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Rectification and stability of a single molecular diode 
L. Adamska , M. A. Kozhushner, I. Díez-Pérez, J. Hihath, Y. Lee, L. Yu, N. J. Tao, and  I. I. Oleynik 
 
In order to provide an insight to the nature of the rectification effect in chemically asymmetrical molecule [1], we 
performed first-principles calculations of atomic, electronic and transport properties of gold/molecule/gold 
junctions containing both symmetrical tetraphenyl and asymmetrical dipyrimidinyl-diphenyl diblock molecules. 
We found that in both molecules the charge transport occurs via hole resonant tunneling mechanism. The hole 
states are the charged states of the molecule. Therefore, the hole levels are raised or lowered in the external 
electric field approximately as ! depending on the polarity of the applied bias V. In addition, the hole energy 
levels are renormalized by the image potential effects due to dispersive polarization interaction of the positive 
hole charge distribution over the molecule with the metallic electrodes. Such interaction is critically important to 
predict the correct value of the threshold turn-on voltage in current-voltage (I/V) characteristics. The I/V curve for 
chemically-symmetric tetraphenyl molecule is symmetric, whereas dipyrimidinyl-diphenyl molecule displays 
asymmetric rectification behavior. Such effect is due to the strong assymetrical localization of the hole ground 
state wave function in the external electric field and such an asymmetry in electronic structure is pinned by the 
underlying chemical differences between dipyrimidinyl and diphenyl blocks as the bias switched from positive to 
negative values. 
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Structural stability, electronic properties and quantum
confinement effect in [110] SiGe nanowires

Michele Amato
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We report first principles calculations of [110] SiGe NWs; we discuss how the in-
trinsic bulk alloying effect and the extrinsic size effect have strong influence on their
thermodynamic stability, on their electronic properties and on the nature of quan-
tum confinement effect [1-3]. We analyze various types of SiGe NWs, which differ
for the geometry of interface between Si and Ge. For each type of wire, we have
analyzed how the variation of the composition and the diameter have a strong in-
fluence on the geometry of minimum energy, on the wave function localization and
on the electronic band gap. Our study reveals that for SiGe NWs, unlike the corre-
sponding pure NWs, the size, the geometry of SiGe interface and the composition
have a primary role in the modulation of the structural and electronic properties.

[1] M. Amato, M. Palummo, and S. Ossicini, Phys. Rev. B 80, 2355333 (2009)
[2] M. Amato, M. Palummo, and S. Ossicini, Phys. Rev. B 79, 201302(R) (2009)
[3] J. Yang, et al., Nano Lett. 6, 2679 (2006)



Mechanochemistry in Cu nanowires:  
N and N2 enhancing the atomic chain formation  

E. P. M. Amorim and E. Z. da Silva 
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CP 6165, 13083-970, Campinas - SP, Brazil 
 

 
We show using ab-initio total energy calculations based on density functional theory 
how H, B, C, O, S, N and N2 impurities incorporated to copper nanowires obtained from 
previous tight-binding molecular dynamics calculations [1] and ab-initio calculations 
[2], could affect their electronic and structural properties. A novel mechanochemistry 
effect caused by N and N2 when inserted in the linear atomic chain of copper nanowires 
was established. These impurities form not only stable but also very strong bonds, in 
such a way that they can extract atoms from a stable tip suggesting the possibility to 
produce longer atomic chains in a nitrogen atmosphere. This effect is caused by the 
formation of strong and stable p-d bonds in both cases. Besides our main result, we 
present a detailed discussion of the electronic structure for all impurities, also the forces 
and linear atomic chain distances before the rupture. The knowledge of these distances 
could be useful to explain larger distances between copper atoms that could be observed 
in High Resolution Transmission Electron Microscopy (HRTEM) images as well 
discussed in the literature for gold nanowires from the experimental [3, 4] and 
theoretical [5-7] point of views. 
 
[1] E. P. M. Amorim, A. J. R. da Silva, A. Fazzio, and E. Z. da Silva, Nanotechnology 
18, 145701 (2007). 
[2] E. P. M. Amorim and E. Z. da Silva, Phys. Rev. B 81, 115463 (2010). 
[3] V. Rodrigues and D. Ugarte, Phys. Rev. B 63, 073405 (2001).  
[4] W. H. A. Thijssen, D. Marjenburgh, R. H. Bremmer, and J. M. van Ruitenbeek, 
Phys. Rev. Lett.  96, 026806 (2006). 
[5] F. D. Novaes, A. J. R da Silva, E. Z. da Silva, and A. Fazzio, Phys. Rev. Lett. 90, 
036101 (2003). 
[6] N. V. Skorodumova and S. I. Simak, Phys. Rev. B 67, 121404(R) (2003). 
[7] F. D. Novaes, A. J. R. da Silva, E. Z. da Silva, and A. Fazzio, Phys. Rev. Lett.  96, 
016104 (2006). 
 



The anomalous interatomic distances in Suspended Gold Atomic Chains 
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Galvão1 
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The mechanical elongation of nanometric metal junction has attracted a great deal of 
interest from many researchers due to observation of very interesting physical 
phenomena associated to nanosystems, such as nanomechanics and conductance 
quantization, which must be studied for the practical implementation of 
nanotechnological devices. The stretching of gold point contacts has lead to the 
discovery of the thinnest wire, a suspended linear atom chain (LAC). Since LAC 
discovery, different groups have reported interatomic distance between suspended Au 
atoms [1] has that are much longer that in bulk gold. The observation of these long 
interatomic distances have been attributed to the existence of an impurity atom or 
molecule [2] inserted between two gold atoms, which are invisible in electron 
microscopy imaging due to its lower atomic number. In work we investigate the thermal 
effects and possible contaminant effects on the properties of suspended gold atomic 
chains using real-time atomic-resolution transmission electron microscopic (dynamical 
HRTEM) and the ab initio density functional total energy methods. By performing the 
experiments and theoretical study of LACs at different temperatures (150K and 300K), 
we have been able to get very precise information on the atomic species originating the 
anomalous long interatomic distances in gold LAC. Our results show an important 
difference between the histograms of bond length measurements in different 
temperatures. At low temperature, a wide peak centered about of 3 ºA dominates the 
histogram. This contrasts with the behavior of chains generated at 300 K, where two 
peaks coexist, (short 3.0 and long distances 3.6 ºA). The shorter distance population is 
attributed to clean gold-gold bonds, while the longer one is attributed to the presence of 
impurities.  Our theoretically results have shown that water impurities yield a stable 
wire and, that the calculated Au-Au distances is 4.8 ºA independent of the temperature. 
So H2O may explain the very large distances (5 ºA) observed in the experimentally 
histograms. Concerning C and H impurities, predicted Au-Au distances are very similar 
(3.7 ºA) for both cases and, almost independent of temperature. We have also analyzed 
O and N impurities, where interatomic Au-Au correspond to values around 4 ºA. In this 
way, only C and H impurities yield distances in agreement with experimental results. To 
conclude which of theses atoms could be presents in LAC, we have also analyzed the 
chemical nature of residual gases by mass spectrometry. Thought of this analysis and 
questioning how a LAC incorporates atomic of different species, we have been able to 
strong evidence that C atoms originated from the decomposition of adsorbed 
hydrocarbon molecules is more plausible impurity to explain the long metal-metal bond 
reported for Au LACs. 
 
[1] H. Ohnishi, Y. Kondo, K. Takayanagi, Nature 395, 780 (1998). 
[2] S.B. Legoas, D.S. Galvao, V. Rodrigues, D. Ugarte, PRL 88, 076105 (2002). 
 



ZnS  NANOCLUSTERS  IN  BIOLOGICAL  ENVIRONMENT.  INTERACTION 
BETWEEN  BARE  AND  ENDOHEDRALLY  DOPED  Zn12S12 NANOCLUSTERS 
AND L-CYSTEINE

Ion Mikel Azpiroz  1  
1Kimika Fakultatea, Euskal Herriko Unibertsitatea, 
PK 1072, 20080 Donostia, BASQUE COUNTRY (Spain)
Tel.  +34943015341,  Fax  +34943015270,
Email :  ionmikel.azpiroz@ehu.es 

Understanding and controlling the organic-inorganic interface offers new paradigms in 
materials  science,  engineering,  chemistry,  biology  and  medicine.1 In  this  sense, 
nanomaterials could be useful as biological probes for diagnosis and treatment of human 
diseases.2-4 The purpose of the present theoreticall work is to open a way to understand the 
behaviour of II-VI semiconductor hollow fullerene-like cluster in biological environment.5 

In particular, the interaction between a L-cysteine derived model and the Zn12S12  cluster 
has been studied with the density functional theory (DFT). The L-cysteine model may 
interact in different ways with the Zn and S atoms of the nanocluster. Hence, multiple 
starting geometries for the complex formed by the L-cysteine model and the nanocluster 
have  been  considered.  Geometry  optimization  and  frequency  calculations  of  such 
structures have been carried out in gas phase, and then single point calculations using the 
IEFPCM model  have been  performed at  different  dielectrics,  in  order  to  simulate  the 
protein environment.

The results obtained suggest that the more stable 
complexes  are  the  monodentate  ones  formed by 
binding carbonyl oxygen of the L-cysteine model 
and a Zn atom of the cluster, as may be seen in the 
attached  figure.  Different  bidentate  structures 
have  been  obtained  too,  where  the  bonding  is 
between (1) the two oxygen atoms or (2) one of 
the oxygen atoms and the sulfur atom of the L-
cysteine model and two atoms of Zn of the cluster. 
The  interaction  between  L-cysteine  model  and 
endohedral X@Zn12S12 has been studied too, being 
X Na or Cl. The first results show that Na and Cl 
doping stabilize binding from electronegative and 
electropositive  atoms  of  the  L-cysteine  model, 
respectively. 

1 Sarikaya, M.; Tamerler, C.; Jen, A.; Schulten, K.; Baneyx, F. Nat. Mater. 2004, 2, 577.
2 Whaley, S.; English, D.; Hu, E.; Barbara, P.; Belcher, A. Nature 2000, 405, 665.
3 Lu, H.; Schoeps, O.; Woggon, U.; Niemeyer, C.M. J. Am. Chem. Soc. 2008, 130, 4180.
4 Galian, R.E.; dela Guardia, M. Trends in Analytical Chemistry 2009, 28(3), 279.
5 Chung, S.Y.; Lee, S.; Liu, C.; Neuhauser, D. J. Phys. Chem. B. 2009, 113(1), 292.



 
 
 
Adsorption of CO on graphene 
Sananda Biswas and Shobhana Narasimhan 
 
 
 
 
Along with many other interesting applications, graphene has proved itself to 
be a promising candidate for gas sensing devices. The adsorbed molecule 
changes the carrier concentration of graphene one by one, thus leading to the 
step-like changes in resistance, which makes it possible to detect individual 
gas molecules adsorbed on graphene.Here we see how this is affected by the 
presence of defects on graphene. 
 
We have studied mainly CO adsorption on defective graphene. Different defects 
like topological defect and vacancy defects has been studied using density 
functional theory calculations. We observed that the charge transfer  between 
the graphene and the adsorbate depends on the type of graphene i.e, whether 
it is pristine or defective graphene. We noticed that higher the charge density of 
the C atom on the graphene sheet, higher the probability of adsorption of the 
adsorbate on the graphene. 
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Magnetic and static nonlinear dielectric response in 

doped CdCr2S4  

Hai-Xia Cao* P and  Zhen-Ya Li  

Department of Physics and Jiangsu Key Laboratory of Thin Films, Soochow University, Suzhou, 

215006 , China 

 

Abstract 

    The influence of cation substitution on the magnetic and static nonlinear dielectric response 

in the doped magnetic relaxor ferroelectrics CdCr2S4 is investigated within the framework of the 

spherical random-bond-random-field model (SRBRF) for the relaxor ferroelectric sublattice and 

the site-dilution Heisenberg model for the magnetic sublattice.  In addition, an appropriate 

coupling term between the magnetic and ferroelectric subsystems has been taken into account.  

A-site substitution of the Cd by Fe in Cd1-xFexCr2S4 is found to reduce significantly the 

magnetization, which well agrees with the experimental results. Furthermore, the doping Fe ions 

play a crucial role in the spin-pair correlation and the nonlinear dielectric properties. It may 

provide an effective means to achieve the pronounced magnetoelectric coupling and the improved 

static nonlinear dielectric properties by substitution effect. 
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From graphene to graphane : A density functional investigation of metal insulator transition

The recent discovery of completely hydrogenated graphene, called as graphane has opened
up new routes in the field of nanotechnology .Graphene is known to be a semi-metal with
zero band gap while graphane turns out to be an insulator with band gap of 3.5eV (as
calculated by DFT). The recent work on graphane shows that it is a promising candidate
for hydrogen storage. In the present work we have probed the Metal-Insulator transition in
graphene-graphane system within the framework of density functional theory. The primary
aim of this work is understand how the band gap opens up. Therefore we have carried
out electronic structure calculations for eighteen different hydrogen concentrations between
graphene (0% coverage) and graphane ( 100% coverage) within the framework of DFT. For
each concentration, the hydrogen atoms are placed contagiously, so as to form an island of
hydrogenated carbon atoms. Such configuration is seen to be energetically lower than the
random arrangement of the hydrogen atoms. We have analyzed the density of states (DOS)
and iso-surfaces of the total charge density for each concentration and we summarise our
findings as follows:
• For low concentrations, DOS resemble that of graphene.
• For higher concentration of hydrogen, say 30% and more, the region is dominated by

finite DOS. The contribution at fermi level comes from the adjucent naked carbon atoms.
• Around 80%, since there are few naked carbon atoms to contribute, DOS approaches to

zero with few mid gap states.
• The contribution to fermi level mainly comes from the delocalized pz orbitals of the

naked carbon atoms.
• The hydrogenated islands hardly contribute to the charge density giving rise to the

insulating regions. These are surrounded by π bonded naked carbon atoms forming
conducting regions.

Thus as the hydrogen coverage is increased, the semi-metal turns first into a metal, then
transforms into an insulator. The metallic phase is spatially inhomogeneous in the sense,
it contains the islands of insulating regions formed by hydrogenated carbon atoms and the
metallic channels formed by contagious naked carbon atoms. Our investigations show that
a specially designed partially hydrogenated graphene sheet could be a promising future
material to be used for the purpose of devices.



Nonlinear Electronic Transport through Zigzag 
Graphene Nanoribbons 

 
Hossein Cheraghchi, Hanyeh Esmailzade 

Physics Department, Damghan University of Basic Sciences, Damghan, Iran 
 
Abstract: 
 
We investigate nonlinear transport through zigzag graphene nanoribbons (ZGNRs) 
with even and odd number of zigzag chains in width. For the case of odd and gated-
even ZGNRs, a negative differential resistance (NDR) region with on-off ratio of the 
current up to $10^7$ appears in the current-voltage characteristic curve. This NDR is 
originated to the selection rules based on parity conservation and also prohibition of 
transport between disconnecting energy bands. Our calculations based on non-
equilibrium green's function formalism demonstrated that the details of the 
electrostatic potential profile along the ribbon can not affect the emerging of NDR in 
the I-V curve. Since external field is well screened close to the contacts, the 
electrostatic potential profile does not disturb the emerging of NDR phenomenon. 
However, in higher voltages than the NDR threshold voltage, due to charge 
transferring through the edges of ZGNR, screening would be so weak that the external 
potential penetrates inside the ribbon resulting in more reduction in the off-current. 
Furthermore, realistic ZGNRs may become asymmetric by the edge impurities and 
resulting in violation of the parity conservation. However, because of asymmetry-
induced band gap appeared in the band structure of electrodes, the NDR phenomenon 
is preserved for some edge states.  



Investigating the Nature of Thiol Adsorption on Palladium:  
an Experimental and Theoretical Approach 

 
Gastón Cortheya, Pilar Carrob, Aldo A. Ruberta, Guillermo A. Beniteza,  

Mariano H. Fonticellia and Roberto C. Salvarezzaa 

 
a) Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA), Universidad Nacional de 

La Plata - CONICET, Suc. 4 CC 16 (1900) La Plata, Argentina. E-mail: gcorthey@inifta.unlp.edu.ar 
b) Departamento de Química Física, Universidad de La Laguna, Tenerife, Spain 

Self-assembled monolayers (SAMs) of alkanethiols on metals have attracted considerable attention 
because of the possibility to control the physical chemistry of surfaces at molecular level. This control has 
made possible several innovative applications ranging from molecular electronics to catalysis.1,2 SAMs 
are easily formed by adsorption of thiols from solution. The self-assembly of alkanethiols on palladium is 
particularly interesting because the organic/metal interface formed involves a mixed layer containing both 
sulfides an thiols,3 much more complex than the thiol/gold interface.  

In this work, the composition and stability of alkanethiols adsorbed on palladium surfaces have been 
studied by electrochemical techniques, X-ray photoelectron spectroscopy (XPS) and density functional 
theory (DFT).  

The adlayers have been prepared in liquid phase by immersion of the substrate in alkanethiols ethanolic 
solutions. Alkanethiols adsorbed on palladium surfaces lead to a complex interface composed of thiolate 

and sulfide, with surface coverage θsulfide ≈ 0.4 and θthiolate ≈ 0.30, as observed from the XPS spectra and 
in accordance with previously reported results.2 The adsorption of alkanethiols on a palladium adlayers, 
about 1.2 monolayers in thickness, deposited on Au(111) were also studied. These complex adlayers 
exhibit organic chainlength dependence barrier properties similar to those formed on gold and silver. On 
the other hand, these systems show an increased stability toward reductive desorption compared to 
alkanethiolate SAMs on silver and gold.4 

Following the experimental data, we have performed a thermodynamic stability study of methanethiol 
and sulfide diluted layers on Pd(111), using density functional theory (DFT). We have found that as the 
chemical potential of the thiol in the gas phase is increased, the initially clean palladium surface is 

covered by a (√3×√3)R30° sulfide lattice. Further increase in the pressure or concentration leads to the 

formation of (√7×√7)R19.1° sulfide lattice that exhibits a short stability range because it undergoes a 

phase transition to form a complex (√7×√7)R19.1° sulfide + thiol adlayer (3/7 sulfur + 2/7 thiol 
coverage). This phase transition is accompanied by a strong surface reconstruction of the Pd(111) surface. 
This surface structure consists of sulfur atoms and thiol-Pd adatom-thiol units similar to those recently 
proposed for thiols on gold.5-8 It is interesting to note that the chemical potential range to attain the 

(√3×√3)R30° or the (√7×√7)R19.1° sulfide lattices is not experimentally accessible. It means that these 
phases would only be observed if they were kinetically trapped, but not under equilibrium conditions. 

 
(1) Love, J.; Estroff, L.; Kriebel, J.; Nuzzo, R.; Whitesides, G. Chem. Rev. 2005, 105, 1103-1170. 
(2) Gates, B. D.; Xu, Q.; Stewart, M.; Ryan, D.; Willson, C. G.; Whitesides, G. M. Chem. Rev. 2005, 105, 
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Abstract 
 
Recently carbon-based materials have been the target of intensive research due to their 
possible technological applications and for its inherent biocompatibility. Here we will 
show an ab initio study of the induced magnetic moments in graphite creating single 
atom vacancies. In previous reports the appearance of magnetic moments was explained 
by the single presence of vacancies. In one hand, we will report how magnetic moment 
depends: position of vacancies, concentration and their alignment [1]. On the other hand 
we present the case of boron-doped graphene and boron-doped graphene with vacancies, 
discussing how magnetism depends on position of dopants [2], and its electronic 
structure. 
Finally, pure zigzag graphene nanoribbon (GNR) terminated with hydrogen atoms 
shows localized states at edges. Here we will show its electronic structure and 
mechanical properties depend on the width of ribbons. These results indicates that GNR 
shows higher Young’s modulus than graphene [3], and can be tuned adjusting its width. 
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The new materials research is the base of the technological development allowing 

improving the nature knowledge and its use in sustainable form. In this way, for an 
innovative technology, the carbon nanotubes (CNs) are distinguished [Iijima, 1991 
Nature 356 56]. CNs had given a new breath to the technological research, extending 
possibilities of construction devices and equipment, even many times stimulated by the 
economic interest, but finally it brings improvements for the life quality of all. The CNs 
has been studied as potential materials for basic elements for nanoscales devices. They 
can be metals or semiconductors depending only on the geometric characteristics and 
thus they can be used in nanoelectonic devices, as well as in memory devices. The 
carbon tubes are materials with high susceptibility of mechanical tensions and a big 
surface to adsorbed atoms or molecules that can be used as biological and chemical 
sensors. However, the use of CNs in pristine form is not viable as gas sensors for very 
stable molecules due to the unfavorable adsorption. Consequently, a possible way to 
solve this problem is the use of functionalized CNs or some type of material that makes 
possible the association of these nanostructures with gases or other molecules [Fagan, 
2003 Phys. Rev. B 67 033405]. In this way, this work present the electronic, magnetic 
and structural properties of the (8,0) single-walled carbon nanotubes (SWNTs) filled 
with iron and iron oxide submitted to the N2 and O2 adsorption. A recent experimental 
work [Cava, 2007 Chem. Phys. Letters 444 304-308] shows that the electrical properties 
of CNs filled with iron oxide change significantly the gas adsorption when exposed to 
different atmospheres compared with pristine CNs. However, the procedures involved 
on the gas adsorption are not clear yet. So, through first principles simulations it is 
possible to observe the iron and iron oxide filled SWNTs with O2 e N2 adsorption. For 
this study we use the density functional theory to describe the wave function for the 
atomic state and also using the pseudopotentials, basis set approximation, that are 
implemented on the SIESTA (Spanish Initiative for Electronic Simulations with 
Thousand of Atoms) code. In this way, it is possible to evaluate the band structures and 
binding energies of the semiconductors SWNTs pristine or filled when exposed to 
different atmospheres like O2 e N2 in order to evaluate the possibility for use them as 
gas sensors. 
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With density-functional theoretical calculation, the structural, electronic and vibrational 
properties on the free finite carbon chains and those encapsulated inside carbon nanotubes 
(CNTs) are studied. The end effect and chain symmetry are found to play key roles in 
deciding the structural characteristics of the free finite carbon chains which rely on the 
parity of the number of carbon atoms. Due to the potential interaction between the carbon 
chains and CNTs, the electrons of the chain-CNT system will redistribute and some part 
of charge from CNT transfer to the inside carbon chain. We suggest that the attractive 
potential of chain atoms inside CNTS may be the driving force of formation for the linear 
carbon inside CNTs. It is also found that inside CNTs the carbon chains with 
even-number carbons present almost constant bond length alternation which is 
independent of the chain length. This trend of the even-number carbon chains in CNT 
helps to explain the universal experimental observation that the Raman peaks from chains 
in CNTs are within 1820-1860 cm-1. 
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NC-AFM  is  an  invaluable  tool  when  probing  surfaces,  providing  atomic  resolution 
topography and detailed  three-dimensional  force  maps.  As the  tip  scans  the  surface,  it  is 
common practice to record the feedback gain signal associated to the energy dissipated in the 
oscillation  cycles.  This  dissipation  signal  often  differs  significantly  from  conventional 
topography images, with dissipation showing different contrast patterns, periodicity and tip-
surface distance dependence. Although many different surfaces have been studied with atomic 
resolution in both topography and dissipation, a routine interpretation of these measurements 
has yet to be found. A particular problem is to devolve the influence of the tip from observed 
images, and to really understand the atomic processes at the surface responsible for dissipate 
energy.
In  order  to  understand  better  the  role  of  the  tip  is  measured  dissipation,  we  carried  out 
extensive atomistic calculations using a wide variety of different tip materials and structures, 
and a simple NaCl (100) surface. Implementing our home-built virtual AFM, we simulated 
dissipation  imaging  based  on  the  “double-minimum”  approximation  [1].  Our  calculations 
pointed out how ideal tips fail to give dissipation, as they are too stable to generate any atomic 
reconstruction, while non-ideal, defected tips allow the system to hop between two metastable 
configurations  as  the  tip  approaches  and  retracts.  The  statistical  hysteresis  in  the 
configurations probabilities ultimately cause an hysteresis loop in the force acting on the tip, 
giving energy dissipation of the same order of experimental data. Alongside static dissipation 
simulations,  we  also  explore  fully  dynamic  approaches  taking  advantage  a  recent 
development in computational architecture.

[1] L.N. Kantorovich and T. Trevethan, Phys. Rev. Lett. 93, 236102 (2004)
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Recently, Elias et. al. [1] performed a series of elegant experiments which resulted on the formation of 
graphane  from  the  well  known  two  dimensional  graphene  under  cold  plasma  exposure.  These 
experiments proved the existence of a fully hydrogenated graphene,  which was previously reported 
from Density Functional Theory calculations [2]. Graphane is a two-dimensional system consisting of a 
single layer of fully saturated (sp3 hybridization) carbon atoms. In an ideal graphane structure C–H 
bonds exhibit an alternating pattern (up and down with relation to the plane defined by the carbon 
atoms).  Although both works were performed for the same system, their  results  didn't  agree in all 
aspects, specially in relation to the graphane lattice parameter. This is due to a competition between the 
increase in the bond length and the tetrahedral nature of sp3 hybridization in carbon atoms, which lead 
to out of plane carbon in graphane.  In this work we have investigated, using  ab initio and reactive 
molecular dynamics simulations [3], the role of H frustration (breaking the H atoms' up and down 
alternating pattern) in graphane-like structures. Such frustrations include extra competition on lattice 
parameter determination regarding the presence of graphene, chairlike (hydrogen atoms alternating on 
both sides of the plane) and boatlike (hydrogen alternating in pairs) graphane domains [4]. Our results 
show that a significant percentage of uncorrelated H frustrated domains are formed in the early stages 
of the hydrogenation process leading to membrane shrinkage and extensive membrane corrugations. 
These results also suggest that large domains of perfect graphane-like structures are unlikely to be 
formed, as H frustrated domains are always present. The number of these domains seems to be sensitive 
to small variations of temperatures and H gas densities. This can perhaps explain the significant broad 
lattice parameter distribution values experimentally observed [1]. 

[1] D. C. Elias et. al., Science 323, 610 (2009); arXiv:08104706. 
[2] J. O. Sofo, A. S. Chaudhari, and G. D. Baker, Phys. Rev. B 75, 153401 (2007); arXiv:cond-
mat/0606704. 
[3] A. C. T. van Duin, S. Dasgupta, F. Lorant, and W. A. Goddard III, J. Phys. Chem. A 105, 9396 
(2001).
[4] M. Z. S. Flores, P. A. S. Autreto, S. B. Legoas  and D. S. Galvao, Nanotechnology 20, 465704 
(2009); arXiv:cond-mat/0903.0278v1.



The role of hydrogen bonding in water-metal
interactions

(Stony Brook University)

January 30, 2010

The hydrogen bond interaction between water molecules adsorbed on a Pd-111
surface, a well known nucleator of two dimensional bilayers of ice at low temperatures,
is studied using density functional theory calculations. The role of the exchange and
correlation potential in the characterization of both the hydrogen bond and the water-
metal interaction is analyzed in detail. We conclude that the choice of this potential
is critical in determining the cohesive energy of water-metal complexes. The crucial
factor nonetheless is not the description of the metal screening, even if this screening
represents an important ingredient for the water-metal interaction. The different
characterization of the hydrogen bonds between water molecules and the ( pseudo
hydrogen bonds) established between the water and the surface is at the heart of
the large disparity we observe in our calculations. These results put in evidence the
urgent need for an accurate characterization of the hydrogen bond interaction with
density functional theory.
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We have carried out first-principles spin polarized calculations in order to study the 

energetics and electronic structure of vanadium adsorption and incorporation on 

GaN(0001)-2x2 surface using density functional theory (DFT) within a plane-wave 

ultrasoft pseudopotential scheme [1].  It was found that V atoms preferentially adsorb 

at the T4 sites at low and high coverages (from 1/4 up to 1 monolayer). In addition, 

calculating the relative surface energy of several configurations and various V 

concentrations, we constructed a phase diagram showing the energetically most stable 

surfaces as a function of the Ga chemical potential. Based on these results, we found 

that incorporation of V adatoms in the Ga-substitutional site is energetically more 

favorable compared with the adsorption on the top layers. Our calculations show that 

the vanadium incorporation is most favorable under a nitrogen environment, in 

agreement with recent experimental results. 
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Abstract 
In order to study the behaviour of water adsorbed in zeolites, which are microporous crystalline 

aluminosilicates, whose channels and cavities of nanometric dimensions can host many different 

molecules, we developed a sophisticated empirical potential for water, including the full flexibility of 

the molecule and the correct response to the electric field generated by the cations and by the charged 

atoms of the aluminosilicate framework. The use of an empirical potential was needed because first 

principles molecular dynamics is not yet applicable to follow for nanoseconds the time evolution of 

several hundreds of atoms, as it is needed for the study of water adsorbed in zeolites. However, in the 

few cases were the comparison is possible, we have shown that the reproduction of experimental data 

by our potential model is similar or even better than that obtained from the first principles methods. 

The results (some of them still unpublished) of molecular dynamics simulations of water confined in a 

large variety of zeolites (one-dimensional chains in Li-ABW and bikitaite, nano-helices in natrolite, 

worm-like clusters in silicalite, spherical nano-clusters in zeolite A and ice-like nanotubes in AlPO4-5 

and SSZ-24) at different temperatures and coverage (loading) are reviewed and discussed in 

connection with the experimental data, whose overall good reproduction encourages to attempt an 

atomic-scale description of structural and dynamical phenomena occurring in confined water. The 

results are also compared with simulations and experimental data of bulk water. 
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Abstract 
A previous computational study on dehydrated LTA zeolites suggested the reversible amorphization of 

calcined LTA samples at pressures below 6 GPa, in agreement with experimental results. However, the 

effect of guest molecules on the amorphization process was not evaluated in that study. In the present 

paper, the potential reversible amorphization of Xe containing  LTA samples under high external 

pressures is studied via energy minimization calculations. The results of the simulations confirmed the 

pressure-induced amorphization of LTA zeolites at pressures about 2-4 GPa for all the studied samples. 

Besides, the simulations stressed the importance of the structural topology, particularly of D4R secondary 

units, for the recovering of the crystalline order. According to our calculations the exchangeable cations 

(Na+ and Li+) play a crucial role in the process of amorphization. Our results suggest that the reversible 

amorphization is essentially independent on the presence of Xe molecules in the range of the pressures 

studied (6 GPa). 

 

Keywords: Microporous Materials; LTA zeolites; Crystal Structure; Phase Transitions; Pressure-

Induced Amorphization 
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Abstract: Density functional calculation is employed to calculate the phonon properties of 3d 
metal (Ti, V, Cr) nitrides. The results are given for lattice constant, charge density, band 
structure and phonon properties and electron-phonon interaction coefficient. The results agree 
well with the available experimental and other reported data. 
 

 
The III-nitride compounds have deserved great experimental and theoretical attention in connection with their 
potential applications in optoelectronics and spintronics [1-2]. They are characterized by hardness, high melting 
point, which class them among the refractory compound, excellent electrical and thermal conductivity, high 
chemical and thermal stability and good wear and corrosion resistance. Chromium nitride (CrN) is produced 
recently, and there are controversies concerning its lattice structure, elastic properties and phonon properties 
particularly for phonon dispersion curves [3, 4]. Inelastic-neutron-scattering measurements [5] revealed that the 
acoustic branches of the phonon spectrum of rocksalt VN are completely different compared to TiN and CrN, 
and the anomalies of the phonon spectra are shifted to the X-point of the Brillouin zone (BZ), while for other 
metal nitrides (CrN and TiN) with B1 structure the special features of the phonon spectra are located near the 
high symmetry directions. Isaev et al [3] reported imaginary phonon frequencies along the high symmetry Γ-X 
direction of the phonon dispersion curve for VN, which reflects that the structure is other than rocksalt, 
motivated us for the present study of VN. In the present work, we have carried out a systematic ab initio 
calculation of phonon properties for the rocksalt phase for TiN and CrN and zinc-blende (ZB) and rocksalt 
phases for VN to settle down the controversies on structural and vibrational properties for these metal nitrides 
[2-4]. 

 
 

  

 

We have used the pseudopotential planwaves method within generalized gradient approximation (GGA). The 
optimized structural and vibrational parameters are obtained from our studies using PWSCF code [6]. The Fig. 1 
and Fig. 2 present the phonon dispersion curve and phonon density of states for rocksalt CrN and ZB-VN 
respectively. Acoustic and optical branches are separated by a frequency gap of around 200 cm-1 for CrN and 
TiN, which increases as the period number is increased and mass ratio decreased. In contrast to CrN, the 
acoustical branches of VN show anomalies in K-Γ-L direction. The electron-phonon coupling coefficient is in 
the range of 0.59-0.67 for nitride (Ti, V and Cr) systems. 
 
 
[1] E. L. Toth, Transition Metal Carbides and Nitrides, Academic Press, New York, 1971. 
[2] R.-de Paiva, R. A. Nogueira, J. L. Alves, Phys. Rev. B 75, 085105-085116 (2007) and references there in. 
[3] E. I. Isaev et al, J. Appl. Phys. 101, 123519-123537 (2007) and references there in. 
[4] A. Filippetti, W. E. Pickett and B. M. Klein, Phys. Rev. B 59, 7043-7050 (1999). 
[5] W. Weber, P. Rödhammer, L. Pintschovius, W. Reichardt, F. Gompf and A. N. Christensen, Phys. Rev. Lett. 43, 868-871  
   (1979). 
[6] S. Baroni, A Corso Dal, S. de Gironcoli and P. Giannozzi, http://www.pwscf.org. 

Fig. 1: Phonon-dispersion curves along high symmetry 
direction and phonon density of states (PDOS) for CrN   
rocksalt crystal.                                                    

Fig. 2: Phonon-dispersion curves along high symmetry direction 
and phonon density of states (PDOS) for VN zinc-blende 
crystal.                                              



Theoretical investigation of the switching mechanism in a single-

molecule memory unit
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The storage and retrieval of information at the sub-nanometer scale is one of the 

outstanding challenges in nanoelectronics. It was recently proposed that the 

molecular switch naphthalocyanine can be controlled using scanning-tunneling 

microscopy (STM) [1] when it is adsorbed on a thin layer of NaCl. The on/off state of 

naphthalocyanine is determined by the orientation of two central hydrogen atoms, 

which changes with the application of a high STM voltage, while a low voltage allows 

to read out the molecular state. Despite the wealth of available experimental 

information, the electronic processes responsible for the STM-induced 

configurational changes in naphthalocyanine are poorly understood theoretically. 

This project aims to explain the switching property based on density functional 

theory. Napthalocyanine is studied both in vacuum and adsorbed on a NaCl surface. 

According to our calculations, there are two equivalent adsorption sites. From both 

adsorption geometries on the NaCl surface as well as in vacuum, the reaction path 

for the hydrogen switching is computed. The switching in vacuum proceeds in two 

stages, while on the surface a concerted hydrogen motion as well as a non-

concerted motion is possible. In either case, the barrier height is shown to me much 

higher than the thermal energy at the experimental temperatures. These result leads 

to a detailed investigation of the molecular orbitals responsible for the tunneling-

induced motion of the central hydrogen atoms. In particular, the evolution of the 

lowest two unoccupied and nearly degenerate molecular orbitals could be an 

important piece in the puzzle. Finally, we attempt to develop  a simple model that 

takes into account the electron-induced motion of naphthalocyanine along its 

switching pathway.

[1] P. Liljeroth et al., Science 317, 1203 (2007)



I ntroduction

-Single-wall carbon nanotube (CNT) is a graphene sheet that 
has been rolled up to a cylindrical shape. In a unit-cell of 
graphene there are 2 atoms (A and B) and 2 unit cell vectors 
a1 and a2 as it is shown in the Figure 1. 

-Electronic and transport properties of CNTs are sensitive to 
the side wall adsorbates, particularly to the relative sites that 
atoms or molecules have been absorbed on. It has been 
shown in reference 1 that the transport properties do not 
depend on the type of adsorbate.

-Given two Hydrogen atoms adsorbed on two carbon atoms 
on the side wall of a metallic CNT, three different cases can 
be considered:

1. Hydrogen atoms are on two A sites in a way that their 
relative position (R=n a1+m a2) fulfills:  

n - m = 3p                                                                     (1)

where p is an integer. In this case the transmission will be 
reduced from 2G0 to 1G0 around the Fermi energy.  

2. Hydrogen atoms have been adsorbed on two A sites but 
do not fulfill the above condition. Here, the transmission is 
nearly totally suppressed around the Fermi energy.

3. Hydrogen atoms have been adsorbed on a A and a B 
site: Unlike two former cases no particular trend has been 
found for this configuration so far.

-But Hydrogen atoms tend to cluster on the Nanotube 
surface (Ref. 2). Hence we study the effect of clusters on 
electronic transport of CNT.

Effect of Hydrogen Adsorbate Clusters on Electronic Transport of Carbon Nanotubes
M.J. Hashemi and M.J. Puska

Department of Applied Physics, Helsinki University of Technology
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B

Results and Discussion

Here we focus on a Hydrogen cluster in which 6 hydrogen 
atoms are adsorbed on a hexagon of Carbon atoms (Figure 
2a). Calculations have been done with both DFT and tight-
binding.

-Figure 2b shows the bandstructure of systems of 5 (CNT5) 
and 6 unit cell CNT (CNT6) both before and after Hydrogen 
absorption.

-Considering periodic boundary condition, eq.1 has been 
satisfied (if you take the whole cluster as one object)  in 
CNT6 but not in CNT5. However, unlike single atom 
adsorbates the band gap has opened in case of CNT6 and not 
CNT5.

-We observe that the transmission at the Fermi energy has 
been exponentially reduced with the density of clusters in the 
central region only if they fulfill the eq.1 (Figure 3).

Figure 2. Illustration of (a) the Hydrogen adsorbate cluster, 
where green circles are Carbon atoms and with circles are 
Hydrogen atoms, and (b) the bandstructure for 5 and 6 unit 
cell of CNT(8,8) with and without adsorbates.

Figure 1. A and B sublattices and the unit vectors (a1 and a2) 
of graphene, which can be used for CNTs as well.

-Since the Fermi wavelength of an armchair CNT is 3a/2 (with a = |a1|), the 
exponential decay can be attributed to the destructive interference of the forward 
moving and reflected electronic wavefunction.

Figure 3. The transmission coefficient for different 
number of periodic clusters.

3a/2

3a
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Abstract 
 
Zigzag graphene nanoribbons patterned on graphane are numerically 
investigated by using spin-polarized ab initio calculations. 
We found that the electronic and magnetic properties of the 
graphene/graphane superlattice strongly depends on the degree of 
hydrogenation on the interfaces between the two materials. When both zigzag 
interfaces are fully hydrogenated, the superlattice behaves like a zigzag 
graphene nanoribbon in vacuum, and the magnetic ground state is 
antiferromagnetic. When one of the interfaces is half-hydrogenated, the 
magnetic ground state becomes ferromagnetic with possible spintronics 
applications, whereas the magnetic ground state of the superlattice with both 
interfaces half-hydrogenated is again antiferromagnetic. In this last case, both 
edges of the graphane nanoribbon also contribute to the total magnetization 
of the system. All the spin-polarized ground states are semiconducting, 
independent of the degree of hydrogenation of the interfaces. Our ab initio 
results show that the patterned absorption of atomic hydrogen on graphene is 
a promising way to obtain stable graphene nanoribbons. 
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A theoretical study has been carried out on the transport properties of single and multiple chains
of atomic spins incorporating inelastic interactions. Our calculations are based on the nonequilibrium
Green’s function formalism with a spin scattering process described within the 1st Born approximation.
In particular we calculate the I − V characteristics and its derivatives both for a single atom of iron [1]
as in Fig. 1 and for a one dimensional chain of manganese atoms [2] and we compare with experiment.

We find the same qualitative features as found in experiment, namely the position of the various
conductance steps that signify a spin excitation and the parity dependence (even/odd) of the number
of atoms in the chain on the conductance profile close to zero bias. More significantly we explain why
some excitations are observed and why some are suppressed in the experimental investigation. This is
done through a careful derivation of the intensities of given transitions which represent the selection
rules for the full spectrum of energy eigenvalues.
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Figure 1: Experimental and theoretical conductance spectra for a single isolated Fe atom under the influence of an
external magnetic field applied parallel to the easy axis (z-axis) of the atom.
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The experimental observation of DNA-carbon nanotube hybrids stimulated a significant interest to these 
systems due to the possible application of those hybrids as a new generation of bionanosensors. A computer 
modeling of complexes of DNA and polynucleotides with single walled carbon nanotubes (SWCNT) has been 
performed in most cases with the use of molecular dynamics methods. These studies revealed the presence of 
stacking interactions between the nucleic acid bases of DNA with the carbon nanotube surface. An application 
of more accurate quantum-chemical methods to describe these interactions may provide a more detailed and 
quantitative characterization of the formation processes and the structures of the DNA-nanotube hybrids. 

In this work, we have used Raman spectroscopy and quantum chemical methods (MP2 and DFT) to 
study the interactions between nucleic acid bases (NABs) and SWCNT. We found that the appearance of the 
interaction between the nanotubes and the NABs is accompanied by a spectral shift of the high-frequency 
component of the SWCNT G band in the Raman spectrum to a lower frequency region.  

Calculations of the interaction energies between the NABs and a fragment of the zigzag(10,0) carbon 
nanotube performed at the MP2/6-31++G(d,p)[NABs atoms]|6-31G(d)[nanotube atoms] level of theory while 
accounting for the basis set superposition error (BSSE) during geometry optimization allowed us to order the 
NABs according to the increasing interaction energy value. The order is: guanine (-67.1 kJ/mol) > adenine (-
59.0 kJ/mol) > cytosine (-50.3 kJ/mol) ≈ thymine (-50.2 kJ/mol) > uracil (-44.2 kJ/mol). The MP2 equilibrium 
structures and the interaction energies were used as reference points in the evaluation of the ability of various 
functionals in the DFT method to predict those structures and energies. We showed that the new density 
functionals (e.q. M05, MPWB1K, MPW1B95) are capable of correctly predicting the SWCNT-NAB geometries 
but not the interaction energies, while the M05-2X functional is capable of correctly predicting both the 
geometries and the interaction energies. 

Results of this investigation can be applied to development of modern biosensors based on carbon 
nanotubes.  
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Motivation 
            Nanoscale electronic devices are attracting considerable interest due to the impact that they are expected to make 
in the world of nanotechnology. The most obvious application of nanowires  is in electronics and magnetic data storage. 
Companies are determined  to create  increasingly  tiny  transistors, cramming more  into smaller  chips. There are already 
computer  chips  that  have  nanoscale  transistors.  Future  transistors  will  have  to  be  even  smaller  and  the  result  is  a 
nanowire.   Nanowires provide an  interesting research area because of  lot of potential applications such as  in electronic 
and optical devices, magnetic data storage etc. Indeed the origin of magnetism on the nanoscale arises either by reducing 
the dimensionality of system or by breaking of symmetry. However the magnetization in 3d elements comes only from the 
spin part because spin orbit coupling does not play much important role in increasing the orbital moment of 3d systems. 
An example of such type of system is 1D wires of fcc Co[1,2].

Computational Details: 
     We have applied the fully relativistic linear muffin‐tin orbital 
method  within  atomic  sphere‐approximation  (LMTO‐ASA)  to 
calculate  magnetic  moments  for  Co  using  Barth‐Hedin 
exchange  correlation  potential[3,4].  Free  standing   
translationally  invariant  nanowires  are  built  along  the  [100] 
direction by periodic  repetition of a supercell made up of two 
fcc  (100) planes except  for monatomic wire.  The atomic  radii 
are taken as from bulk value and k‐point convergence has been 
checked. We consider three cases: monatomic wires, 2x2 wire 
and 5x4 wire as shown in figure below: 
 

           Monatomic wire 2x2  wire 5x4  wire

 Monatomic wire

 2x2  wire

I

II
III

Results: 
The  calculated  spin  and orbital magnetic moments  of Co 
nanowires  for  three  cases monatomic,  2x2 wire  and  5x4 
wire are listed in table 1. 
Linear chain               Spin Moment          Orbital Moment  

                                            ( Bμ )                         ( Bμ ) 
Bulk Co                                   1.59                                0.23           
Monoatomic                         2.47                                0.82 
2x2 wire                                 1.96                                0.12  
 5x4 wire(I,II, III)        (1.35,1.98,1.73)             (0.03,0.17,0.13) 

  Figure:  Surface  view  of  different 
nanowire supercell. 

 

(a) Top  view  of monatomic  wire.  Unit 
cell in monatomic wire has only one 
type  of metal  atom  and  64  atoms 
are taken in unit cell. 

   

(b) Side  view  of  2x2  wire. Unit  cell  in 
2x2  wire has only one type of metal 
atoms  and  36  atoms  are  taken  in 
unit cell.  

 

Conclusions:
The  results  show  that  there  is  enhancement of magnetic 
moments as compared  to  the bulk values,  in general, but 
going  from  monatomic  1‐dimensional  wire  to  3‐
dimensional  wire,  decrease in the magnetic moment is 
observed. 
A substantial redistribution of the charges is seen  to occur 
in  5x4  wire.  The  atoms  which  gain  charge  have  lower 
magnetic  moments  and  atoms  which  loose  charge  have 
higher magnetic moments as compared to bulk value. The 
atom in the center of the first layer is has more distribution 
of charge than the corner atoms due to which central one 
has lower moment
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High pressure is a route to explore innovative materials with exotic structures and 
properties. The recent significant improvements and developments in diamond-cell 
and shock-tube high-pressure apparatus, and laser heating systems have made it 
possible to consider the phase transition of materials at high pressure and high 
temperature in experiments. Simultaneously with above experimental achievements, 
there has been a substantial theoretical boost in realistic modeling of materials under 
high pressure and temperature using various quantum mechanical approaches and 
algorithms. The high-pressure study of phase transitions in solid materials has a 
relatively long history, but there exists very little knowledge about the behavior of 
liquids and gaseous molecules under pressure. In this paper, we present our 
theoretical results on electronic structure of small gas molecules under high pressure. 
We will discuss how the phase transitions occur at high pressure. The stability of 
predicted layer and polymer-like structures at ambient pressure is considered by using 
phonon or MD simulations.    
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Ab initio study of the electronic and magnetic properties of bulk Co2FeSi, free 
Co2FeSi )001( surfaces, and its interfaces with GaAs )001( substrate are reported. The 
bulk computations indicate that the LSDA+U scheme is necessary to reproduce the 
measured total magnetic moments and to observe a half-metallic behavior. Hence we 
applied LSDA+U potential and justified U parameter to reproduce the correct 
magnetic moment (6µB). Using this U parameter, we recalculated the electronic 
properties of favorable surfaces and interfaces. We used the supercell approach to 
construct the surface and interface structures. To study surface properties, slabs of 13 
layer thickness, 1nm far from each other constructed; surfaces of the slabs used 
instead of real alloy surface. For interface studies, the interface of 13 layer thick slabs 
of the alloy with 15 layer thick slabs of the semiconductor used instead. The 
thermodynamic stability of various Co2FeSi )001( surface and Co2FeSi/GaAs  )001( 
interface terminations are studied in the framework of ab initio thermodynamics. The 
calculated surface phase diagram indicates that by tuning the atomic chemical 
potentials, three different terminations are probable. The obtained interface diagrams 
argue the possibility of the formation of mixed interfaces. The spin-polarized density 
of states shows that the half metallicity confirmed in the bulk Co2FeSi is lost at its 
surfaces and interfaces with GaAs)001(. 
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An atomistic picture of the biointerfaces between titanium oxide surfaces and proteins of the extracellular 

matrix is essential for a detailed understanding of the initial incorporation of titanium-based medical implants 
within the physiological tissues. In particular, the chemical and physical behaviour of the TiOx/collagen interface 
crucially determines the implant’s biocompatibility, while collagen coatings can dramatically enhance the growth 
of new bone tissue [1]. The adsorption of collagen is mediated by clusters of charged amino acids present in the 
protein sequence. In collagen fragments, frequently glutamic acid and lysine (GLU-LYS) or aspartic acid and 
arginine (ASP-ARG) are neighboured [2] and adhere strongly to titanium dioxide surfaces, as found in earlier 
classical force field simulations [3].  

However, due to the fixed distribution of atomic charges in commonly available force fields, it has been 
so far impossible to investigate the influence of interactions between charged side chains (leading for example to 
change of point charges of functional group atoms upon formation of intra-molecular hydrogen bonds) on the 
surface adhesion. Furthermore, the harmonic potentials describing the bonded interactions cannot take into 
account the dissociation of existing bonds or the building of new ones.  

Here we present recent simulations we analyzed the 
interaction of charged amino acids with titanium dioxide 
surfaces at the level of Density Functional Theory (DFT). 
Therefore, we started with simulations of amino acid 
monomers on titanium dioxide surfaces [4]. In this case it was 
possible to predict chemical processes like proton transfer 
reactions, but the severe size limitation of the monomer models resulted in amino acid adsorption configurations 
not representative of a peptide. For instance, bridging configurations were obtained, where both the side chain 
and the backbone interacted with the surface (Fig 1, left). To mimic single contacts of amino acids in a peptide 
sequence to the surface, at least Tripeptides should be taken into account (Fig 1, right). In a next step we run 
first principles molecular dynamics simulations of Di- and Tripeptide adhesion reactions on the two most stable 
rutile surfaces, (110) and (100), and the stable (101) anatase surface. The single contacts of Tripeptides will be 
compared with the contacts of neighboured charged amino acids contacts (Fig 1, centre) and the charge 
distribution will be discussed. 
[1] Teng, S., Lee, E., Park, C., Choi, W., Shin, D., Kim, H., J.Mat.Sci:Mat.Med. 19 (2008) 2453   
[2] R. Z. Kramer, M. G. Venugopal, J. Bella, P. Mayville, B. Brodsky, H. M. Berman, J. Mol. Biol., 301 (2000) 

1191 
[3] S. Köppen, B. Ohler, W. Langel, Z. Phys. Chem., 221 (2007) 3 
[4] S. Köppen, O. Bronkalla, W. Langel, J.Phys.Chem C 112 (2008) 13600 
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!
Graphene,! the! 2"dimensional! allotrope! of! carbon,! displays! unique! electronic! and! transport!
properties,!which!are!attracting!a!great!interest!from!the!perspective!of!both!fundamental!physics!
and!technological!applications.!Nevertheless!a!description!of!its!magnetic!properties!still!lacks!and,!
more! generally,! the! possibility! of!magnetic! interactions! in! pure! carbon!materials! is! a! strongly!
debated!issue!within!the!scientific!community.!
We! have! investigated! macroscopic! quantities! of! graphene,! prepared! by! different! chemical!
methods,!by!#SR!(Muon!Spin!Rotation/Relaxation).!The!observation!of!muon!spin!precession!in!all!
of! these!samples!gives!a!clear! indication!of! the!presence!of! long! range!magnetic!order! in!graphene.!
The!muons!probe!a!relatively!small!hyperfine! local! field,! in! the!range!of!4"8!G!and! the!magnetic!
order! proves! to! be! thermally! stable:! at! 600! K! only! 40%! reduction! of! local! magnetization! is!
observed.! The!magnetic! volume! fraction! is! sample! dependent! and! acquires! up! to! 15%! of! the!
sample.! SQUID! magnetometry! and! the! measured! dependence! of! local! field! on! an! externally!
applied!magnetic!field,!suggest!that!the!magnetic!order!is!of!antiferromagnetic!type.!
A!clear!correlation!between!the!magnetic!signal!amplitude!and!the!defect!concentration,!estimated!
by!Raman!and!SQUID!magnetometry,!suggests!that!the!in"plane!defects!could!be!the!origin!of!the!
magnetic! phase.! First"principle! calculations! have! been! performed! to! relate! these! defects! and! the!
observed!hyperfine!interactions.!
!
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