Chapter 7
Spin-Dependent Transport of Carbon
Nanotubes with Chromium Atoms

S.P. Kruchinin, S.P. Repetsky, and 1.G. Vyshyvana

Abstract This paper presents a new method of describing electronic correlations in
disordered magnetic crystals based on the Hamiltonian of multi-electron system and
diagram method for Green’s functions finding. Electronic states of a system were
approximately described by self-consistent multi-band tight-binding model. The
Hamiltonian of a system is defined on the basis of Kohn—Sham orbitals. Potentials of
neutral atoms are defined by the meta-generalized gradient approximation (MGGA).
Electrons scattering on the oscillations of the crystal lattice are taken into account.
The proposed method includes long-range Coulomb interaction of electrons at
different sites of the lattice. Precise expressions for Green’s functions, thermody-
namic potential and conductivity tensor are derived using diagram method. Cluster
expansion is obtained for density of states, free energy, and electrical conductivity of
disordered systems. We show that contribution of the electron scattering processes to
cluster expansion is decreasing along with increasing number of sites in the cluster,
which depends on small parameter. The computation accuracy is determined by
renormalization precision of the vertex parts of the mass operators of electron-
electron and electron-phonon interactions. This accuracy also can be determined
by small parameter of cluster expansion for Green’s functions of electrons and
phonons. It was found the nature of spin-dependent electron transport in carbon
nanotubes with chromium atoms, which are adsorbed on the surface. We show
that the phenomenon of spin-dependent electron transport in a carbon nanotube
was the result of strong electron correlations, caused by the presence of chromium
atoms. The value of the spin polarization of electron transport is determined by the
difference of the partial densities of electron states with opposite spin projection
at the Fermi level. It is also determined by the difference between the relaxation
times arising from different occupation numbers of single-electron states of carbon
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68 S.P. Kruchinin et al.

and chromium atoms. The value of the electric current spin polarization increases
along with Cr atoms concentration and magnitude of the external magnetic field
increase.

7.1 Introduction

The progress of describing disordered systems is connected with the development
of electron theory. Substitution alloys are best described among disordered systems.
The traditional knowledge about physical properties of alloys is based on Born
approximation in the scattering theory. However, this approach obviously can not
be applied in the case of large scattering of potential difference of components
which are held for the description of alloys with simple transition and rare-earth
elements. The same difficulty is typical for the pseudopotential method [8]. Because
of the pseudopotentials non-local nature there is a problem of their transferability.
It is impossible to use nuclear potentials determined by the properties of some
systems to describe other systems. Significant success in the study of the electronic
structure and properties of the systems was achieved recently due to use of the ultra-
soft Vanderbilt’s pseudopotential [21, 37] and the method of projector-augmented
waves in density functional theory proposed by Blohl [2, 16]. This approach was
developed further thanks to generalized gradient approximation (GGA) usage in
density functional theory of multi-electron systems developed by Perdew in his
papers [23-25, 35, 36].The wave function of the valence states of electron (all-
electron orbital) is denoted in projector-augmented waves approach by using the
conversion through the pseudo-orbital. The pseudo-orbital waves expand to pseudo
partial ones in the augment area. Even so, the all-electron orbital in the same area
are expanded with the same coefficients via partial waves that are described by
Kohn—Sham equation. The expression for the Hamiltonian operator, which we have
in equation for pseudo wave function, is derived by minimizing the full energy
functional. Using this equation, and expanding pseudo orbital by plane waves, we
can derive the set of equations for expansion coefficients. From this system it is
possible to get the electron energetic spectrum, wave functions, and the value of the
full energy functional. The method for describing the electron structure of crystals
is shown in Ref. [35], using VASP program package. With the help of the cluster
methods of calculation and the GAUSSIAN program package, this approach could
be used for molecule electronic structure description.

It should be noted that recently in papers (e.g. Refs. [6, 7, 9-11, 14, 26, 35]), the
simple effective calculation method of electronic structure and properties for big
molecules have been proposed. This method is based on the tight-binding model
and functional density theory, which includes long-range coulomb interaction of
electrons on different sites of crystal lattice. The long-range coulomb interaction of
electrons on different sites is described in the local density approximation.

However, mentioned methods [6, 7, 9-11, 14, 23-26, 35, 36] are used only for an
ideal ordered crystals and molecules description. In disordered crystals, the effects
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7 Spin-Dependent Transport of Carbon Nanotubes 69

associated with localized electronic states and lattice vibrations are arise. They can
not be described in the model of ideal crystal. In this regard, other approaches are
also developed.

Essential achievements in description of the disordered systems properties are
connected with application of the tight-binding model in the multi-scattering theory,
including approximation of the coherent potential. Starting from Slater’s and
Koster’s work [29, 31] tight-binding model in description of the ideal crystals prop-
erties were frequently applied. Later it was generalized for the case of disordered
systems.

The method of describing magnetic alloys electronic structure, based on the
functional density theory, was proposed by Staunton et al. [32] and Razee et al.
[27]. The effective potential in Kohn—Sham equation [13, 15] consists of atomic
potential and Pauli’s addition, which is expressed through the magnetic field
induction. Atomic potential and the magnetic field induction are expressed through
variational derivatives of exchange-correlation energy by electronic density and
magnetization respectively. Calculations of the electronic structure of the magnetic
alloy are based on the mentioned effective potentials and usage of the self-consistent
Korringa—Kohn—Rostoker coherent potential approximation. It was more developed
in further papers [12, 33, 34]. The method of interatomic pair correlations parameter
calculation was proposed by Staunton et al. [32] due to the pair mixing potential,
which is expressed through the second derivative of the thermodynamic potential of
the alloy concentration [3]. This thermodynamic potential is calculated in the one
site coherent potential approximation. It should be noted that the methods developed
in papers [12,29, 31-34] do not include long-range Coulomb interaction of electrons
at different lattice sites.

In our work a new method of describing electronic correlations in disordered
magnetic crystals based on the Hamiltonian of multi-electron system and the dia-
gram method for finding Green’s functions was developed. Electronic correlations
in crystals were described in self-consistent multi-band tight-binding model. The
wave functions of non-interacting atoms are calculated based upon the Kohn—
Sham equation. The effective one-electron potential of the many-atom structure is
approximated as a sum of spherical Kohn—Sham potential of neutral non-interacting
atoms. Potential of neutral atoms are defined by the meta-generalized gradient
approximation (MGGA) [24, 35]. Our model includes wave functions and atomic
potentials recalculation, taking into account the electronic density redistribution as
the result of atomic interaction. It is also includes long-range Coulomb interaction
of the electrons on different sites of the crystal lattice. Electron scattering processes
on the ionic core potentials of different sorts and on oscillations of crystal lattice
are considered. The two-time Green’s function calculations are based on the
temperature Green’s function [22, 28]. In this operation a known relation between
spectral representation for two-time and temperature Green’s function was used [1].

Calculation of two-time Green’s function of the disordered crystal are based on
diagram technique, analogous to diagram technique for homogeneous system [1].
The set of equations for two-time Green’s function, expressions for free energy and
electrical conductivity of disordered crystals are derived. Calculation accuracy of
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the energetic spectrum, free energy, and electrical conductivity are determined by
accuracy of the electron-electron and electron-phonon mass operators vertex parts
renormalization. Energetic spectrum, free energy, conductivity and spin-depended
transport of nanotubes doped with Cr atoms calculations are based on this method.

7.2 Hamiltonian of Electron’s and Phonon’s System
for Disordered Crystals

Hamiltonian of the disordered crystal consists of single-particle Hamiltonian of
electrons in the ionic cores field, the potential energy of the pair electron-electron
interaction, lattice oscillations Hamiltonian and Hamiltonian of electron-phonon
interaction.

Hamiltonian of the disordered crystal is represented on the basis of wave func-
tions for free neutral atoms. In the Wannier representation the system Hamiltonian
is, [28]

H = Hy + Hin, (7.1)
where zero-order Hamiltonian
Hy=H" + H). (7.2)

consists from single-particle Hamiltonian of electrons in the ionic cores field

©0) _ (0) + .
H€ - hnthl ,nziz}/zanlil)’l Anaizys (7.3)
nii Y1
naizys

and atomic nucleus Hamiltonian

P2, 1
(0) 2 : 2 : (0)
th = 2;; + E (pnmoq,nzizazunlilalunzizdz' (7.4)
1

no nlilal
ngiz(){z

Here in Eq. (7.3), (7.4) different sort ion cores distribution on sites (ni) of crystal
lattice is the same as for ideally ordered crystal.
Perturbation Hamiltonian in Eq.(7.1) is

Hint =480 + Hei + Heph + Hee + thi + thph‘ (75)
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7 Spin-Dependent Transport of Carbon Nanotubes 71

Perturbation Hamiltonian Hj, consists of different sorts ion core interaction energy
8®. Interaction energy §@ is measured from energy level for ideally ordered crystal.
Addition to single-particle Hamiltonian of electrons in the ionic cores field in
Eq. (7.3) (electron-ion interaction Hamiltonian) is defined as

— § . ) + .
H,; = Whiiry1.naizy2 @iy y, Gnaizys - (7.6)
niiry1

iy,

Hamiltonian of electron’s interaction with oscillations of the crystal lattice (named
as electron-phonon interaction) is defined as

— ! + .
HePh - Z Untityrmaizys iy Smainya (7.7

niiry1
miy,

Electron-electron pair interaction Hamiltonian is

1 3 @miryrni
— _ niiyymizy2 + + . .
Hee = 2 vnsis}/s.n4i4)/4 aﬂlilyl anziz)/za”3’3y3a”4‘4y4' (7.8)
niiyi
n2izys
n3izys
naisys

Atomic nucleus Hamiltonian component, caused by disordered distribution of atoms
(phonon-impurity interaction Hamiltonian) is defined as

1
— 2 : —1 . .
thi - E AMnlilalﬁnzizazpnlllalpﬂzlzaz

n1i1a1
nzizo{z
1
+ 5 E APy iy myiza Uny iy ay Unginey » (7.9)
nyiog
Vlziz(!z
where
1 1
—1
AMT! = ( — — ) 88111, 6
niijag,n2iz0 nin2 ¥ vo e
Mn1i1 Mi
(0)

ADyivayminey = Pryirarmaines = Pryiyay myiney» Mmii» Miy — mass of the atom in the
site (ni) for disordered and ordered alloy accordingly.
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The anharmonic component of atomic nucleus Hamiltonian (phonon-phonon
interaction Hamiltonian) is

1 3 o
Hp/’lp/’l = ; (Dn] i1 ,n2ih00,n31303 Unyiyon Unyinas Unsizers - (7 10)

nyijo
nairon
n3izo

In Eq. (7.10) only anharmonic terms of third order are taken into account.

In the previously written expressions a;;y, a,;y are creation and destruction
operators in the state, described by Wannier function ¢, (§) = (£|niy), where
& = (r,0). In these notations state’s index y includes as quantum number o = 1/2,
—1/2 which defines the value of spin projection on z axis and a set of other quantum
numbers which describes electron spatial movements. Here n is the number of
primitive cell, i — sublattice site number in primitive cell, r is electron’s radius-
vector, u,; — atoms displacement operator in site (ni); P, — operator of ¢-projection
of atom’s momentum on orthogonal axes.

The wave functions of an electron in free neutral atom sort A, which is located
at the site (ni), are obtained from Kohn—Sham equation in density functional theory

[25, 26]:

h2 . .
[ 5V Vi, (0) + Vi () + Vi, (r)}

“om
XYy (1) = els, Uy () | (7.11)

where ¢ is quantum number of spin projection on axis z; § = (&lm), [, m are quantum
numbers of angular momentum and € is quantum number that describes the value of
electron energy. To reduce the length of Eq. (7.11) (r — r,;) is denoted by (r).

In expression (7.11) the value fol (r) is potential energy of an electron in the
atom’s core field of sort A at the site (n),

2
; e
Vi (r) = [dv/|r—r’|mi (r') (7.12)
— the Hartree potential.
In Eq. (7.12) electron density is
i (r) = npig (¥) + ni—6 (1) . (7.13)

The electron density with projection of spin ¢ is given by expression

Mo (V) = Y Z5, 9" *iso (1) Y/, (¥) (7.14)
§

sergeikruchinin@yahoo.com



7 Spin-Dependent Transport of Carbon Nanotubes 73

where Z[%J — occupation number of electron state (i60), assuming that an atom of
sort A is in the site (ni).
In MGGA obtained by Perdew [24, 35] and based on density functional theory,

the exchange-correlation potential Vyc, (r) = V)I}/IC(?SA (r) can be represented as:
1
Vice ™ (0) ¥yo (1) = V&S0 (1) = 5V - {itxco NV} ¥yo (6), (7.19)

where

aeMGGA aeMGGA aeMGGA
yGGA = | =XC_ _y.=XC , — _XC ,
XC.o (”) |: ong Vn, MxC.o (r) Iz,

eMO%A(2n,) /2 is exchange-correlational energy density, ©, = Y 5 [Vs,|* /2 is
kinetic energy density.

Wave functions of the basis set ¢, (r), on which Hamiltonian of the system is
represented as in Eq. (7.1), are defined from Kohn—Sham Eq. (7.11) for atom of sort
A; and equals to ¢ (X) = R?gla (Ir = ry]) Y},(6, ¢), where R?g"la (Jr — r,;]) —radial
part of wave function in Eq.(7.11), A; — sort of atom which located in site (ni) of
ideal ordered crystal. Real spherical functions Y, (6, ¢), are related with complex
spherical functions Yy, (6, ¢) by equations

: 1 *
Y (6. ¢) = %[Yzm(e,cb) + Y;,,(0.9)].
, 1
Y,(0.¢) = VE[YW(@,@ — Y5 (0.4)]. m#0. (7.16)

The potential energy operator of electron in the field of different sort ionic cores can
be expressed

Vi(r) = Z v (r—rl). T =T w4y,
ni

where r — electron’s radius vector, r,, = r, + p;, — radius-vector of atom’s
equilibrium position in site of crystal lattice (ni), u;; — is vector of atom’s static
displacement from equilibrium position in site (ni).

Potentials of ionic core v* (r — r,;) are found from Eqs. (7.11), (7.12), (7.13),
(7.14) and (7.15). While finding potentials v* (r — r,;) summation in Eq.(7.14)
must be done by electronic states of ionic cores.

Values hf:l))ll Vinainys in Eq. (7.3) are the matrix elements of the kinetic and potential

Y, vY (r — 1) energy operators of electron in the field of ionic core, where A; —
sort of ion which located in site (ni) of ideal ordered crystal. Matrix elements are
calculated by Slater—Koster method [11, 35].
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Matrix element of electron-ion interaction Hamiltonian in Eq. (7.6) is
_ ni
Whiityrmizys = § :Wnlilyl iy’ (7.17)
ni

where

ni _ A Ani
Wn1i1y1 iy T Z Cniwnlhy] 20220
A

Ani _ vlni —f-AUA”i _ Aini
niiy1.n2i2y2 nyi y1.n2izy2 niiry1.n2i2y2 niiy1,n2i2y2’

w
A is sort of ion which located in site (ni) of ideal ordered crystal. Here cﬁi —random
numbers, taking value 1 or 0 depending on whether the atom of sort A is at site (ni)
or not.

Hamiltonian of electron-phonon interaction defined in Eq.(7.7) is expressed
through derivatives of potential energy of electron in ions core field by projections

. / D

of displacement vector u,; of atom. In Eq.(7.7) the value of vy ;. .., is given
/ _ nio ) rnio _ A . s Ania

by Uniityrmainys = Zﬂia U ntivyrminys Ynices where v niivyrnzizys T Zl CniV miityrmizys

7 Anio . : . d A —r.
Value v’} i1 y1maiay, 1S MALTIX element of operator —Chnias eV (Jr = r,]), where
e, = r—ry;
nt— Ir_rnil. Ani

ni . . . L

Values Avy% ., in Eq. (7.17) describe electron scattering on static displace-

ment of atoms and defined by equation

Ani _ 1 Aniol s
Avmil}/l,nziz}/z - z :v niiyy1maizys Ynia-

o

The matrix of force constant part which is caused by the direct coulomb
interaction of ionic cores has the form:

ZniZn/i’e2
dreg v, + p; — T — Py

Prig.n'ita’ = — E
X [3 (rna + i — Twa — Pire) (Fe’ + Pie’ — Twa’ — Pra’)
SRR ey i ) R U R G0} (7.18)
where Z,; — valence of ion cores which located in the site (ni).

Diagonal by number site (ni) elements of the matrix of force constants is
determined from the condition:

E ¢nia.n/i/a/ = 0.
n'i’
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Values @ oA in Eq. (7.4), (7.10) are force constants.

nyijog,naiz0n® T R ,n2i00 ,n3i3003

Matrix (Drfl. ; i 18 derived from expression for matrix @74/ in Which Z,; =

Z*, where Z* is valence of ion which is located in the site (ni) of ideal ordered

crystal.
Matrix elements v,gi;%mj;j')',;"ziwz of Hamiltonian in Eq. (7.8) can be calculated
by integrating angular variables. Integrals from product of three spherical functions

(Gaunt integral) can be represented using the Clebsch—Gordan coefficients [31]. As

i 2)E1lmy.E2l .
a result matrix elements v\2°1 22" gre obtained:
£3l3m3,E4lamy

o 1

2)elm,erlbmy - 2

v§111m1.§/l’m’ =e Z 213 + 1
=V <L <I+T
L—=hl<B<b+
I+ 413 =2kk €N
L+h+5 =2k €N

. [(213 + D2+ D)2+ D2+ 1)]” ’

QI+1DR2hL+1)

XC(l3l/l; O, 0)6‘(131/1, m’ —m, m/)C(lg,l]lz; O, 0)C(l3l] lz; nmyp —my, ml)

00 s

r
oL
X /dﬁr%Rgl(Vl)Rg/l/(rl)/errgRgzlz(rZ)Rglll (r2) Z:H
r1>
0 0

00 s

n
o
+ [ drrRen Re ) [ dndRaRer () | (7.19)
r
0 0

where [, m are orbital and magnetic quantum numbers, respectively, c(I"I'l; m", m’) —
Clebsch—Gordan coefficients [31], Rz;(r) — radial part of wave function, & — main
quantum number.

Matrix elements on the basis of real wave functions [35] vg:'}‘,i];’llf;f” for
each site when (n1,i;) = (na,i2) = (n3,i3) = (ng4,is) are expressed by linear

o : &1 lim ol . .
combinations of matrix elements v>) 11”2222 Thig procedure of matrix elements
3l3m3.E4l4my

calculation can be easily programmed.

Matrix elements on the basis of real wave functions vféff;:‘,’:i:;fn for different
sites (ni) can be approximately represented in the form similar to formula (7.19), if
we describe radial part of the wave function by Gaussian function (namely Gaussian
orbital), as this is done in the method of molecular orbitals — linear combinations of
atomic orbitals [29]. In this approximation the multi-center integrals v,ﬁz;’}‘,;‘f:l;';:m
have the form of one-center integrals, as the product of two Gaussian orbitals that
are localized at different centers can be reduced to the product of orbitals that are

localized at the joint center.
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7.3 Green’s Functions of Electrons and Phonons System

In order to calculate the energy spectrum of electrons and phonons, free energy
and electrical conductivity of disordered crystal we introduce two-time Green’s
function. We define two-time retarded G22(z, 1) and accelerated GA2(t, ') Green’s
functions as follows[41]:

G (1.1) = =56~ ) AD. B,
i ~ ~
Go(1.1) = 20 = ([A®1), BX)). (7.20)
Operator in the Heisenberg representation reads
A(l) — eth/hAe_th/h,

where A — Planck’s constant, H = H — u.N,, i, is chemical potential of electron
subsystem and N, is the operator of electrons number:

— + .
N, = E Qi iy -

niy
In Eq. (7.20)

[A,B] = AB — nBA, (7.21)
where for Bose operators A, B 7 = 1 and for Fermi operators n = —1, 0(¢) is

Heaviside’s step function.
Brackets (. ..) in Eq. (7.20) denote averaging

(A) = Sp(pA), p = /O (7.22)

where 2 is thermodynamic potential of the system, ® = k;,T, T — temperature.
Calculation of two-time retarded and accelerated Green’s functions defined in
Eq. (7.20) is based on the calculation of temperature Green’s functions. Known rela-
tion between the spectral representation for retarded, accelerated and temperature
Green’s functions is used.
The temperature Green’s function defined as

G*(z,7") = —(T:A(x)B(x")), (7.23)

where operator ;\(7:) is derived from A(t) in Eq. (7.20) by replacing t = —iht,
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7 Spin-Dependent Transport of Carbon Nanotubes 77

A7) = M Ae™",
T.A(1)B(t") = 0(xr — t)A(x)B(x') + n0(t' — 1)B(r))A(1),

here for Bose operators A, B n = 1 and for Fermi operators n = —1.
We introduce the operator

o(r) = e, (7.24)

where H = Hy + Hiy, Hyo = Hy — peN,.
Differentiating the expression o(t) in Eq.(7.24) by t parameter and conse-
quently integrating by the conditiono (0) = 1, we obtain:

T
o(t) =T.exp | — / Hin())d' | . (7.25)
0

where Hiy(7) = M7 Hyp e~ Hor,
Taking into account expression (7.24) we can write

A(r) = o (DA()o (7). (7.26)

Taking to account Egs. (7.25), (7.26) for temperature Green’s function in Eq. (7.23)
we can obtain equation

AB no_ _(TrA(T)B(T/)O"(l/@))O
G (r,7) = (17O, (7.27)

where
(A)o = Sp(poA), py = e P~H/O,

Expanding the exponent o (7) in expression (7.25) in a series of powers Hiy(7),
substituting the result in Eq.(7.27) and using Wick’s theorem for calculating the
temperature Green’s functions of disordered crystals [28] it is possible to build
a diagram technique similar to a homogeneous system [1]. The denominator in
Eq. (7.27) reduces from the same factor in the numerator. So Green’s function can
be expressed in a series only connected diagrams. Using the relation between the
spectral representations of temperature and time Green’s functions [1], by analytic
continuation to real axis we obtain the following system of equations for retarded
Green functions (hereinafter index » will be omitted) [28]:

G (&) = G§ (&) + G () (W + Zpn(6) + Zeae) G (o)
xG" () = Gi"(¢) + G4“(e) (AP + Zppe(e) + Zpipn(e))
XG””(S) + GSP(S)AM_IGPM(S),
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G (e) = G (e)GIT () AMT'G™ (¢) + GI"(¢)
X (A® + Zpne(e) + Tpn(e)) G (e),
G""(e) = G (e) + G'(e)AM™'G™ (e) + G§“(e)
X (AD + Zpye(€) + Zppn()) G (e),
G"() = G“(e) + GE'(e) (AP + Zpie(©) + Zpipi(€))
xG"(e) + G§* (e) AM~'G™ (¢). (7.28)

where ¢ = hw.

Here G (), G*(g), G'P (), G*(¢), GP"(¢) are spectral representation of
one-particle Green’s function of the electrons subsystem and Green’s functions
“shift-shift”, “impulse-impulse”, “shift-impulse” “impulse-shift” of phonons sub-
system; Xepn(€), Xphe(€), Zee(€), Zpnpn(e) — actual energetic parts (mass opera-
tors) which describe the electron-phonon, phonon-electron, electron-electron and
phonon-phonon interactions.

The spectral decomposition for two-time (7.20) and temperature (7.23) Green’s

functions is defined as:

oo oo

1 . .
G0 =5 [ Gl e dn. G = [ G ea
: = : , :
—00 —00
1/6
. 1 .
G(r) =0 Z GB(w,) e, G*(w,) = 5 / G (1) e dr,
@n -1/6
| 2nm o for Bose particles,
" | @2n + 1)z © for Fermi particles,
n=0, £1, £2,...

Green’s functions definitions Eq. (7.20), (7.23) leads to relation between the spectral
representations of temperature and time Green’s functions:

G*B(iw, /1), w, > 0
AB _ r n s Wn )
G (on) = { GB(iw,/h). w, < 0.

To obtain Eq. 7.28 we used the above expression.
Accordingly to the indices (niy) and (nic) Green’s functions of the electrons and
phonons subsystems are matrices respectively.
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7 Spin-Dependent Transport of Carbon Nanotubes 79

From the motion equations for Green’s functions of zero approximation can be
obtained [41]:

—1
G8”+(8)=[8—H(()7'1)] o B = O

niy,n'i'y

Gui(e) = [0*M© —p©]" | 9O = Hqﬁ“)’ o

noe,nro

M(O) = ||Mi8nn’5ii’5aa’ ” . (729)

Providing that

(%AM + AD + Ephe(‘e) + thph(g))

nio,n' i’ o’

<1, (7.30)
@(0) a /a/

no,n'r

solution of the system in Eq. 7.28 has the form:
aa+ aa+ - -1
G (e) = [1G6” @) = (w+ Zopn(e) + Te®)]|
&? -
G"(e) = [[Gﬁ“(é?)]1 - (ﬁAM + AP + Zppe(e) + Ephph(s)):| :

2
G () = %(M(O))ZG”“(S), (1.31)

where AM = ”(Mt - Mni)(snn’(gii’gaa’ ”’ e =ho.

For solution of system in Eq. 7.28 members proportional to the second and higher
power of small parameter (7.30) were neglected.

Using the mentioned above diagram technique, in Ref. [28], has been found
explicit expressions for the mass operator of Green’s functions that describe the
many-particle interactions in the system.

The mass operator of Green’s function of electrons for the electron-phonon
interaction X, (, t’) is described by the diagram in Fig. 7.1.

Solid lines in Fig.7.1 correspond to the Green’s function of electrons

GZ?V n,l,y/(r 7’) and dashed lines correspond to the Green’s function of phonons

G, i (T, T'). Vertex part 2% () 1.1)) is described by diagrams in Fig. 7.2.

nry,niityyy

Fig. 7.1 Diagram for ~ ~ = ~
Eeph niy.n'i'y’ (L T/) = Hzaz s/ H4a4
Zeph iyvy - Here n = (nit) / 5 A

ﬁ;/ E p A . }/ 'ﬁr;//
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ﬁ2 (657}

_ = A A
Ay, fip 0Lz 717 ERE]

& = A + fisvs fgYe +,..

ﬁy ﬁ1Y2 ny ﬁ1Y1

A ~ ~ A
Vo Agvs fsys "

Fig. 7.2 Diagrams for the vertex part 1“’1’!‘;’;‘1’"21 (o) = Fﬁ’?gfyl' Here 7 = (nit)
Fig. 7.3 Diagram for
Ephe nia,n’i’a’ (f-, T/) =
X ohe raiver- In Fig. 7.3
n = (nit)

No shaded triangle in Fig. 7.2 corresponds to equation

Fofff,ﬁfhyl (n.7.711) = v;':f,’fl‘]’fl »8(T = 1) 8(r — ).
In Fig.7.1 and in Fig. 7.2 summation for internal points 7y is carried out. Sum-
mation of 7y provides summation of niy and integration over t. Expressions that
correspond instead each diagram attribute multiplier (—1)"*¥, where 7 is diagram’s
order (namely number of vertices I in the diagram), and F is the number of lines
for the Green’s function of electrons G . This function goes out and goes into in
the same vertices.

For the mass operator that describes electron-phonon interaction, we obtained
equation

&

® ’
1 .
. . —_ / myijay
Z‘ephm)/.n’z’)//(8) - A de’coth 260 vniy,n353y3
—00

aa+
n313Y3,M414Y4

x(e —&)yrm (e—¢.,e¢). (7.32)

ngigys.n'i'y’

x [ uu (8/) _(uu ok (8/)] G

nyiay,n2izoen niije,naizn

For repeated indices summation is conducted.
Phonon-electron interaction is described by the diagram in Fig. 7.3.
Designation in Fig. 7.3 corresponds to designations in Figs. 7.1 and 7.2.
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Phonon-electron interaction is described by mass operator

00
1 .
Ephenia.n’i’a' (e) = E / dg/f(g/)vitnzlgyz,mil}'l

+
aa / aa™ * 4
X [Gnllll’l N303Y3 (8 t+eé ) Gnmyl 3033 (8 + & ):I
x Gt * &)+ G“ (e+¢)
n4igys4,n2i2y2 n1i1y1,n3izy3

aa aa /
[Gn414Y4 nzlzyz( ) Gn4l4}/4 n2izy (8 )]

Vo

rote o e+eé.e—¢). (7.33)

n3i3y3,naisys
Diagrams for the mass operator X,.(t,t’) that describes electron-electron
interaction, are shown in Fig. 7.4.

Vertex part 1"”2'23/’,;,””” (12, 717, T’) are shown on diagrams in Fig. 7.5.

Not shaded triangle in Fig. 7.5 corresponds to equation

naizy2.n1i1y1 _ ~@niyn2izy>
F()my n'i'y’ ('C2, ut,t ) vnmyl n/t/y’s

x(t — n)é(t — 11)8(xr — 7'),

~(Qniy.naizyr o (2)niynainys (2)ni1/,n2iz}/2
ity 'y T Tmiynni'y’ i’y miryr
’
~ . + Ay ny
nz2y2 n{y 4
_ o’
ny ny

Fig. 7.4 Diagrams for Xeeniy iy (T, 7') = Zeeiiyivy . Here n = (nit)

iy
v Ay e Ay Mok Ay ¥
¥
o-0.003-
Ay AY Ay Ay Y Ay
Ay
Fig. 7.5 Diagrams for vertex part I” n'f;'flyf; I, ) = n’;f;’,zy',”y‘ Here 72 = (nit)
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The mass operator that describes electron-electron interaction is:

2
eemynty’(g) E() ///"‘E() /3 /(8)

eeniy,n’i’y eeniy,n’i’y

o0

1
o _ ~(2”'1 aa aat
Z:een,n’ - _47” / dé‘f( ) n1 n ’ [Gill nz( )_ Gm ny ( ):| ’

P o0 o0
T ent () = (2 ) [ de [ dewﬁ%ﬁ“{ fenf (&)
i
—00

x[Ga "o — o1 + e2)Git, (61) = Gt (e — &1 + e G " (1) |

n,ns ni,ng n,ns ni,ng

ng,n’

(e (01 + &2 &) | Gt (22) = G ™ (e2) |

X [Ga, (1) Gt (o1 + 2 — &) = Gt * (e1) Gat * (61 + 22— )|

[GZZ s (62) — G4 (82)] 76 (e1,6 — €1 + €23 €2, 6)

ng.n’

X7 (g1, €281 +82—8,8)}, (7.34)

5’57.%)}1,112 — (7 2)n n (7 2)n n (l’l _ nl)/)
1.1 nl n’ n 1

In Ref. [28] expressions for the mass operator X,;,,,(¢) that describe phonon-
phonon interaction similarly were obtained.

The relations arising from the theory of functions of complex variable are used

upon receipt of expressions (7.32), (7.33) and (7.34).

® qu(za),,) = — ¢ dz coth ¢ (2) (w, =2nmO),

Wp

03 piwn) =5 s (g) $Q) (0= @0+ 1)76),
Wy C

z 1
f(5)= exp( )+1

where ¢ (z) is analytic function of complex z in the region covered by a contour C.
Between spectral representations of the Green’s functions G, (¢) defined at
constant chemical potential u, by Eq.(7.20), and Gy (¢), defined at a constant
number of electrons N, a relation G, (¢) = Gy (& + 1) exists.
Renormalization of diagrams vertex parts can be neglected.

Aanaizon oY L Aanaibon

naisysn'i'y’ (8 —&,8¢ ) - vn4i4y4 i’y

ns.,ne ~(2)n4 ns
Loy (e e—er+ 66,6 = Uyt
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In expressions (7.33) and (7.34) f (¢) is Fermi function. Fermi level e = u, of
system is determined by the equation:

(Z) = / f(e, er)ge(e)de, (7.35)

where (Z) — average number of electrons per atom, g.(¢) — density of electron states.

g0 ©) = ———tmsp (6 ()

. 7.36
TvN c ( )

In Eq.(7.36) brackets (...). denote configurational averaging, N is a number of
primitive cells, v — number of atoms in the primitive cell. To further reduce of
recordings the index c¢ near brackets (...). will be omitted. In the formula (7.35)
(Z) — average number of electrons per atom.

Equation (7.36) follows from the definition of operator number of electrons in
Eq. (7.20) and Green’s function G*?(z, ') (7.23),A = at  B= Aniy -

niy>
It should be noted that the first term % ., in Eq.(7.34) for the mass

operator of electron-electron interaction desg?i}/lsllelsythe Coulomb and exchange
electron-electron interactions in the Hartree—Fock approximation. The second term

e(jr)[i%n,i,y,(s) which is caused by output beyond the Hartree—Fock approximation,
describes the electronic correlation. In contradiction to Refs. [6, 7, 9-11, 14, 26]
long-range Coulomb interaction of electrons located at the different sites of the
crystal lattice is described taking into account an arbitrary number of energy
bands.

Expression in Eq. (7.31) differs from corresponding expressions for the Green’s
function of the single-particle Hamiltonian of disordered system only by form of
mass operators. Therefore to calculate the Green’s function given by Eq. (7.31) we

use well known methods of the disordered systems theory [28].

7.4 Localized Magnetic Moments

Obtained results give possibilities to investigate the influence of electronic corre-
lations on the electronic structure and properties of the system. To perform this,
the heterogeneous distribution of electron density is taken into account. We assume
that distribution of electron density corresponds to the minimum of free energy.
The mass operator of electron-electron interaction in Eq.(7.34) can be defined
through the occupation number Z,’}imf," of electron’s states (niyc). The value Zﬁl.'%"
is determined by Eq. (7.35), where density of electronic states g.(¢) is replaced by

conditional partial density of states gﬁf"“ (&) for energy band y and spin projection o.

iyo
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The occupation number of electron states Zm'%’ and conditional partial density of

states gmwI ‘(&) are

)L i i
Zims = / Fe. £6) €2 (e)de

1
Amy; _ +
g"lV?T (8) - _; Im <627y0 niyo (8)> (737)

(niyermy;

In the last formula averaging is done along with condition that atom of sort A is
located at the site (ni), and projection of localized magnetic moment equals to m;.
The probability of such event is P/ and we can write Y, s P =,
Thus, we consider the locahzed magnetic moments which are distributed not
homogeneously on the crystal lattice sites (static magnetization fluctuations).
We can also write equations
Z)kmg,- —

ZNE 7y, = 2 - 7 (7.38)

niy m)/a niy,—o’ niyo niy,—o
From Eq. (7.38) we obtain

A,m)kl'
lem)ti _ iy

Amx,

ZAmM _ my + mAlV - mMV

niyo 2 ’ niy,—o 2

Number of electrons and magnetic moment projection for the atom of sort A at
the site (ni) are, respectively:

Amg Amy;
' E VAN (OVES me~
Y

In Eq. (7.31) by introducing the mass operator as the sum of one site operators
and selecting as a zero one site approximation of the effective medium Green’s
function cluster expansion for Green’s functions Gt (), G*(¢e) is performed.
Specified expansion is a generalization of the cluster expansion for the Green’s
function Gea™ (&) of single-particle Hamiltonian.

Green’s functions in Eq. (7.31) satisfy this equation:

G(e) = G(e) + G(e)T(e)G(e),

where T is matrix of scattering and could be represented expansion in series, where
which terms describe scattering of the clusters with different numbers of nodes

T = Z it 4 Z TOmivmiz 4

(nyi1) (i) #(n2iz)
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Here T@mitmiz =[] — t”‘ilétnzizé]_l it Gz [I+ Gt”‘il], where M1 s
scattering operator on the same site is determined by equation M1 =
[1—(xmn —0’“"')5}]_1 (Zmit — gmit), This is o™ potential of the effective
medium (coherent potentials).

By using Eqgs. (7.36) and (7.37) and performing averaging over the distribution
of atoms of different sort and localized magnetic moments projection at the sites of
the crystal lattice and neglecting the contribution of processes of electron scattering
in clusters consisting of three or more atoms that are small by the small parameter
for the density of electronic states we obtain:

ge(e)=— 3 Pi"gy @),

i,y,0,A,my;
Amy; . 1 ~ = Ay 2 A mysi ) dmy;
sia(e) = ——Im{G+ G G+ Y P
(1) # (0i)
A omy;

- . . . . ~ ) Oiyo.0i
<& [ t}*j’ma’_/ L @m0 myli g T(z)x/myjlj,xmhol] G} 'vo ’V”,
~ .11
T(Z))km/\i()i.l’m/\/jlj — [I _ t/\mMOiGtk’mlejG]
0i BN sl ~ 0i
thm)d()th/\ mys;lj [I + Gt)mu,()t] ; (739)

where G = Ga@™ (e).

Energy spectrum calculation is done by iterative procedure. The first step of
iterative procedure is described above.

On the next steps of iterative procedure values of occupation number of electron
basis states in Eq. (7.14) is calculated by expression:

1
Ziso = 5 (Zisco + Zisio) (7.40)
where Zl%m,ZiASm defined by expression (7.37) for Zjl.';lg" ,y = (6¢),(8s) and § =

(€lm). Expression (7.40) obtained using Eq. (7.16).
Above mentioned procedure of energy spectrum calculation is self-consistent.

7.5 Free Energy

Thermodynamic potential of the system is

2 =—-OInSp(e /9.
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Free energy F as a function of volume V, temperature 7, number of electrons
N, and parameters of interatomic correlations (€,,i, n,i,,7) to the thermodynamic
potential £2 is expressed via expression F = §2 + u.(N,). Free energy F in the
weak dependence of the mass operators on the energy of electrons and phonon
approximation can be represented in the form [17-19, 28]

F = (80) — OS. + 2. + 2 + te(Z). (7.41)

where £2,, £2,, are given by

o0
R, =-60 / In (1 + e¥e™9/9) g, (e)de,

—0Q
2y = O % In(1—e/9)gu(e)de — the thermodynamic potential of atomic

nucleus in field of ionic cores.
In Eq. (7.41) the values F, S, §2,, §2,;, are calculated per one atom.

7.6 Electrical Conductivity

For electrical conductivity tensor calculation Kubo’s formula is used [20]

1/6 oo
0up () = / / e (T4 (0) Iy (t + ih7)) drdt, (7.42)
0 0

where J,, is the operator of the « is projection of the current density.
From Eq. (7.42) it follows:

Reou (@) = 5 [ (@)~ G (0)].

. Jod, o
To calculate the spectral representations G;*"* (w) and GZ ? (w) of the retarded and
the advanced Green’s functions the expression for current-density operator is used

o)) = e / U (£ 1) v (. 1)dE.

where W (£,1) and ¥ (£, ) are field operators of electron’s creation and annihila-
tion respectively; v, is the operator of the o — projection of the velocity; e is the
electron charge; by integrating over £ we mean integrating over the crystal volume
and summing over the projection of spin o onto the z axis; and the crystal’s volume
is assumed to be equal to unity.
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Fig. 7.6 Diagrams for the two-particle Green’s function
In this case the temperature Green’s function is
JoJ, e’ /
' n _ /" ’
G (T 7) = oo D VeV G (m 7 mt, nyt’ )
1 ninyn3ng
where V| — volume of primitive cell, the two-particle Green’s function is
G//(I’ll T/, nt, Il3’[/, n4r)
-1
= (Tean, (<) an, () @, (7') @, () 0 (1/6)) (0 (1/0)) ",
(n = niy).

The two-particle Green’s function is described by the diagram in Fig. 7.6. Numbers
of Fig. 7.6 correspond to point numbers, e.g., 1 corresponds to (n1i;y; ;).

Using the diagram technique for two-particle temperature Green’s function and
neglecting the contributions of scattering processes on clusters of three or more sites
for the static conductivity tensor we can get
/

—00

&*h
g, =
b= 4nv,

de (,f—; S’S/;_._ (28, — 1) Z { [vﬂf( (si Vo ail)]

oy,

+ 2 PR vp ) @ (DK (e va. £ (e])

A,myi
Ay Ay /Amp [~ ’ ~ 7
+ P Y P IRG vpeve G )
Amai j # 0i,

’
A Nov

x T(Z)Am/\;Oi.)L’m)L/jlj(ssl*')
+HK (e} vp. £)va G(e] )| TON Ml Amiti gy

HIK (e v £ )op Gle T 04 mil(ef)
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+[i<(81, Ves gx/)vﬁé(gi)]T(Z))/m)k/jlj.)kmg,-Oi(gs)
A i
R vp e[ EDRE v £ )
AMmyr, ~ / 0; 17 . ’
+l‘lj mAJ(SsI)K(Ssl Vs 8{ )T(Z))Lm;,OI.A mA/jlj(Si )
+T(2)/\ ms; AjAmy 01(8 )K(glv Vg € )tlm)u (S‘i/)

i N ’ i /
+T(2))L mA/jl/,/\mA,Ot (SE)K(‘EI Vg, 8'{ )T(2)Amx,01.l mk/']lj(g‘i )

0iyo.0iyo
+T(Z))L/m/vjlj,)»mMOi(Si)i((gi Vgs 8{)T(Z)A/ml//lj’)tm)”[()i(8{))]] }
+ / / deldezf(sl)f(sz)<AG (e1. ez)>§ (7.43)
—00 —00

where
E(nest) = (0" ().
Gt () = G (o),
Gaat (e7) = Gt (ey) = (G?ﬁ)* .

In Eq. (7.43) component of two-particle Green’s function AGgﬁ (&1, &2) is caused by
the interaction and has the form:

Gl €1, 82) = 5 vunasvpnan {[ Gl 61 = Gt (e1)]
x[Gu (e2) = Gam, ()] [ Gl (e2) G, (1)
— Gl (22) Gl ()] + G (e0) [ G, (22) = Gl (e2)]
xGia,, (e2) [ Gl (1) = G, ()| = G (o)
x[ G, (e2) — G (e 2>] G, (62) [ Gl (1) = Gl (01)]
+ G, e G () — G (e G, (82)]

x [Ga, (e2) — Gt (e2)] [ G, (61) = G, (e1)]

anr aa aa aa aa
+[Gun e — G @] G e [Gan, () — G (o) |
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+ | G (€0 = Gl (e0)| Gt (e [ G, (e2) = Gl (o) |

xGin, (1) = [Gan, (1) = G (en) | G, (2)

rngns ming aning anyns
x[Ga, (e2) = Gl (£2)] Gl (en)| T (e, ez ez, 1) (7.44)
(n = niyo).
Operator a-projection of the electron velocity in Eq. (7.43) is:
10H" (k)
k
Vo (k) = o —o —— I

To simplify the formula (7.44) we use approximate expression ( G” (e1; 82)>
AG” (s1; €2), where AG” (1; &2) is derived from the Eq.(7.43) by replacing the
Gt (&) with Gaat ().

7.7 Spin-Dependent Transport of Carbon Nanotubes
with Chromium Atoms

In this section the results of calculation of the energy spectrum of electrons
and phonons and conductivity of carbon nanotubes doped with chromium are
represented. Renormalization of vertex parts diagrams for the mass operators in
Egs. (7.32), (7.33) and (7.34) and contribution of the static displacements of atoms
in the calculations are neglected. The contribution of matrix elements on the
basis of real wave functions vfé?f;;‘,f . ;:'}2,?” in Eq. (7.34) for different sites (ni) is
neglected. As the basis 2s, 2p-states wave functions of the neutral carbon atoms
and 3d, 4s-states wave functions of the neutral chromium atoms were chosen.
The initial ion core’s valence of C and Cr atoms Z* are 4 and 6 respectively.
To simplify calculations in the above-mentioned self—consistent iterative procedure
was performed only first step. In expression (7.14) Z 150 = 1 for occupied
electronic states. The off-diagonal matrix elements (ni) by site index of Hamiltonian
in Eq.(7.1) were calculated by taking into account the first three coordination
spheres. For Green function calculation 10° points for Brillouin zone are used. For
mass operator calculation in Eqs. (7.32), (7.33) and (7.34) numerical integration is
applied. Calculations were performed for the temperature 7 = 300 K.

We performed geometry optimization of the crystal structure of carbon nanotube
with (3, 0) chirality doped by Cr atoms. Geometric optimization of the crystal
structure was achieved by minimization the free energy F, defined in Eq.(7.41).
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

sergeikruchinin@yahoo.com



90 S.P. Kruchinin et al.

Fig. 7.7 The crystal structure — Lo~
of carbon nanotube with (3,0) . *\ ! A
chirality doped by Cr atoms. |
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Fig. 7.8 Dependence of free energy F for carbon nanotubes with 5 atoms of Cr per primitive cell
on parameter of pair correlations in the arrangement of Cr impurities on lattice sites 58

positions on the surface of the inner cylinder. The distance between the carbon
atoms is 0.142nm. Cr atoms are located in 6 positions on the outer surface of the
cylinder opposite the center of a hexagon, the vertices of which are carbon atoms.
The distance between carbon atoms and Cr is 0.22nm. The crystal structure of
carbon nanotube with (3,0) chirality with Cr impurity is showed at Fig. 7.7.

Through the study of free energy minimum found that Cr atoms are randomly
located on the surface of nanotubes. In Fig. 7.8 points shows the dependence of the
free energy F in Eq. (7.41) on the parameter of pair correlations in the arrangement
of Cr impurities on lattice sites £ = ¢Jf; in Eq. (7.33) for the first coordination
sphere. Atom of Cr is denoted as atom of sort B. The dependence F(¢%?) is shown
in the region of free energy minimum.

As shown in Fig. 7.8, the free energy F minimum corresponds to ¢28 = 0. This
is a result of Cr atoms are randomly located on the surface of carbon nanotube.
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Fig. 7.9 Densities of electron states of carbon nanotube with an admixture of Cr

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 Ref. [39, 40] by ultrasoft pseudopotential method.

The value of 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 of projection of magnetic moment of the atom Cr varies
within mc, = (1.02;2,24)up, and the magnetic moment of the atom C — within
mc = (0,0036;0,02)p with increasing values of the magnetic 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 coordination sphere in the absence of magnetic field equals
to &” = 0.235. The value &™ for the second and third coordination spheres are 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 7.9 shows a partial g., (¢) = %Zi,y,l Péigéiya (¢) and full g, (¢) =
> 5 8eo (&) densities of electron states of carbon nanotube with an admixture of
Cr in the absence of external magnetic field calculated by Eq. (7.32). In the absence
of a magnetic field g/» (¢) = g—1,2 (&). Vertical line shows the Fermi level &.

Figure 7.10 shows partial g, (¢) and full g, (¢) densities of electron states of
carbon nanotube with 5 atoms of Cr per primitive cell in external magnetic field
H = 100 A/m.

In Fig. 7.10 the part of energy spectrum that is close to the Fermi level is showed.

As shown in Fig.7.10, line of partial g., (¢) density of electron states for spin
o = 1/2 is shifted relative to line for spin ¢ = —1/2. The results presented
in Fig.7.10, are qualitatively consistent with results obtained by another method
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Fig. 7.10 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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Fig. 7.11 The dependence of spin polarized electric current Ao /o of carbon nanotube on the
magnitude of the external magnetic field H

in Ref. [39]. In contradiction to our research in Ref. [39] carbon nanotubes with
(9;0) chirality doped by Co atoms located inside of the nanotube were described.
Quantitative differences in results derived in our research and results of Ref. [39]
are determined by this.

In Fig.7.11 the dependence of the spin polarization electric current Ao/o =
(01/2—0—-1,2) of carbon nanotube with chirality (3.0) and 5 atoms of Cr per primitive
cell on the magnitude of the external magnetic field calculated by Eq. (7.43) for
temperature 300 K is shown.
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7.8 Conclusion

The previously mentioned methods [4, 6, 7, 9-11, 14, 23-26, 30, 35, 36, 38] are
used only for the description of ideal ordered crystals and molecules. However, a
new method of describing electronic correlations in disordered magnetic crystals
based on the Hamiltonian of multi-electron system and diagram method for finding
Green’s functions is developed.

The nature of spin-dependent electron transport of carbon nanotubes with
chromium atoms, which were adsorbed on the surface was found. 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 in carbon nanotubes with chromium atoms,
which were adsorbed on the surface, is determined by the difference of the partial
densities of electron’s states (see Fig.7.10) with opposite spin projection at the
Fermi level. This value is also determined by the difference between the relaxation
times which arise from different occupation numbers of single-electron states
Zjl iy, Of atoms of carbon and chromium [see Eq.(54)]. The spin polarization
of the electric current value increases with Cr atoms concentration and magnitude
of the external magnetic field increase. The electronic structure and properties of
carbon nanotubes with transition metal chains, adsorbed on the surface, based on
the density functional method [23-25, 35, 36] using ultra-soft pseudopotential was
calculated [5]. Our results are qualitatively consistent with the results of Ref. [5]. In
this paper electron density functional method showed that the chains of transition
metals adsorbed on the surface of carbon nanotubes. They open a gap in the
electrons states with a certain spin value. Contradictory to Ref.[5] it is shown that
atoms of Cr are randomly placed on the carbon nanotube surface.
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