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Since an early age mankind has learned to use magnetic
materials to its benefit, but it is only with the development of
quantum mechanics that a true understanding of magnetism
could be achieved.[1–3] The last few years have seen the
development of nanomagnetism, that is, the investigation of
magnetic objects in the 1–100 nm size range, in which
quantum and classical effects coexist.[4] Molecular nano-
magnets (MNMs), based on tailor-made magnetic molecules
that are all identical and individually addressable, have
attracted considerable interest since the discovery that some
molecules show the coexistence of quantum and classic
effects, such as hysteresis and quantum tunneling of the
magnetization in single molecule magnets (SMMs).[5–15]

[Mn12O12(O2CR)16(H2O)4] (Mn12) is the archetype of SMMs
in which slow relaxation results from the large ground-state
spin combined with a huge Ising-type magnetic anisotropy.
The cluster mimics bulk behavior because the magnetization
must overcome a large energy barrier to invert its direction.
The potentially important impact that such systems, having
bistable properties and showing quantum effects, may have on
magnetic storage of information has prompted many chemists
to design and synthesize molecules displaying these features.
However, this approach is not simply a matter of scalability.
The exploitation of magnetic molecules requires many
problems to be solved, which range from addressing single
spins to the so-called measurement and interpretation prob-
lem, which has been constantly debated since the birth of
quantum theory. In other words, the possibility of encounter-
ing Schrçdinger cats[16] should be always kept in mind. The
reduction in the size of magnets has had a profound effect on
our views of condensed matter. In fact, MNMs provide many
new opportunities to observe quantum effects, which are the
subject of intense investigation in spintronics[14, 17–27] and

quantum computing.[28–36] The former takes advantage of
both the charge and the spin of the electron, whereas the goal
of the latter is to exploit quantum mechanics to implement
more efficient logical processing. In both fields MNMs can
make the difference. The aim of this Essay is to highlight the
quantum effects that can be observed in MNMs and to show
how these systems provide unique opportunities of measuring
the direct response of the quantum system to the questions
raised by the observer. We believe that MNMs will make a
very important contribution to our understanding of the
quantum world and will lead to the discovery of new,
intriguing properties of matter. To facilitate the design of
systems of ever greater complexity, it is necessary that many
traditionally formal concepts, like quantum tunneling, coher-
ence, decoherence, entanglement, and superposition, be
understandable in a direct and partially intuitive way, acting
as keys to open gates to new science and applications.

Quantum Paraphernalia

The spin allows the electron to be considered as an
elementary logic bit or quantum of information. Progress in
instrumental technology has provided tools allowing the
detection of individual spins in solid-state systems. The
potential applications involve not only the detection of the
objects used but also their manipulation. In the traditional
investigation of bulk samples, this manipulation is easily
achieved by perturbing the system with external magnetic
fields, but here the problem is how to change selectively the
spin state of a small number of molecules. The evolution of a
quantum system as described by the time-dependent Schrç-
dinger equation in principle affords the state of the system at
an arbitrary time, provided that the initial state of the
quantum system and the Hamiltonian are known. A simple
case is given by the two basis vectors j›i and jfli (or j 0i and
j 1i when using the language of bits). The definition is
generally valid but is applied here specifically to spins. The
spin state jyi can represent one of the two basis states,
characterizing the components of the spin along an external
magnetic field [Eq. (1)]:

jyi ¼ j "i and jyi ¼ j #i ð1Þ
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Nevertheless, being a quantum object, the system can also
be in any one of the infinite states jyi= c› j›i+ cfl jfli where
c› and cfl are complex numbers such that j c› j 2 + j cfl j 2 = 1. The
system is said to be in a superposition of states. The existence
of a superposition of states is in contrast with what is
perceived in the macroscopic world, where in practice only
one of the possible alternatives is detected by the measure-
ments, yielding always the same result. The evolution of the
states is described by Equation (2):

c" ¼ e�i�=2 cosðq=2Þ and c# ¼ ei�=2 sinðq=2Þ ð2Þ

where q and f are spherical coordinates.
Two processes can change our quantum state: variation of

q changes the spin, while variation of f only changes the
phase of the wavefunction. A system can start in an
intermediate spin state that is neither jyi=j›i nor jyi=
jfli and can continue to move along the sphere just changing
its azimuth angle f, without changing its elevation angle q. If
movement along q is slow, then we can use the system as a
classical bit. If all spins in the sample have the same speed of
evolution, then the system is evolving coherently, and we can
try to use it as a quantum information unit (or qubit).

In principle, the system can continue to rotate in what is
called a coherent state, but interaction with the environment
will destroy coherence.[37–39] Decoherence is a measure of the
instability of the state that can be monitored by td, the
characteristic time in which a quantum object loses its phase
owing to interaction with the environment. Coherence and
decoherence are two fundamental aspects of quantum
systems. The former corresponds to correlation between the
two states, while the latter corresponds to the destruction of
the correlation and the collapse of the superposed states into
one. In other words, coherence corresponds to a given

superposition state which, owing to interaction with the
environment, decays to a nonquantum state.

In many possible applications, the coherence time must be
long. This can be achieved in several ways, the first step being
the choice of the type of system. It is apparent that a system
based on electron spins has an intrinsically shorter decoher-
ence time than a system based on nuclear spins. Molecular
magnetism often deals with systems in which unpaired
electrons are spatially confined, so that their energy levels
can be described as following the features of a quantum
object. Imagine a set of paramagnetic metal ions that are
never isolated owing to interaction with their environment,
which is the host containing the paramagnetic molecule as a
guest. A fundamental mechanism of decoherence occurs
through the interactions with phonons. This interaction
defines the spin-lattice relaxation time T1. The coupling of
the electron spin with a nuclear spin induces a phase shift and
intensity decay, with the resulting component oriented in the
transverse phase plane. This process is the most effective in
determining the decoherence of the quantum state. Its time
scale is defined by the transverse relaxation time T2, the time
required for the magnetization in the perpendicular plane to
fan out until the net magnetization is zero.

So far we have considered single quantum objects
interacting with the environment. Now take two independent
quantum objects and, at some point, switch on an interaction
between them. If the resulting composite state is such that it
cannot be written as a product of individual states, the system
is said to be entangled.[40] If the system is coherent and we
switch the interaction off again, the correlation will persist,
irrespective of time and distance. A general state for two spins
is given in Equation (3):

jYi ¼ c""j ""i þ c"#j "#i þ c#"j #"i þ c##j ##i ð3Þ

where all the coefficients c are complex numbers. If all the
coefficients c are given by the product of the corresponding
single-spin c› and cfl, the composed states can be expressed as
products of the initial states jYi= jyi1 jyi2. There are,
however, states in which this does not hold true, for example,
the maximally entangled states [Eq. (4)]:

Y�j i ¼ 1
ffiffiffi

2
p "#j i � #"j i½ �; F�j i ¼ 1

ffiffiffi

2
p ""j i � ##j i½ � ð4Þ

If one state is projected on one of its eigenstates, the
projection on the other one is also known.

The entanglement concept provides an opportunity to
explain how the classical features of the macroscopic world
may originate from the quantum mechanical description of
the microscopic world. In fact, it is not straightforward to
explain why the investigation of a quantum system which,
according to superposition, should yield a multiplicity of
answers, actually provides only a restricted and defined range
of results

The original answer of the Copenhagen school[41] assumes
a separation between the quantum and the classical world and
the fact that a classical apparatus is always necessary for
performing a measurement. This should justify the fact that all
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the measurements yield only a restricted range of results. This
assumes a separation between the quantum and the classical
world, which is rather difficult to accept.[42] There seems to be
a consensus that quantum systems are never isolated from
their environments (i.e., they are open systems and not the
closed ones described by the Schrçdinger equation).[43, 44] In
the entanglement between the quantum system and the
environment, the interference terms in practice disappear,
and the possibility of observing the superposition of quantum
states vanishes. Zurek[45, 46] proposed that the environment-
induced decoherence gives rise to a superselection, so that in
a measurement only one result is observed among all those
arising from the superposition. It is obvious that this feature is
essential for understanding quantum information, which is
related to the physical information intrinsic to a quantum
state.

Single-Molecule Magnets

We have briefly recalled the main features of SMMs,
whose impact on quantum effects in mesoscopic matter has
been widely discussed. Other milestones have been the
observation of quantum interference analogous to the Berry
phase in an Fe8 cluster and spin pairing dependent on the
tunneling of the magnetization.[47, 48]

SMMs have been produced in large numbers, but no
substantial improvement has been made compared to the
archetypal Mn12 compound in the properties relevant to
potential applications, in particular the blocking temperature,
that is, the temperature at which the SMM behaviour can be
observed.[10, 15, 49] The goal of increasing the blocking temper-
ature has been pursued by trying to increase the spin S of the
ground state and the magnetic anisotropy barrier. It must be
stressed that the Arrhenius law [Eq. (5)]:

t ¼ t0 expðD=TÞ ð5Þ

is valid for low temperatures. Furthermore, at high temper-
ature t0 is the key parameter in determining the relaxation
properties of the system. Rather surprisingly, no attempt to
obtain structural correlations for this parameter has been
reported.

The simplest example of a SMM is that of flat molecules
like the 4f-metal derivatives with phthalocyaninate (Pc),
whose structure is shown in Figure 1. The magnetization of
the terbium(III) derivative was found to undergo slower
relaxation at higher temperatures compared to the transition-
metal-based polynuclear SMMs.[50] At low temperature the
interaction of the electron and nuclear spins was clearly
observed.

The potential application of these systems as quantum
devices requires their characterization in dilute states when
organized on suitable substrates. Recently, a sub-monolayer
of the SMM Fe4 on gold was found to show magnetic
hysteresis below 1 K (Figure 2).[51] This result demonstrates
that after grafting the system onto a metallic surface, it retains
the original SMM properties.

Molecular Spintronics

MNMs are expected to be increasingly investigated over
the coming years within the framework of molecular spin-
tronics, that is, in the utilization of the interaction between the
electron spin of a magnetic molecule and the charge flowing
through a conductor or a semiconductor. This may allow the
achievement of two goals: polarization of charge flow by
magnetic effects and spin reversal by polarized charge flows.
In the latter case it will be possible to encode and store
magnetic information.

Any MNM worthy of consideration must be able to act as
a spacer between source and drain electrodes, while main-
taining its magnetic properties. Under these conditions, the
charge transport is controlled by the spin of the molecule and
by its coupling with the metallic junctions.[14, 52] If this coupling
is weak, charge transport may occur through electron
tunneling between the metal and MNM molecular orbitals.
In this case, the resonance conditions may be reached by
shifting the energy levels by application of an external bias. If

Figure 1. Crystal structure of the [TbPc2] complex. Tb large green
sphere, N small green spheres, C black.

Figure 2. DFT-optimized structure of the Fe4 cluster on a gold surface
(left) and its X-ray magnetic circular dichroism (XMCD)-detected
magnetic behavior (right). Original data from Ref. [27].
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the coupling is strong, both resonant (exchange-coupled) and
Kondo tunneling are operative.

To date, by using spin-polarized STM spectroscopy, it is
possible to both read and control the spin state of a
paramagnetic molecule.[53, 54] Molecular spin valves, molecular
spin transistors, spin filters and rectifiers, and nano-SQUIDs
are currently the subject of extensive research. The descrip-
tion of the magnetic properties of these molecules, when they
are involved in a current flow between source and drain
electrodes, is problematic because this situation corresponds
to a non-equilibrium state,[55] thus precluding the use of
variational methods. However, all known SMMs are expected
to experience a weak coupling with the metallic surfaces
owing to their intrinsic nature. A nice example of the use of
magnetic control of electron flow has been reported by
Wende,[56] who observed a magnetic interaction between iron
porphyrins deposited on an iron and nickel ferromagnetic
substrate.

In principle, technology provides the possibility of reading
and controlling the spin properties of these systems. Spin-
polarized STM spectroscopy or break-junction techniques are
reaching a high level of sophistication in this respect.
However, the severe conditions of high vacuum and strong
magnetic fields required by these techniques cannot yet be
tolerated by SMMs. In a similar way, the switching between
the two bistable magnetic states (i.e., spin reversal) by means
of a spin-polarized electronic flow has been theoretically
predicted but not verified experimentally. It is believed that
interconversion between spin states may occur through
exchange coupling between the polarized electron spin in
the lowest unoccupied molecular orbital (LUMO) level and
the SMM spin S. The recent results obtained in our laboratory,
where isolated SMMs on gold have been prepared and
characterized by means of X-ray photoelectron spectroscopy
(XPS) and XMCD techniques, illustrate the current state-of-
the-art in the field.[50, 51] Although these techniques provide
only averaged information about the magnetic properties of a
set of grafted molecules, such studies are believed to offer a
good starting point for the description of an SMM system at
the nanostructural level. Clearly, a more intriguing descrip-
tion by using a spin-polarized STM technique is highly
desired.[53]

Switchable Magnets

In addition to slow relaxation, ideal magnets should have
magnetic properties that can be easily tuned under the
influence of an external parameter such as temperature,
pressure, or electromagnetic radiation.[13] The most exten-
sively investigated switchable magnets are spin-cross-
over,[57–60] polycyanometallate,[61–63] and metal dioxolene com-
plexes showing redox isomerism.[64–68] The appealing features
of these systems are the optical interconversion between
different magnetic states, having different conductance, and
the possibility to exploit the Stark effect.[17]

Cobalt dioxolene complexes undergo redox isomerism
through an intramolecular electron transfer between the
ligand and the metal ion (Figure 3). These systems are

attractive because the two redox isomers, for example,
CoIII(cat) and CoII(SQ) (cat and SQ are the catecholato and
semiquinonato forms of o-quinone), have different optical
and magnetic properties. CoIII(cat) is diamagnetic whereas
CoII(SQ) has a triplet ground state. Since the redox process is
reversible, these systems may be used, in the Aviram–Ratner
sense,[69] as diodes when placed between two electrodes.

At cryogenic temperatures, the CoIII(cat) charge distribu-
tion is thermodynamically favored, but the metastable
CoII(SQ) species can be accessed by photogeneration.[70–72]

When irradiation is stopped, the relaxation decay of the
metastable species follows two different regimes, one nearly
independent of temperature down to 20 K and one with
temperature-activated behavior at higher temperatures. Typ-
ical lifetimes are in the range 104–107 s at 10 K and 1–200 ns at
room temperature. The observed relaxation behavior can be
interpreted within the framework of the nonadiabatic multi-
phonon relaxation model, as proposed for spin-crossover
complexes.[73] This treatment is expected to work in the limit
of strong vibronic coupling between two different spin states
in different nuclear configurations.[74] The rate constant of the
process is tunneling-dependent, as it is determined by the
overlap between the vibrational wave functions of the initial
and final states. At high temperatures, the excited vibrational
levels are populated and the relaxation rate follows the
Arrhenius� law, whereas at low temperatures, where only the
vibrational ground state of the CoII(SQ) species is populated,
a temperature-independent relaxation rate is observed. These
considerations can be summarized in terms of quantum
coherence between the vibrational states and quantum
decoherence with the environment. This model supports the
overall picture of the relaxation process as involving two
closely coupled coevolving systems. The possibility of induc-
ing the interconversion by means of an electric field is
currently being investigated.

Figure 3. Temperature-dependent Co L2,3 edge X-ray absorption spec-
troscopy (XAS) (bottom) of a cobalt dioxolene complex showing the
tautomeric interconversion (top). Extracted from Ref. [68].
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Quantum Computers: The Key Ideas

Classical computers exploit the fact that a state is defined
by a sequence of binary on–off sub-states, labeled as bits.
Quantum computers (QC) substitute such states with a
quantum superposition of states, as those described in the
introduction. This means that the system exists in a state that
is expressed by the linear combinations of the different
possible states. Fundamentally, the superposition allows many
calculations to be performed at the same time, since the
evolution of the system involves the simultaneous evolution
of all the states. In other words, although the information that
can be obtained by a qubit is always the same as a digital bit,
the difference resides in the way the information is processed.

Although the potential and appealing characteristics of
the QC have been known since the 1970s,[75, 76] there are
currently still no working Q-computers. This lack is mostly
due to our present difficulties in meeting the DiVincenzo
criteria,[77] that is, the fundamental requirements to develop a
working Q-computer. Nuclear spins fulfill all of the criteria,
and indeed they were exploited in the first attempts for
realization of a QC. However, they have the crucial dis-
advantage that their process times are intrinsically slow, and
this drawback severely limits their usefulness. Consequently,
all other examples are based on electron-spin Q-bits.

Q-systems are now reasonably well understood;[32, 35] but
decoherence times are still a matter of debate, as there are
some doubts that it will be possible to have really long
coherence times at room temperature. While quantum optics
systems, such as Rydberg and trapped atoms, have extremely
long coherence times, the best electron coherence times in
solid-state systems are those obtained for nitrogen-vacancy
centers in diamond, reaching micro- to milliseconds at room
temperatures.[78,79] Nevertheless, the criterion that requires
individual qubits to be organized so as to make them
communicate in a known way is the one that proves to be
the most problematic. Attempts are presently under way to
overcome this difficulty, and they have already given ex-
tremely interesting results. In our opinion, this is the point
that makes molecular systems special: with a molecular
structure the centers are automatically ordered and well-
placed, without the need of further structuring.

In order to work correctly, the system of qubits must be
coherent. For this reason, efforts have been focused on
exploiting systems where charges are localized and that are
constituted by identical subunits without impurities. The
positive aspects associated with molecular clusters, besides
the possibility of having at hand well-characterized identical
objects, are the following: 1) the construction of tailor-made
molecules by carefully tuning the properties of the system;
2) control of intermolecular interactions through supramolec-
ular chemistry techniques, enabling them to be switched on
and off; 3) their intrinsic long coherence time, which can be
controlled at the molecular level.[30, 35,80]

Designing systems which can be used as qubits also
requires that measurement of the entanglement be appropri-
ately carried out. For magnetic resonance, the presence of
magnetic nuclei can be an opportunity or be detrimental,
depending on the experiment. Mehring and coworkers

reported entangled properties of electron and spin nuclei in
an EPR/NMR spectroscopy experiments performed on CH
malonyl radicals trapped in single crystals of malonic acid.[81]

Similar results were obtained in 15N endofullerenes.[82] Much
more complex structures incorporating 3d metal ions were
used by other groups.[35,83, 84] An early attempt to produce an
S = 1=2 system in a complex way was reported by Ardavan
et al.,[28] who noted a reasonably long relaxation time in
Cr7Ni.

Final Remarks

The observation of magnetic properties of single mole-
cules or clusters of a few molecules has been made possible by
recent advances in technology. This drastically changes the
scenario, as it is now possible to extract new kinds of
information and to conceive unprecedented applications.
Optical irradiation, spin torque mechanisms, and electrostatic
potential can be proposed as appropriate tools to manipulate
spins. In this case, MNMs have two main advantages: they are
characterized by confined electrons and they provide identi-
cal units. The former condition is extremely important
because itinerant charges are a dramatic source of decoher-
ence. Furthermore, in principle, it is possible to know the
structural parameters of the MNMs, a feature which allows
the description of a quantum object using classical observ-
ables and is independent of quantum considerations.

There is no doubt that this approach generates new
problems. To date the development of MNMs has been
determined by the hypothesis that the constituent molecules
could be properly described as a quantum box with an
inherent set of discrete single or degenerate energy levels.
These sophisticated characteristics are partially or totally lost
when an electron flows across the molecule. In this case, the
properties of the system are determined by the interaction
with electrodes and by the properties of the transient excited
states. Indeed, it is rather unclear if under these non-
equilibrium conditions the quantum-box description contin-
ues to be valid. This aspect is extremely important if
information storage and data processing are the main goals
of these investigations.

The problem of quantum measurement, whose essence
has been debated in theoretical physics for eighty years, is also
important. The approach now predicts that the Galilean
concept of reproducibility of observations, which is funda-
mental to physics, does not hold and must be substituted by
the reproducibility of statistical experiments, which is funda-
mentally different. Moreover, we must accept that the result
of a measurement is well-defined and in open contrast with
the superposition of results we should expect from the theory.
In other words, we assume for the quantum object a
description that does not hold when we look at the object
itself. Two considerations are necessary. The first is that no
phenomenon can be considered a phenomenon if it is not
observed. The second is that a cognitive act cannot disregard
the relativity and the objectivity of the relationship between
the object and the observer. In this sense, we must accept that
we can obtain information on the quantum object only in an
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indirect way. The measurement we conduct in our laborato-
ries is controlled by the way in which the quantum object
communicates with the surrounding environment. Hence, we
retrieve the information conveyed by the quantum object to
the environment, which is entangled with it. For this reason
the consideration of environment-induced decoherence,
where the environment itself acts as observer and destroys
superpositions, is essential. It is obvious that the same
considerations hold if we consider, according to the Copen-
hagen scool, the interaction between the quantum object and
the apparatus: the result is the same, even if independent of
the observer. However, it should be stressed that this is only
one possible way of conceiving how quantum information can
be transformed into classical information.

We conclude that the approach used so far in molecular
magnetism has many limitations once applied to single
molecular objects. Indeed, this approach obeyed the concept
of a science based on experiments, where in principle it is
possible to know a value of a property of a discrete molecular
system. In this case it is mandatory to plan a measurement in
the simplest conditions, trying to exclude any perturbing
factor. We must realize that the experiment is only a tool and
is not the essence of all our possible knowledge. Quantum
phenomena are characterized by holism or nonseparability, as
entanglement shows. This feature distinguishes quantum
physics from classical physics, and it determines two different
cognitive approaches in reciprocal open contrast. This
concept is not new—it is intrinsic in the formulation of the
Schrçdinger equation—but surprisingly, it has been ignored
by most of the scientific community. Entanglement is
synonymous with nonseparability and simply means in its
essence that when two states are entangled it is not possible to
separately determine the properties of the two constituent
states. This feature is common in the microscopic world.
Therefore, it is key to the description of all the aspects of the
interactions of the molecule as a quantum object with itself
and with the environment, the measurement apparatus, and
the observer. Accordingly, it rules the physical world we
investigate and necessitates its adoption as an epistemic
methodology. This is the important timely lesson we can learn
from the future developments of molecular magnetism.
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