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I.

Introduction

I.1. Radiation resistivity of graphene and carbon nanotubes (CNT)
CNT is a rolled-up graphene flake (see Fig.)

Figure : (left) An AFM image of single- and multi-layer graphene on a SiO2/Si substrate [K.S.
Novoselov, A.K. Geim (2004)]. (middle) Atomic scale TEM image of suspended graphene. Few- to
single-layer graphene sheet showing long range crystalline order, scale bar 1 nm

Figure: Crystal structure of graphene-like
materials (top and side views). [V.K.
Sangwan, M.C. Hersam (2018)]
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I. Introduction : continued
I.1. Radiation resistivity of graphene and carbon nanotubes (CNT): continued
Thickness of graphene is equal to size of single atom. Although the graphene thickness is very small,
radiation resistivity is a feature of graphene and carbon nanotube [Hai Huang et al. (2016)]. Assuming point
defects in a form of interstitials and vacancies simulations yield this feature.

Figure : (left) Cu–Graphene – nanocomposite under irradiation,
(right) The number of surviving point defects being interstitials (I) and vacancies (V) in the bulk
region of Cu–Graphene – nanocomposite versus the number of collision cascades. The green box
and red circle represent the numbers of interstitials and vacancies in the bulk region, respectively.
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I. Introduction : continued
I.2. Surface radiation defects
So, radiation defects for CNT are bound to CNT-surface as you can see in fig. According to
experimental data and theoretical studies, there is a mechanism to fasten knocked-out atoms on
CNT-surface. This mechanism is a cause that a production of charge carriers and defects in
graphene-like materials are dropped at growing energy of the projectiles [Novikov (2010)]. In
contrast to it, a number of produced charge carriers and defects in bulk materials increases with
growing energy of the projectiles.
Figure : Sketch of radiation defects: 1 – vacancy, 2 –
creation of vacancy with absorption of knocked-on atom
at nanotube wall, 3 – migration of absorbed atom, 4 –
migration of vacancy, 5 – movement of absorbed atom
through nanotube wall.

This conjecture clarifies the recovering ability of graphene-like materials including
CNTs. However, origin of this confinement of atom C is unknown. Graphene and
another Dirac materials can host Majorana bound defect states.
In this work I would like to show the topologically prevented Majorana states and
chiral charge-carriers in Dirac materials can be the cause of their radiation resistivity.
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II. Band structure of graphene and graphene-like materials
II.1. Chirality and pseudospin of graphene: Experimental and theory
Tight binding approximation [P.R. Wallace (1947)]
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CHIRALITY AND PSEUDOSPIN OF GRAPHENE: EXPERIMENTAL AND THEORY

Linear energy dispersion and linear momentum cyclotron-mass dependence with
zero cyclotron mass in Dirac point is evidence of mass absence for quasiparicles in
graphene-like materials.
Figure : ARPES
spectrum and
band structure of
graphene on top
of SiC

Figure : The effective
cyclotron mass mc from
the Shubnikov – de Haas
oscillations (SdHOs,
cyclotron resonance)

Anomalous half-integer quantum Hall effect (QHE) happens owing the chiralityconservation law for massless charge carriers in graphene:

Figure : Hall conductivity σxy and corresponding longitudinal
resistivity ρxx of graphene as a function of the charge-carrier
density n measured at B = 14 T and T = 4K. The anomalous halfinteger property of QHE is explained by the halved degeneracy of
the zero-energy Landau level . The insert shows the Hall
conductivity for bilayer graphene, which, in comparison, exhibits
an integer QHE.
A quantized Landau level at zero energy is utilized by both
electron and holes, which means that for Dirac-Fermions this
level has half the degeneracy of the other levels, hence, this can
be related to the two-fold degeneracy of the pseudospin.
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II. Band structure of graphene and graphene-like materials : continued
II.2. Topologically non-trivial charge carriers: Weyl nodes, Majorana zero
energy mode, chiral Majorana massless fermions

One vortex in the Majorana spin-polarized pair holds zero mass and remains
its chirality. The other vortex acquires nonzero mass. As result, there is single
Majorana-like particle, an energy of which can not dissipate in heat due to a
law of helicity conservation. A statistics of vortex system is non-abelian one.
Due to the non-abelian statistics of these carriers, these quasi-particle
excitations can not decay.
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III. Radiation resistivity of Langmuir-Blodgett (LB) thin films from carbonnanotubes decorated by organometallic-compound
III.1. Spin-polarized surface states of thin LB-films from decorated MWCNTs
Samples have been fabricated by the Langmuir-Blodgett (LB) technique. LBmonolayers refers to graphen-like materials. Multiwalled carboxilated CNTs with
diameter about 2.5 nm are used.
Figure: (a) TEM-image of non-functionalized
carboxylated multi-walled CNTs on formvar
polymer coating;
(b) Raman spectrum of original carboxylated
MWCNTs on Si
Graphene is a true two-dimensional semimetal. The use of CNT or graphene as sensitive
elements is hampered due to the lack of free charge carriers at the Fermi level in
graphene and graphene-like materials. Therefore they are decorated by metal atoms to
activate spin-polarized currents (fig. 1).
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III. Radiation resistivity of Langmuir-Blodgett (LB) thin films from carbon-nanotubes
decorated by organometallic-compound : continued
III.2. Electrophysical response to beta-, gamma irradiation
The irradiation conditions were chosen to be low-energy ones, but the low radiation
fluxes can ionize film atoms. To produce the weak gamma-, beta-ray fluxes, we utilize
cesium source 137Cs emitting 1.176 and 0.892 MeV electrons and 662 keV gammaquanta, irradiation dose is 10–9 Gy/hour. You can see radiation damaging of FeDTP-film
leads to an increase of the its capacity immediately after the irrradiation. In 2 weeks after
radiation the screening ability of the film increases sharply. In 3 months after radiation the
electrophysical properties of the film recover.
(a)

(b)

Figure: Frequency dependencies of 1/capacity for (a) Fe(II)DTP-LB-film, (b) MWCNTs:
(a) immediately after (1), 2 weeks after (2), 3 months after (3), before (4) irradiation; (b)
immediately after (1), 24 hours after (2), 3 weeks after (3), 3 months after (4), before (4)
irradiation. Irradiation time is 1 (a), 3 (b) hours.
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III. Radiation resistivity of Langmuir-Blodgett (LB) thin films from carbon-nanotubes
decorated by organometallic-compound : continued
III.3. Emergence of 2D chiral-Magorana-particle gas after irradiation
Since MWCNTs are decorated by octahedral complexes of high-spin Fe(II), all
Majorana states of the CNT-monolayer are spin-polarized ones. Accordingly,
very big number of sustained free charge carriers appear. Owing to this one
observes the sharp increase of screening degree for the irradiation CNTmonolayer.
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Conclusion
Perspectives and applications:
1) Two-monolayer LB-films of MWCNTs decorated complexes of high-spin
Fe(II) resistant to irradiation

2) Localization holes in atom-like clusters and delocalized electrons from
electron-hole pairs under gamma-, beta-ray irradiation leads to increasing
screening effect
3) Preventing from cosmic rays and space radiation, radiation-resistent
nanoelectronics, detectors
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