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Abstract

Method is developed for self-consistent calculation of the energy spectrum of free energy and
electrical disordered crystals. Processes of electron scattering on the ionic core potential of dif-
ferent sort, fluctuations of charge, spin density and lattice vibrations are taken into account. Elec-
tronic states of the system are described using tight binding multiband model. The nature of the
spin-dependent electron transport of carbon nanotubes with chromium atoms adsorbed on the
surface is explained. The value of the spin polarization of electron transport is determined by the
difference of the partial densities of states of electrons with opposite spin projection at the Fermi
level and the difference between the relaxation times of electron states. The value of the spin
polarization of the electric current increases with increasing of Cr atoms concentration and mag-
nitude of the external magnetic field.
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1. Introduction

After a relatively recently discovered phenomenon of spin-dependent transport research of electrons spin pola-
rization became actual [1]. Much attention has focused on systems based on carbon doped with transition metals.
To clarify the mechanism of spin-dependent transport various theoretical models are intensively investigated. In
particular, in [1] theoretically high spin polarization of electrons was predicted in carbon nanotubes, and [2] pre-
dicted theoretically almost 100% spin polarization of the electric current in carbon nanotubes with impurities of
transition metals Cr, V. One of the possible ways of changing properties of carbon nanotubes in order to apply
them in nanoelectronics and spintronics is the application of admixtures of other elements. The presence of
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impurities can lead to a lowering of the symmetry of the crystal lattice and the degeneracy in the electron energy
spectrum, as well as the appearance of additional energy gaps, whose width depends on the type of impurities
and their concentrations. However, the effect of impurities on the electronic structure and related properties of
carbon nanotubes are investigated insufficiently.

In our work, on the basis of a self-consistent tightbinding model electronic structure, free energy, conductivity
and spin-dependent transport of carbon nanotubes with chromium impurity are investigated. Electron scattering
on potentials of the ionic cores of different types, and the fluctuations of the spin of the electron density and lat-
tice vibrations are taken into account.

In present literature, the studies of spin-dependent transport in carbon nanotubes are qualitatively described on
the basis of ideas about the appearance of a gap in energy spectrum near Fermi level [2]. In our paper, numerical
calculations of the spin polarization of electric current in carbon nanotubes are held on the basis of rigorous ex-
pressions for conductivity.

2. Tensor of Electrical Conductivity

The method of calculation of the energy spectrum of electrons and phonons, free energy and electrical conduc-
tivity of disordered crystal described in [3]-[5].

Electronic correlations in crystals are described in the multi-zone model of strong coupling. Considered the
processes of electron scattering on the potential of ionic skeleton, fluctuations of the charge and spin density and
lattice vibrations.

Using the formula Kubo, diagram technique for two-time temperature Green’s function and neglecting the
contribution of scattering processes on clusters of three or more sites for static electrical conductivity tensor we
can get the expression [3]-[5]:
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where
K(gf,va,gf,) = G(gf)vaé(sfv),
G(gf) =G, (&)
é<g{): G.(&) :(ér )* (1),

G, (¢), G, (&) isretarded and advanced one-particle Green functions of effective medium respectively.
The first component in the right-hand side of expression (1) describes the contribution of electroconductivity
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approximation in the coherent potential. Other components describes the contribution in electroconductivity
processes of electrons scattering on clusters consisting two atoms.

In the formula (1) component AGaﬁ (&.,¢,) of two-particle Green’s function is caused by the electron-electron
interaction and has the form:
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where 1"”6n7 (&.6,,¢6,.6) is vertex part of diagram for the mass operator of electron-electron interaction,
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(n=niyo), here n is number of primitive cell, i —the sublattice-site number in primitive cell, y —energy
band index, o =1/2, —1/2 —quantum number, which defines value of spin projection on z axis.
Operator o —the projection of the electron velocity in (1) is:
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To simplify the formula (1) we use approximate expression for averaged value <AGaﬂ (ese, )> AG) s (€56,
where AG 5 (£1,6,)—is derived from the expression (2) by replacing the Green function G(¢) W|th Green
function of effectlve medium G(¢).
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where

™% s scattering operator on the one site,

M0 Al s scattering operator on the two sites,

o” is coherent potential that describes effective medium,

A, m, isatom sort and magnetic moment projection on z axis respectively. _

The value " (g) in the expression for the single-center scattering operator t™ that describes the scat-
tering on potentials of ionic skeleton, static charge fluctuations and spin density is given by formula:
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where Zriwm , Z,l ne 15 NUMber of electrons in nji;y0; state for A atom in crystal and effective medium

respectively, V&,ﬁ;;{;j ;‘1,'151;71 is electron-electron interaction operator’s matrix element [3]-[5].

In expression (1) values Py = RiPi*, Py = Po” P.v21/™ _the probability of finding atoms of differ-
ent sorts and values of localized magnetic moment prOJectlon at the lattice sites [3]-[5]. In the Hamiltonian of
the system should be included term that is the operator of interaction energy of intrinsic magnetic moment of a
particle with an external magnetic field.

Spin-dependent transport in systems with strong electronic correlations is described by partial constituent
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of diagonal conductivity tensor element (1), which corresponds to a specific value of the electron spin projec-
tion.

3. Results of Calculations and Conclusions

Here are the results of calculation of the energy spectrum of electrons and phonons and conductivity of carbon
nanotubes doped with chromium. In calculation, renormalization of vertex parts of mass operator of elec-
tron-electron and electron-phonon interactions [3]-[5] was neglected. Real wave functions of 2s, 2p, 3s,
3d-states of neutral non-interacting atoms of carbon were chosen. The off-diagonal matrix elements (ni) by
site index of Hamiltonian calculated by taking into account the first three coordination spheres. Contribution to
the static displacements of atoms and members was neglected in the calculations. Calculations were performed
for the temperature T = 300 K.

We performed geometry optimization of the crystal structure of carbon nanotube of chirality (3,0) with Cr
impurity. Geometric optimization of the crystal structure was achieved by minimizing the free energy. Carbon
nanotube doped with Cr has a one-dimensional crystal structure. Primitive cell contains 18 non-equivalent atom
positions. Carbon atoms are located in 12 positions on the surface of the inner cylinder. The distance between
the carbon atoms is 0.142 nm. Cr atoms are randomly located in the 6 position on the outer surface of the cy-
linder opposite the center of a hexagon, the vertices of which are carbon atoms. Through the study of free energy
minimum found that Cr atoms are randomly located on the surface of nanotubes. This indicates that the proba-
bility of Cr atoms arrangement R/ =R =c*, where ¢* —the ratio of Cr atoms with respect to the six
possible positions of the atoms Cr within the primitive cell. The distance between carbon atoms and Cr is 0.22
nm. The relative position of carbon atoms and Cr is similar to the location of atoms of transition metals on the
surface of carbon nanotubes of large diameter, which are described in [1] [2] by ultrasoft pseudopotential me-
thod [6] [7].

The value localized magnetic moment projection of the atom Cr and induced localized magnetic moment of
an atom C in the direction of the magnetic field increases with the size of the field. For carbon nanotubes of 5 Cr
atoms in primitive cell value projection magnetic moment of the atom Cr varies within mg, =(1.02;2,24) y; ,
and the magnetic moment of the atom C—uwithin m, =(O,0036;O,02),uB with increasing values of the mag-
netic field from zero to H =200 A/m. The magnetic field is oriented along the axis of the carbon nanotube.
Parameter of pair correlations in the orientation of localized magnetic moments on lattice sites for the first coor-
dination sphere in the absence of magnetic field equals to &™ =0.235. The value &™ for the second and third
coordination spheres is close to zero. A positive value of &¢™ for the first coordination sphere indicates that the
localized magnetic moment given carbon atom is oriented in the same direction as the magnetic moment of the
nearest Cr atom.

Figure 1 shows a partial g,, (¢)= 1 > P, () and full g, (&)= g,,(¢) densities of electron states
Vi -

iy, A
of carbon nanotube with an admixture of Cr in the absence of external magnetic field. In the absence of a
magnetic field g,, (&)= g, (&). Vertical line shows the Fermi level & .

In Figure 2, points show the dependence of the free energy F on the parameter of pair correlations in the
arrangement of Cr impurities on lattice sites £ = g,f‘g: for the first coordination sphere. Atom of Cr is denoted
as atom of sort B . The dependence F (gBB) is shown in the region of free energy minimum. The free energy
is measured from electrostatic interaction energy of ions of sort A.

Figure 3 shows partial g,, (&) andfull g, (&) densities of electron states of carbon nanotube with 5 atoms
of Cr per primitive cell in external magnetic field H =100 A/m .

Figure 3 shows part of the energy spectrum that is close to the Fermi level.

As shown in Figure 3, for a given sign of the projection of localized magnetic moment on sites of lattice
energies of the electron with spin o =1/2 shifted relative to values of the energy of an electron with spin
o =-1/2 . This leads to the formation of the Coulomb gap in the energy spectrum of electrons, which is visible
on g(&) of Figure 3. The results presented in Figure 3, qualitatively consistent with results obtained by
another method in [2].

In Figure 4, the dependence of the spin polarization electric current Ac/o = (aj/z —0_y, )/a of carbon na-
notube with chirality (3,0) and 5 atoms of Cr per primitive cell on the magnitude of the external magnetic field
calculated by the formula (1) for temperature 300 K is shown.
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Figure 1. Densities of electron states of carbon nanotube with
an admixture of Cr.
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Figure 2. Dependence of free energy F for carbon nanotubes
with 5 atoms of Cr per primitive cell on parameter of pair corre-

lations in the arrangement of Cr impurities on lattice sites & .
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Figure 3. Densities of electron states of carbon nanotube with
5 atoms of Cr per primitive cell in external magnetic field

H =100 A/m .
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Figure 4. The dependence of spin polarized electric current Ac/c

of carbon nanotube on the magnitude of the external magnetic field
H.

Thus, the phenomenon of spin-dependent electron transport in a carbon nanotube is the result of strong
electron correlations caused by the presence of chromium atoms. The value of the spin polarization of electron
transport determined by the difference of the partial densities of states (Figure 3) electrons with opposite spin
projection at the Fermi level and the difference between the relaxation times arising from different occupation
numbers of single-electron states Z,flim of atoms of carbon and chromium. The value of the spin polarization
of the electric current increases with increasing of Cr atoms concentration and magnitude of the external mag-
netic field. In [1] calculated the electronic structure and properties of carbon nanotubes with transition metal
chains, adsorbed on the surface, is based on density functional method using ultra-soft pseudopotential. Our re-
sults are qualitatively consistent with the results of [1], in which ab-initio electron density functional method
shows that the chains of transition metals adsorbed on the surface of carbon nanotubes, open a gap in the elec-
trons states with a certain spin value.
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