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magnetism in carbon-based nanostructures
and their potential in the field of spintronics,
as well as how the limitations of carbon might
be overcome.

Looking at the magnetisation of
carbon in a general sense, how do
you feel the field has evolved since
proton irradiation was first found to
be able to cause carbon to transform
into a ferromagnetic material?
The investigation of magnetism in 
carbon-based nanomaterials has greatly
evolved with time. This issue has been widely
debated for many years, both at the
experimental and theoretical level. Magnetism
in carbon is quite surprising, since carbon has
a small atomic number and is not a magnetic
atom. However, the versatile nature of the
carbon-carbon chemical bond makes room for
the appearance of magnetic properties
whenever an uncompensated electron charge
is produced. This feature is quite general: it
occurs regardless of the way it is produced, i.e.
via defects, adatoms, doping, interaction with
magnetic molecules, metallic clusters or
magnetic substrates etc., and it can be found
in any form of nanocarbon (graphene, carbon
nanotubes (CNTs), graphene nanoribbons, and
so on).

Nowadays, carbon nanomaterials are
considered in the research community as one
of the most promising materials for spintronic
applications. Indeed, carbon nanomaterials
present high values of spin coherence length
and high Fermi velocity of the charge carriers.
Both features are crucial for a material to be
used as a ‘channel’ in a spin transistor. The
experimental and theoretical studies of
magnetism in carbon have opened the way for
the development of the ‘organic spintronics’
research field. The research community should
now optimise spin injection and spin

Carbon and magnetism

DR ZEILA ZANOLLI, HEAD OF THE NANOSPINTRONICS GROUP AT RWTH AACHEN
UNIVERSITY’S INSTITUTE FOR THEORETICAL SOLID STATE PHYSICS, TALKS TO PEN

ABOUT HER RESEARCH INTO MAGNETISM IN CARBON-BASED NANOMATERIALS

Spintronics, or spin-based electronics, is an emerging field
of technology which exploits an electron’s ‘spin’ and its
associated magnetism rather than, or in addition to, its

charge. It has its origins in the 1988 discovery of giant
magnetoresistance by physicists Peter Grünberg and Albert Fert,
who were honoured with the Nobel Prize in Physics in 2007 in
acknowledgment of the transformative impact of their work; some
years later, spintronics devices hold the potential to revolutionise
computing yet further thanks to their small size and robustness,
low energy consumption, and ability to not only read and write data
faster than conventional electronics but even retain data after the
power has been shut down.

To find out more, PEN spoke to Dr Zeila Zanolli, who currently heads the
Nanospintronics Group at RWTH Aachen University’s Institute for
Theoretical Solid State Physics, Germany, in addition to serving as an
expert evaluator for the FET Open Research and Innovation Actions of
the European Commission’s Horizon 2020 programme. On top of this,
Zanolli is a research team lead at the European Theoretical Spectroscopy
Facility – a research network and e-infrastructure of more than 200
researchers in Europe and the US carrying out state-of-the-art research
on theoretical and computational methods for studying electronic and
optical properties of materials – and, from September 2012 to March
2015, was the Marie Curie Intra-European Fellow (IEF) at the Peter
Grünberg Institute and Institute for Advanced Simulation of
Forschungszentrum Jülich, Germany.

Zanolli’s research centres on the first principles modelling of nanoscale
materials, with a particular focus on applications in nanoelectronic and
spintronic devices. Here, she talks to PEN about her studies on
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(adatoms, interaction with molecules or metallic clusters etc.) and it is
valid for any organic nanostructure.

The main challenge of this study is that the conventional techniques to
predict the magnetic properties at the atomistic scale proved inadequate
for the task. First principle simulations are usually performed by
constructing a cell containing the system of interest which is then
periodically repeated in three dimensions (periodic boundary conditions
– PBC). If the simulation cell is large enough the electronic and magnetic
interaction between the periodic images will be negligible. In carbon
nanotubes with a magnetic impurity (a reconstructed vacancy or a
magnetic adatom) this is never the case: by increasing the cell size, the
magnetic moment of carbon is oscillating between a finite value and
zero, and finally predicting zero magnetisation, which is in contrast with
the experimental observations. This was extremely puzzling. The key idea
was to realise that the interaction between the periodically repeated
magnetic moments is not negligible. This interaction is extremely long
ranged and – hence – unavoidable in PBC simulations. I have used first
principle calculations to demonstrate that this mechanism is responsible
for the oscillations in the computed magnetic moments. I have also
devised an alternative technique to actually compute the magnetic
moment of an isolated magnetic impurity. The whole work took three
years to be completed and finally published.

You have said that ‘due to a long-range interaction
between the magnetic defects, conventional
calculations with PBCs are intrinsically inadequate to
describe the magnetism of defected CNTs’. What, then,
do you propose as an alternative?
I have addressed the limitations of PBC calculations by combining density
functional theory (DFT) and non-equilibrium Green’s functions (NEGF)
techniques to compute the magnetic properties of a non-periodic open
system. The idea comes from the analogy of this problem with electron
transport calculations: a typical 1D transport system consists of a central
scattering region (e.g. a defected CNT) sandwiched between two 
semi-infinite contacts (e.g. perfect CNTs). This system is open (infinite)
and not periodic. NEGF is used to combine self-consistently the
information from the scattering region (computed with DFT) and 
semi-infinite contacts (self-energy of the leads). This technique permits
the unambiguous determination of the magnetic moment of a truly
isolated magnetic point defect, avoiding the issues related to PBC. 

This ‘open system’ method is of general application. For instance, I have
used it to investigate the transport and the magnetic properties of
monatomic carbon-chains connected to wide graphene nanoribbons 
(Z Zanolli, G Onida, J C Charlier ACS Nano 4(9) 5174 (2010)). The latter
system can be thought of as the smallest possible interconnect in
carbon-based nanoelectronics and spintronics, and illustrates the
operating principle of all-carbon nanoelectronic and spintronic devices. 

Can you tell me more about your novel technique for
single-molecule detection based on local magnetic
moment measurements and the uses this will have
moving forwards?
Using the open system technique I have shown that magnetism can be
induced in CNTs after decoration with transition metal magnetic

propagation in carbon-based nanostructures to
improve the performances of spintronic devices.

In your own research into defected
carbon nanotubes and
magnetisation, you have shown
that reconstructed mono and
tri-vacancies with unsaturated
carbon bonds behave like magnetic
impurities. Can you expand on this
and perhaps discuss some of the
challenges involved in your studies?
At the time of that work (Z Zanolli, J C Charlier,
Physical Review B 81 (16), 165406 (2010)) the
origin of magnetism in carbon nanostructures
was not completely understood. Even though
experiments had found a correlation between
defects in CNTs and magnetism, the magnetic
moments associated with specific point defects
were not univocally determined and the origin
of magnetism in carbon was unclear. I have
used simulation at the atomic scale to
demonstrate for the first time that the
unsaturated carbon bonds are the actual
source of magnetisation in carbon
nanostructures. The relaxed atomic structure of
a CNT with a mono or a tri-vacancy presents
new bonds and – most importantly – a carbon
atom with a dangling bond. An unsaturated
bond means that there is some electronic
charge which is not ‘busy’ in forming chemical
bonds. This free charge brings magnetism due
to the intrinsic magnetic moment of the
electron. The importance of the work is that it
describes a general mechanism that explains
the behaviour of other kinds of defects
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spin-orbit coupling, which limits the possibility
of manipulating electrons via an external applied
field as in the Datta spin FET. Another limitation
of graphene is the absence of an electronic
bandgap, which makes it difficult to switch off a
graphene-based device. My research priorities
are moving in the direction of overcoming these
limitations of carbon. There are several ways to
do that. For instance, one could combine carbon
with other materials with high spin-orbit 
coupling, or explicitly consider the interaction of
graphene with the substrate, or investigate other
2D layered materials (such as transition 
metal dichalcogenides – TMDs) and their
heterostructures with graphene. In particular,
depositing graphene on a suitable substrate
can open its bandgap and control the electronic
and magnetic properties of the hybrid system.
This is the topic of my Marie Curie IEF project
GraFIEST (Graphene-Ferroelectric Interface for
Electronic and Spintronic Technologies).

The biggest challenge is now on the
experimental side: fabrication of high quality
graphene and TMDs, controlled deposition of
individual layers on the substrate, optimisation
of the devices fabrication, quality of the electric
contacts and so on.  

Spectroscopic techniques, such as 
angle-resolved photoemission spectroscopy
(ARPES) and spin-ARPES, are currently used
to explore the details of the atomic structure,
electronic and magnetic properties of
graphene and 2D layered materials.
Synchrotron radiation can be used to
investigate the transport properties at the
graphene/substrate interface and to explore
exotic phenomena. An infrastructure such as
the European XFEL can be used to investigate
the magnetic properties, for 3D imaging of
nanostructures, or to study ultrafast processes
(recombination of defects, adsorption of
molecules, chemical reactions etc.).

nanoclusters (NCs) (Z Zanolli, J C Charlier ACS Nano 6 (12), 10786
(2012)) due to the strong interaction between the nanotube and the
magnetic nanocluster. The advantage of these metal-organic hybrid
structures (CNT-NC) is to make efficient spin injection compatible with
low-resistance contacts, a crucial feature for spin-dependent transport
applications. Going further, I have proven that the adsorption of a benzene
molecule drastically modifies the CNT-NC magnetisation. The open
system technique has been crucial to determine univocally the magnetic
moment before and after the adsorption of the molecule. The
magnetisation change in a CNT-Ni13 cluster is ~two Bohr magnetons, a
quantity that can be detected using an atomic force microscope with a
magnetic tip. Another possibility would be to use a CNT-SQUID device to
measure changes of magnetic flux before and after adsorption, as
described in the work by Cleuziou et al. (Nat. Nanotechnol. 1, 53 (2006)).
Detection of the change in magnetic moment can also be done by
measuring physical properties which are directly induced by the net
magnetic moment as, for instance, exchange-field interactions, dipolar
couplings or magneto-Coulomb effects (J. Appl. Phys., 93, 8259-8264
(2003); Nat. Mater. 7, 179-186 (2008)).

The main advantage of gas sensing via magnetic measurements is the
extraordinary sensitivity of the technique to gas molecules, compared to
conventional methods relying on macroscopic conductivity
measurements performed on CNT mats. The technique is – in principle
– able to detect the adsorption of an individual molecule. 

Finally, where will your own research priorities lie
moving forwards, and what are your hopes for the
continuing development of the necessary infrastructure
– European XFEL etc. – for the further investigation of
the properties of materials such as graphene?
As mentioned, carbon-based nanomaterials are sought for spintronic
applications because of their exceptionally long spin diffusion length.
However, a large spin diffusion length comes at the price of small 
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https://zeilazanolli.wordpress.com/ 
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