategies involved and their degree of 
success has constituted a particular subfield of molecular 
magnetism for a while and the interested reader is redirected 
to a few very complete and detailed reviews of these efforts 
for reference. It should be stressed, however, that two main 
methods have been mainly followed: one relies on binding 
the molecular materials onto the surface with suitable 
chemical groups, like thiols for gold, while the second one 
relies on the immobilization of the molecules via evapora-
tion and/or direct drop casting methods. In all cases, the 
effect of the substrate on the molecular magnetic properties 
remains unknown, even though the first steps towards un- 
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derstanding the interaction of the molecule with the metal 
substrate have already been taken. Recent experiments on 
depositing single Mn12 clusters (R=CH3) using advanced 
electrospray ion beam deposition techniques have evidenced 
the preservation of the single molecule properties when a 
thin insulating layer is sandwiched between the SMMs and 
the metal surface [53]. The experiments, performed in the 
Coulomb regime, show that, on the contrary, the transport 
characteristics are strongly altered when a direct deposition 
onto the metal is performed, a first indication of the im-
portance of the deposition substrate. The second class of 
molecular magnetic materials that has been investigated is 
that of double-decker rare-earth complexes, which have 
been deposited onto Au(111) surfaces. In this case it has 
been possible to investigate the systems in the Kondo re-
gime, and the presence of unpaired electrons on the 
-orbitals of the phtalocyaninate ligand seems to contribute 
decisively to this regime.  

The main disadvantage of this approach is the fact that 
one can investigate the properties of the molecules as a 
function of the surface-tip voltage but no external voltage 
source can be applied, i.e. no gate voltage is present. This is 
a major disadvantage because it basically restricts the inves-
tigation onto one line of the Coulomb diagram (as men-
tioned in section 2) and prevents a complete spectroscopic 
characterization of the system. Such limitations are over-
come by the second type of measurements, albeit at some 
price. 

The second type of experiments (Figure 9(b)) implies the 
immobilization of an intact molecule inside a nanome-
ter-sized gap between two electrodes. Such experiments 
have in fact been the first to be attempted, because they of-
fer the possibility of fully characterizing the system, even 
though the devices are more challenging to produce. They 
have the important drawback that, in contrast to STM im-
aging, only one molecule can be investigated and this par-
ticular molecule cannot be investigated with other means 
and will be imprisoned in one unique, random orientation 
with respect to the leads and the current flow. The experi-
ments thus suffer from a lack of reproducibility and it is 
also difficult to state clearly what is in fact being probed, in 
absence of clear magnetic fingerprints. The most used junc-
tions are electromigrated or break-junction devices [5], 
which can integrate a backgate electrode, usually buried 
below the junction itself. As usual, two experimental re-
gimes can be distinguished, depending on the strength of the 
coupling to the electrodes: a weak coupling (or Coulomb) 
limit and a strong coupling limit, where Kondo effects can 
be probed. 

The experimental realization of the weak-coupling limit 
has been achieved using a Mn12 derivative functionalized 
with thiol groups, which provides strong and reliable cova-
lent bonds to the electrodes [54], which anyway create rela-
tively high tunnel barriers. As the Coulomb blockade in-
volves the sequential charging of the SMM, the magnetic 

properties of the negatively- and positively-charged species 
must be considered, in addition to those of the ground state. 
This introduces an important difference with respect to 
standard molecular electronics, where charging of the mol-
ecule usually does not significantly alter the interesting de-
grees of freedom [55]. Positively charged Mn12 clusters 
have a lower D anisotropy [56] and the presence of these 
charged states is fundamental to explain the electronic 
transport and in particular the observed negative G values 
[29, 30].  Studies as a function of applied magnetic field H 
have shown a first evidence of the spin transistor properties 
[30] as well as the lack of a hysteretic response, which can 
be due to the breaking of the SMMs during the grafting, to 
the population of excited states or might also be a conse-
quence of the interaction with the metallic electrodes, simi-
larly to the observed interaction with conducting surfaces in 
the STM experiments. Further investigations have also 
shown that the magnetic anisotropy can be tuned using a 
magnetic field and that the magnetic field evolution of ex-
cited states in the stability diagram indicates a zero-field 
splitting [54, 57–59]. 

Theoretical investigations in the weak-coupling regime 
indicate that it should be possible to connect structural and 
magnetic parameters to the transport features, something 
that cannot be attempted with nanoparticles or QDs, as only 
SMMs offer perfectly identical, monodisperse and repro-
ducible systems. Theoretical analysis shows that even films 
of SMMs should retain the salient properties of sin-
gle-molecule devices [60, 61] and a further analysis has 
extended to chemically-related SMMs [62], opening the 
way to the use of the unique chemical potential of SMMs in 
testing theories with several related compounds. 

The strong electronic coupling has been attained using 
paramagnetic molecules containing one [35] or two mag-
netic centers [63], but remains unachieved for SMMs. The 
mononuclear paramagnetic molecule investigated in this 
regime (Figure 2(b)) [41] shows a Kondo peak when the 
thiol is directly connected to the TerPy ligand, while the 
system with the longer alkyl spacer (Figure 2(a)) displays 
low transparency barriers and Coulomb blockade. Charac-
terization as a function of H reveals the presence of spin 
excitations, and agree with the effective S = 1/2 state at-
tributed to Co2+ ions at low T. On the other hand, a Landé 
factor g = 2.1 is found, which is unexpected for Co2+ ions, 
characterized by high spin-orbit coupling and magnetic an-
isotropy, and this point needs further investigation. 

The possibilities offered by a simple dimeric molecule, 
i.e. containing two magnetic centers, have also been inves-
tigated [42] using the divanadium molecule [(N,N',N''-  
trimethyl-1,4,7-triazacyclononane)2V2(CN)4(μ-C4N4)] [64]. 
This is again directly grafted to the electrodes, and produces 
very high transparencies [42]. Via the gate voltage one can 
tune the molecule into different charged states: a neutral 
state with S = 0 and a positively charged state with S = 1/2. 
The Kondo resonance is found, as expected [37–40], only 
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for the state in which the molecule has a nonzero spin mo-
ment and the electron flow can be screened by the magnetic 
impurity. This nicely demonstrates that magnetic molecules 
with multiple centers and antiferromagnetic interactions 
permit to switch the Kondo effect on and off, depending on 
their charge state. The temperatures at which Kondo fea-
tures are found in such systems are much higher than those 
obtained for QDs and carbon nanotubes [37–40]. In order to 
observe the Kondo regime one should orient himself to us-
ing small SMMs [21] with high delocalization, so that core 
states can be more affected by the lead wavefunctions. 

Theoretical investigations [65, 45, 46] suggest that the 
Kondo effect should be visible in SMMs even for S > 1/2 
[66], and that the presence of even a small transverse ani-
sotropy can produce a Kondo peak [45]. These works also 
show that, in addition to a sound selection of the ligands, a 
rational choice of the physical parameters of the spinHam-
iltonian is also necessary to observe Kondo behaviour in 
SMMs. The aforementioned Berry-phase interference [8, 23] 
can eventually produce a series of Kondo peaks on varying  
the external magnetic field [67]. These predictions show 
how SMMs, being molecules and having a well-determined 
spin Hamiltonian, can have substantially different behaviour 
than QDs and nanoparticles and should permit the observa-
tion of different physical phenomena.  

While this detection scheme presents several advantages 
over the first one, it still suffers from several drawbacks, the 
most important of which is probably the fact that the elec-
tron flow can directly pass through the molecule, thus 
strongly perturbing the spin state. Such drawbacks can be 
further overcome by using the third detection scheme, dis-
cussed below. 

The third detection scheme, which is growing in interest 
and relevance, consists of using a multi-dot device in a three 
terminal scheme, where the current passes through a 
non-magnetic QD only weakly coupled to the SMM. Sever-
al ways in which the spin can influence the transport prop-
erties of the conducting QD can be envisaged (Figure 10): 
the first is by simple dipolar coupling between the SMM 
magnetic dipole and the flowing electrons, and does not 
require any particular form of chemistry, as non-covalent 
grafting should be sufficient; the second is the magne-
to-Coulomb effect [68], already observed for magnetic na-
noparticles [69] and possibly responsible of the recent ob-
servations also with SMMs [70]; the third possibility, i.e. 
direct exchange coupling between the SMM and the elec-
trons [11, 54], requires a covalent functionalization of the 
QD, which has not been achieved yet (see the following 
paragraph); the fourth option is to use the QD as a detector 
of the magnetic flux variation, e.g. in the case of the recent 
nanoSQUID [70, 71]. Recently the double QD scheme has 
been implemented using Tb double-deckers grafted onto a 
CNT contacted by non-magnetic electrods [72]. In this set-
up, the CNT forms a non-magnetic quantum dot, while the 
switching of the magnetic moment of the Tb-bis (phthalo- 

 

Figure 10  Different coupling schemes between a QD (here represented 
as a CNT) and a SMM that can lead to the observation of spin effects on 
the electron flow of the CNT (red). 

cyanine) molecules causes changes in the electronic 
transport depending on the applied magnetic field. The 
magnetic moment of the highly anisotropic lanthanide leads 
to a magnetic field dependence of the electrical transport, 
and the magnetoresistance ratio is determined as high as 
300% at temperatures lower than 1 K. The same SMMs 
have also been coupled to a quantum dot structured in 
grapheme [73]. In these devices, a magnetoconductivity 
signal up to 20% is found when sweeping the magnetic field. 
It should be noticed, anyway, that in both cases the exact 
mechanism leading to the observation of the signal remains 
unknown and the underlying physics shall likely become the 
subject of future investigation. Spin valve-like mechanisms 
have been proposed, but they remain to be confirmed using 
the tools that normally identify such behaviours, e.g. Hanle 
precession. 

Eventually we wish to mention that coupling to the vi-
brational degrees of freedom is also possible. It has been 
demonstrated that carbon nanotubes (CNTs) can produce 
excellent resonators with extremely high quality factors. It 
can thus be envisaged to couple the magnetic moment to 
these vibrational degrees of freedom, which, in turn, can be 
monitored electrically [74]. Theoretical investigation al-
ready shows that single molecule sensitivity should be 
reachable [75]. 

5  Hybrids of organic materials and magnetic 
molecules for quantum transport 

In this section, due to the growing relevance of the third 
detection method, we quickly review the possibilities in the 
chemistry of carbon nanomaterials and molecular nano-
magnets. The bulk of the work has been performed on car-
bon nanotubes (CNTs) [76], while some recent works point 
in the direction of graphene-based hybrids and devices, 
which can exploit the presence of Dirac electrons in the 
graphene structures. 
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The chemistry of CNTs has been well developed since 
their discovery and leads to some fundamental advances in 
functionalization and chemical manipulation [77–84]. It is 
worth reviewing these modification methods to develop 
suitable means for the functionalization of CNT and gra-
phene with molecular magnets. Basically, the chemistry of 
CNTs often revolves around introducing defects on the 
sidewall of the CNTs to perform further reaction with target 
molecules. However, the defects on a CNT constitute scat-
tering sites that severely limit the performance of electronic 
devices. Therefore it is of fundamental importance to reduce 
the defects of a CNT to a minimum level during the devel-
opment of CNT-molecular magnets hybrid electronics de-
vices.  

Lots of interesting results have been reported on the cre-
ation of CNT devices [8, 70, 77–82, 85–94], however, very 
limited results are available on the CNT-molecular magnets 
hybrid devices and it is a great challenge to investigate the 
parameters that govern the behavior of these devices [95]. 
The symbol behavior of molecular based superparamagnets 
can be taken as evidence that the interaction between the 
two systems, molecular magnets and CNT, is obtained.  

Single-molecule magnets (SMMs) possess the magneti-
cally bistable states due to the Ising type anisotropy, which 
enable one to investigate the interaction between Ising type 
anisotropy and transport [95]. However, due to the partial 
energy transfer from the SMM to the device, it is then ef-
fective to employ systems releasing a maximum energy 
when reversing the magnetization. Practically, as the energy 
is proportional to the area of hysteresis cycle, attention 
should then be focused on those SMMs affording higher 
magnetization saturation values at a given temperature and 
magnetic field sweeping rate. Normally, simple paramag-
netic materials can be of little interest due to the absence of 
magnetic behavior fingerprints on the electron flow as well 
as the very poor energy transfer [95].  

In addition to SMMs, a second class of molecules can be 
those which undergo structural or electronic changes under 
an external stimulates, such as light for instance [96–99]. 
The effect of irradiation on the transport can also be taken 
as the fingerprints of the molecule and it can be a way to 
affect the functionality of the device. Lanthanides contain-
ing molecules are of great interest as well, which are able to 
show parity effects on magnetic properties and thus can be 
identified [95, 100–103].  

Basically, there are two strategies to develop hybrid de-
vices with different outcomes on the electronic properties: 
non-covalent [104, 105] and covalent [106, 107] binding to 
CNT or graphene. For the non-covalent binding to CNTs, 
the grafted molecule will locally alter the electron density of 
the CNT and thus generate a scattering center [108]. It can 
also be expected that the interaction between the CNT and 
the molecular magnet is very weak and this strategy is a 
good way to develop a weak coupling hybrid. The weak 
coupling hybrid electronic devices, if operated with suffi-

cient sensitivity, can detect the presence of one or several 
grafted molecules even at room temperature. It is very im-
portant to use stable molecules so as to avoid a loose of 
molecules from the grafting ligand attached to the CNT, 
which will generate unnecessary scattering centers. 

Two ways are usually employed to modify the molecular 
magnets in order to graft them on CNTs with a non-covalent 
binding. The first one is to modify the ligand with tails con-
taining polycyclic aromatic groups, like pyrene. These aro-
matic groups are able to form relatively strong - stacking 
with a CNT, and have been used to attach nanoparticles to 
CNTs in solution. A method to determine the distribution of 
those molecules on CNTs was also developed [109, 110]. 
The modified molecules are assumed to stick onto the CNT 
randomly. Then, the probability of having two molecules at 
a distance L is P(C, L) = CeLC, where C is the linear con-
centration of the molecules on the CNT [111, 112]. Statisti-
cal analysis of the distribution of L, performed on CNTs, 
revealed good agreement with the predicted law and al-
lowed C to be extracted for each repetition. The results 
show that C varies linearly with the repetition times. In this 
way, one is able to determine the linear concentration of 
grafted molecules on CNTs, and thus to optimize the ex-
perimental conditions before proceeding to electronic   
devices.  

Recently, a hybrid device with pyrene as the 
non-covalent binding point has been reported [113]. A dou-
ble-decker molecule with a lanthanide ion sandwiched is 
modified with pyrene. The high-resolution transmission 
electron microscopy, emission spectroscopy and atomic 
force spectroscopy results reveal that the modified complex 
has been successfully attached to the CNT using - stack-
ing interactions. Additionally, due to the reducing intermo-
lecular interaction, the anisotropy energy barrier and the 
magnetic relaxation time of the hybrid are both increased in 
comparison with the modified complex.  

Another way to modify the molecular magnets is by ad-
dition of long alkyl chains [104, 105]. Such groups can form 
van der Waals interactions with the hydrophobic wall of a 
CNT, either with the chains lying along the CNT axis or by 
wrapping around its diameter. In both cases, the interactions 
are likely lower than in the previous case, and can certainly 
lower the perturbations in the electronic structure of the 
CNT. These ligands are thus indicated for a weak coupling 
between the molecular magnets and CNTs. We have coated 
the CoFe2O4 nanoparticles with both pyrene and long alkyl 
group containing ligands and thus obtained both the afore- 
mentioned two types of modified nanoparticles [110]. 
However, the results reveal that a modification with the 
pyrene containing group yields a controlled and selective 
grafting, with only several nanoparticles sticking on the 
CNTs. 

A third way to graft molecular magnets onto CNTs is to 
employ those SMMs with aromatic rings in the outer shell 
of the molecule. Without the long modification carbon  
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Figure 11  Strategies to graft molecular magnets onto a CNT using non-covalent binding. (a) Modifying the ligands with tails containing polycyclic aro-
matic groups, i.e. pyrene, can attach the molecules via - stacking onto a CNT; (b) another way to modify the molecular magnets is by adding long alkyl 
chains to form van der Waals interactions with the hydrophobic wall of a CNT; (c) employing the molecular magnets with aromatic rings out shell can gen-
erate a comparable stronger interaction between the target molecule and the CNT. 

 
Figure 12  Probability of finding a distance L between SMMs grafted on 
CNTs for sequential repetitions of the process. Symbols are experimental 
data for 1, 2, 4 and 6 repetition and lines are the corresponding fits. Inset: 
extracted linear concentration as a function of the number of repetitions of 
the process and linear fit. 

 
Figure 13  The structure of the double-decker molecule with a terbium 
ion sandwiched in the center. One of the deckers is modified with pyrenyl 
and hexyl substitutions which is able to maximize the interaction with 
CNTs. 

chains of the previous two cases, but by contacting the 
complex directly with the CNTs, the interaction of the mol-

ecules with the CNT can be relatively strong in comparison 
to the aforementioned two approaches. The grafting of a 
single lanthanide ion containing molecule onto CNTs has 
been reported via a wet adsorption method [114].  

The strategy of a covalent binding to CNTs is based on 
the presence of occurring defects inside the CNTs [106, 
107]. In the previous section we assumed that the CNT 
walls are formed by a perfect honeycomb lattice, however, 
no present synthetic method is able to yield perfect CNTs 
without any defects. The defective sites perform different 
chemical properties and thus can form a covalent bond with 
modified SMMs resulting in a covalent binding hybrid de-
vice. Making use of the existing defective sites, rather than 
non-covalent grafting, implies the advantage of avoiding the 
addition of more scattering centers to the already present 
ones. It is obvious that the covalent grafting yields a much 
stronger coupling between the molecular magnets and the 
CNTs. The investigation of how different chemical groups 
transmit spin interactions is becoming more necessary and 
the chemistry of molecular magnets can be an invaluable 
tool to this aim [95].  

The defects are partly constituted by dislocations or 
changes in diameter, or by missing carbon atoms inside the 
CNT walls. The defective sites usually result from the sev-
ering of locally more liable carbon bonds. Alternatively, 
pentagon-heptagon pairs (AKA Stone-Wales defects) and 
vacancies can constitute reactive sites on the CNT walls. 
Treatment with inorganic acids, often performed in order to 
eliminate the catalyst used in the fabrication, can also cause 
a large amount of defects and should be considered with 
care [115, 116]. Even non-chemical treatments, such as ul-
tra-sonication, electron beam imaging and AFM microscopy 
can damage the CNTs and introduce defects as well [116].  

Defective sites can be divided into three types: (i) sites of 
sp3 hybridization with hydrogen or hydroxide groups in-
serted into the defective site, and oxidative defective sites 
with carbon atoms replaced by carboxylic groups on (ii) 
sidewalls or (iii) terminal sites. Normally, terminal groups 
cannot be exploited for molecular spintronic devices for its  
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Figure 14  Defects on a single walled CNT exploitable for the grafting of 
molecular magnets. Oxygen atoms are depicted in red. Three types of 
defects are represented: sites maintaining sp3 hybridization with –H and 
–OH groups were inserted into the defective site, oxidative defective sites 
with carbons replaced by –COOH groups on sidewalls and terminal sites, 
normally terminating in carboxyl groups. 

difficulty in creation a two-lead device. Defects of sp3 hy- 
bridization can be difficult to exploit, because their chemis-
try has only been explored to attach organic appendages to a 
CNT but remain unused for binding metals or ligands [83, 
84, 104]. The most valuable defects are those terminating 
with carboxylic group on the sidewall of CNTs.  

These carboxylic groups can be deprotonated to afford a 
negative charge, and can be used to obtain an electrostatic 
interaction with positively charged groups such as proto-
nated amines [83, 84, 104, 117, 118]. SMMs with positively 
charged ligands are available and they have been exploited 
to graft on surface [119, 120]. It is necessary to point out 
that in the case of electrostatic interaction based grafting, 
charged silanes, which have been used for the creation of 
the first CNT-based SQUID [70], cannot be used to func-
tionalize the surface, otherwise the grafting will be lost.  

Ligand exchange reaction can be used to bind a metal ion 
center, i.e. lanthanide, to the carboxylic group [121, 122]. 
This can probably yield the highest possible coupling with 
the CNT. However, it is not easy to achieve the exchange 
with considering both the charge balance as well as the ste-
ric hindrance. Additionally, the breaking of the cluster will 
probably lead to a change of the magnetic property of the 
SMM. It can be imagined that better results are expected 
with single paramagnetic metal ions, and some recent re-
search shows that the single lanthanide containing molecule 
is able to show magnetic bistable states.  

One of the important chemical properties of carboxylic 
groups is that they are able to form ester with hydroxyl 
group and to form amide with amine, which can be used to 
graft molecular magnets with OH or NH2 groups onto these 
defect sites. The interesting point of this strategy is that, 

 

Figure 15  Scheme of a number of useful reactions for the covalent bind-
ing of a group or a metal ion to defective sites of the CNT. (a) Carboxyl 
defects on a single walled CNT exploitable for the grafting of molecular 
magnets; (b) electrostatic interactions with positively charged molecules, 
i.e., protonated amines, used for anchoring nanomaterials to CNTs; (c) 
direct ligand exchange interactions to bind complexes of metal ions; (d) 
formation of an ester to covalently bind a ligand or desired molecule; (e) 
formation of an amide group to form a covalent bond binding a molecular 
magnet.  

beyond forming a relatively strong coupling, by varying 
spacer ligand containing hydroxyl or amine group, one can 
tune the coupling between the molecular magnets and the 
CNTs, which, as aforementioned, is a rather important goal 
in the creation of novel molecular spintronic materials. 

For both covalent and non-covalent grafting mechanism, 
it is of fundamental importance to control the number of 
grafted objects. It is then clear that new methodologies are 
expected for a better control than those used in solution up 
to now, which often involve the functionalization with a 
large number of nanoparticles making it much less appeal-
ing. It is also vital to point out that to graft molecular mag-
nets onto CNTs with its structure maintenance is also diffi-
cult. This is the reason why one should choose those molec-
ular magnets as the target molecule which is relatively  
stable. 
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Similar approaches involving graphene, although very 
promising, are still very limited: only the Tb double decker 
complexes of Figure 13 have been deposited onto grapheme 
[123], with scarce selectivity and not completely satisfacto-
ry control of submonolayer coverages, and the creation of 
SMM/carbon magnetic hybrids remains an important field 
of research. 

6  Conclusions and perspectives 

SMM-based molecular spintronics is an emerging field, 
which promises many fascinating challenges for theoreti-
cians and experimentalists, both in Chemistry and Physics. 
As SMMs can modulate the response of spintronic devices, 
systems in which the electron flow is controlled by the 
quantum properties of the magnetic part can be envisaged 
and numerous applications can be foreseen. The quantum 
properties of SMMs already show appealing effects on the 
behavior of the devices, like negative differential conduct-
ance. In the perspective of molecular spintronic devices 
some SMMs do look most promising: rare-earth-based dou-
ble-decker molecules, for example, are a family of isostruc-
tural SMMs with tunable anisotropy and which can produce 
a direct coupling with the CNTs by the overlap of the 
-electrons of the deckers to those of the CNTs [21]. Newer 
systems with higher blocking temperatures [124–126] may 
become even more useful in the near future.  
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