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POSITRON SPECTROSCOPY STUDY
OF STRUCTURAL DEFECTS AND ELECTRONIC
PROPERTIES OF CARBON NANOTUBES

The advantages and restrictions of different positron spectroscopy methods in the
study of electronic properties of multilayer carbon nanotubes (MWCNTSs) with me-
tallic and semiconductor types of conductivity are considered. The defects’ influ-
ence on the parameters of the MWCNTSs’ electronic structure is established via
method of the angular correlation of annihilation radiation (ACAR). Analysis of the
results shows that annihilation occurs with both c-electrons (within the interlayer
intervals), quasi-free electrons, and electrons of unsaturated covalent bonds. As
determined, the increase in the defects’ concentration results to an increase in the
radius of localization of the electron wave function (r,;) within the interlayer inter-
vals and to an increase in the quasi-free electron concentration. Due to the forma-
tion of edge dislocations in the MWCNTSs, the doubling of r,, (up to 0.25 nm), the
hybridization of unsaturated and stretched c-bonds, and, as a consequence, the in-
crease of the concentration of conduction electrons occurs. The high sensitivity of
the positrons to defects can be used to develop methods of MWCNTSs’ attestation
and defect identification; the 2r ,, 2r,, and R values obtained from the ACAR spec-
tra are the thickness of the layer, the interlayer distance, and the effective radius
of free volume of the MWCNTSs, respectively.

Keywords: positron spectroscopy, carbon nanotubes, structural defects, wave-func-
tion localization radius, electronic properties.

1. Introduction

Positron, as the antiparticle of an electron, was predicted by Dirac in
1930 [1] and discovered by Anderson in 1933 [2]. Positronium (Ps), the
binding state of a positron and an electron, is the lightest atom (with a
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radius of 0.106 nm and ionization energy of 6.77 eV), was observed in
gases by Deutsche in 1951 [3]. After these discoveries, it became clear
that such parameters of the positron spectroscopy (PS) as the positrons’
lifetime (LTP) and the spectrum profile parameters of the angular cor-
relation of annihilation radiation (ACAR) [4—6] are related to the inte-
grals of positron and electronic wave functions, parameters of fine elec-
tronic structure of the studied objects. In recent years, the PS has been
successfully used to study the properties of free volume of pores and
layers in graphene, single- and multilayer carbon nanotubes (MWCNTSs)
[7—10]. The key aspect of using the PS is the fact that the positron and
Ps are localized in the defects, which previously existed in the sampling
material, as well as in pores of free volume (~0.106—1 nm) and voids
(>1 nm) [11-15]. There are three mutually complementary methods of
the PS: ACAR, lifetime of positron (LTP), and Doppler broadening of
the annihilation line (DBAL).

2. Positron Spectroscopy Methods
2.1. Angular Correlation Spectroscopy of Annihilation Radiation

A positron with a kinetic energy of 0.51 MeV, entering the sample, is
thermalized (it comes into thermal equilibrium with the lattice) and,
having an average thermal velocity (corresponding to £T = 0.002 Ry), it
annihilates with the electrons of the sample. This technique considers
only those processes of annihilation of a positron with an electron, in
which two y-quanta with energies of 0.51 MeV are generated with scat-
tering at an angle 27 in the case of a zero momentum of the annihilating
pair. In the presence of a nonzero momentum, the spreading angle of
y-quantum differs from 27 by a value of 0 that is proportional to their
momentum. Because the average thermal positron momentum is con-
stant, and the electrons in the sample are distributed over the momenta,
the dependence of the intensity of the detected y-quanta on the angle 0
corresponds to this distribution (Fig. 1).

The angular correlation of annihilation radiation spectra are meas-
ured in the angle ranges from —35 mrad to 35 mrad by means of the
annihilation spectrometer with a long-slit geometry, an angular resolu-
tion of 1.07 mrad, and a ratio of background intensity to peak intensity
up to 5% . For interpretation of experimental data, we used the classical
analytical representation of the ACAR spectra in the form of the sum of
three terms. They are as follow: (i) the parabolic part due to the annihi-
lation of positrons with free electrons, (ii) two Gaussian parts due to the
annihilation of positrons with core electrons of different types of cores,
and (iii) an ultra-narrow Gaussian part (with dispersion from 0.15 mrad
to 0.9 mrad) due to annihilation ‘on the catch’ from the state of ortho-
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Fig. 1. Sketch of the angular correlation spectrometer of annihila-
tion radiation [6]
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here, 0 is the difference between the scattering angle of the annihilation
gamma-ray quanta and 2m, I*"**(0) is the analytical expression of the
ACAR; I,, I, are the amplitude coefficients (intensities) of the para-
bolic and Gaussian parts of the spectra, respectively; o, are the Gaussian
dispersions, 0, is the angle corresponding to the Fermi momentum, 4,
is the renormalized Boltzmann constant, and T is the temperature of
the sample.

To approximate experimental ACAR, the classical method of y2-mi-
nimum [19] was used as part of the standard product based on the con-
siderations, which follow below:

e statistics at the peak was not less than 10000, therefore, the mea-
surement errors obey the law of large numbers and are distributed
normally;

e with the maximum number of spectrum components (parabola and
3 Gaussians), the number of fitting parameters is n = 11, and, with the
number of experimental points in the spectrum, N, of the order of 200,
the number of free parameters, M = N — n, is greater than 10, and com-
posite function (4) tends to the distribution ‘y?’ with zero mean and unit
variance [19], ,

X2 _ i[Iexp(ei) _ Iapp(ei)] , @)
21°°(0,)

i=1

where N is the number of experimental points in the spectrum, I°*(9,)
are the experimentally measured intensities, I***(0,) are the convolutions
of the ‘true’ spectrum (1) with the resolution function (RF) of the spec-
trometer, which is presented in the form of a Gaussian [19],
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Fig. 2. Decomposition of the ACAR
spectrum of a Teflon3 + 0.5 wt.%
multilayer carbon nanotube com-
posite into 4 components, parabol-
ic (thick black) and 3 Gaussian
components

R(0) = TGXP[ eZzJa 3)

where o, = 1.07 mrad is dis-
persion of the resolution fun-
ction or angular resolution of
the spectrometer.

From the ACAR spectra,
we obtain the Fermi momen-
tum, P,, related to the angle
6, by the following equation
[19]:

P,=mcH,, “4)
where m is the rest mass of an electron, c is the velocity of light.

Taking integral of the parabolic part and the full spectrum of the
ACAR over the corners, we obtain the probability of annihilation of
positrons with free electrons P, as the ratio of the area under the para-
bolic part to the total area under the ACAR.

The Gaussian contributions to the ACAR are due to the annihilation
of positrons with bound electrons of dangling bond defects such as va-
cancies in polymers and carbon nanotubes (CNTs) (Eq. (1)) and core
electrons, i.e. electrons with large momenta (Eq. (2)).

The dispersions c; of these Gaussians determine the widths of the
momentum j distributions of electrons, which are inversely proportional
to the widths of their spatial distribution, and relate to the distance r,
from the centre of the Wigner—Seitz cell (on which the overlap of the
wave functions of the annihilating positron and electron is maximum)

as [20, 21]
Ty = =/3/2

where m is the rest mass of an electron, ¢ is the velocity of light, 7% is
the Planck constant.

The probabilities of annihilation of positrons with bound electrons
P, are defined as the ratio of the areas under the corresponding com-
ponents to the area under the full spectrum of the ACAR.

Molecular dynamics in polymer composites requires the existence of
free volumes, i.e. nanoscale defects from 0.1 to several nanometers [22].

1(0), counts
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()
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In accordance with the Tao model [23], the free volume is represented
as a sphere of radius R with a homogeneous electron layer of thickness
AR on its surface and is associated with the dispersion of the ultra-
narrow component of the ACAR (the narrowest component in Fig. 2) by
a simple relation:

= M —0.1656 [nm].

Os (6)

Accordingly, the probability of positron annihilation in pores from
the o-Ps state (pick-off annihilation) is also calculated.

The next important stage in the development of the PS was the
creation of the two-dimensional method of the ACAR (2D-ACAR). Par-
ticularly interesting results in accordance with this method were ob-
tained in highly anisotropic layered structures of high-temperature
superconductors [24, 25] that made it a direct experimental method for
testing theoretical models of solids [26]. Despite the outstanding results
in the study of 2D-shapes of free volumes in oriented polymer materi-
als, there are a number of restrictions on the use of the 2D-ACAR in
complex polymer systems. These restrictions are because a good experi-
ment takes several days, and all this time, the sample is irradiated with
a powerful source of positrons (>20 mCi) that can lead to the radiation
damage [22].

R

2.2. Doppler Broadening
of the Annihilation Line Spectroscopy

The DBAL technique, like the ACAR, is based on the fact that the mo-
mentum of the annihilating pair is carried away by two y-quanta, and
the blurring of the photopeak of 511 keV is due to the distribution of
the annihilating electrons over the momenta.

By hardware, the technique is quite simple, and the DBAL spectrum
registration is much faster than ACAR spectra, however, there are sig-
nificant limitations. The DBAL spectra are recorded using energy-sen-
sitive GeLi detectors, which should always be at liquid nitrogen tem-
perature. Due to the limited energy resolution of GeLi crystals, the
DBAL spectra cannot be decomposed into components, like the ACAR
spectra, and their shape can be estimated only qualitatively by inte-
grated parameters.

In two-photon processes of positron annihilation due to the laws of
conservations of energy and momentum, the energy of annihilation pho-
tons is shifted by AE [14]:

AE =+ p£
2 (7)

where c is the velocity of light, p is the component of the electron mo-
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Fig. 3. Doppler broadening of the 511 keV
annihilation line [7]

mentum in the direction of photon
emission. In the energy spectrum of
annihilation radiation, these shifts
lead to Doppler broadening of the
photopeak with energy of 511 keV,
which is quantitatively determined
by the line shape parameters. They
are the S parameter as the ratio of
Energy, keV the area under the central peak A4 to
the total area under the full A,
curve, and the W parameter as the ratio of the area under the wings,
W, + W,, to the full area of the A, peak, as shown in Fig. 3.

As can be seen from Fig. 3, the S parameter is sensitive to changes
in the low-energy region of the DBAL and corresponds to the annihila-
tion of positrons with free and almost free electrons. The W parameter
is sensitive to changes in the high-energy region of the DBAL and is due
to the annihilation of positrons with high-energy core electrons [27]:

S=A,/A, W=W,+W,)/A,, R=S/W. 8)
The DBAL technique was further developed in Refs. [14, 22, 28,

29], where the issues of molecular dynamics and free volume properties
were studied using the two-dimensional DBAL (2D-DBAL).

Counts

2.3. Lifetime Positrons Spectroscopy

The lifetime of positron (LTP) t is a function of the electron density in
the annihilation region. The annihilation rate A of thermalized posi-
trons, which is the inverse of the positron lifetime, 1, is determined by
the overlapping of the positron density n.(r) = |y,(r)]? and the electron
density n_(r) [28]:

1 2
r == = nrge[ |y, (o) n_(r)ydr,

T (9)
where r, is the classic radius of the electron, r is the spatial coordinate.
The correlation function y = y{n_(r)} = 1 + An_/n_ describes an increase
in An, i.e. electron density due to the Coulomb attraction between the
positron and the electron. This effect is called electron density enhance-
ment near the positron (‘enhancement’ factor). In principle, the correla-
tion function can be written as [30]:

y{n_(r)} = 1 + mv,/v, (10)
where v, = €/h is the Bohr velocity, v is the electron velocity. The core
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electrons usually have velocities much higher than v,; therefore, the
increase in the density of core electrons near the positron is small. In
exact band calculations [31, 32], where an electron is embedded into a
system of electrons, which are strongly connected with the nucleus, it
was found that the increase in the electron density near the positron is
very similar to the result for one free electron, but slightly reduced in
magnitude mainly due to Pauli principle. The obtained quantitative es-
timations of the enhancement of the core contribution to both the total
and momentum-dependent annihilation rates turned out to be signifi-
cantly lower as compared to those assumed within the framework of the
semi-empirical estimations [32]. The positron-free electron annihilation
rates calculated in accordance with the model of independent particles
are in perfect agreement with experiment [30].

The main feature of all methods of electron—positron annihilation
(EPA) is the increased sensitivity of positrons to local features of the
electron density n_(r), for example, to vacancies in metals [7, 33—36].
Despite the fact that the density of free electrons in vacancies in metals
is approximately by 20% lower than in an ideal crystal [7], positrons are
captured by vacancies, because, in them, there is not only a positively
charged core, but also the vacancy volume, as a rule, less than the vol-
ume of the Wigner—Seitz cell [37]. The situation is substantially compli-
cated even in the simplest case of disordered binary substitutional alloys
(DBA) where, unlike vacancies, for the formation of the bound state of
the positron, there are no sufficiently large capture potentials in the
cells occupied by impurity atoms. The notion of the predominant affin-
ity of positrons (affinities) f, for impurity atoms (an increased probabil-
ity of positron annihilation in cells occupied by impurity atoms) was
introduced in Refs. [38—40]. The pseudopotential differences were cal-
culated for a number of alloys [40], and it was found that the positron
could have a strong affinity for one type of alloy atoms. However, at
least, the goal of getting qualitative agreement with the experiment
within the framework of the models [38—40] with real pseudopotential
differences (AV, = —0.08 Ry) in cells occupied by atoms of different
types was failed.

In work [41], in accordance with the free-particle model (FPM), the
momentum and spatial distributions of positrons were calculated within
the coherent potential approximation (CPA). It was established that,
even with simplified assumptions about the constant difference in atom-
ic potentials AV, in cells occupied by atoms of different types, one could
quantitatively describe both the increased affinity of positrons f, to
impurity atoms and the broadening of the ACAR spectra.

In paper [42], within the framework of the FPM in the CPA with a
constant atomic potential difference AV, = —-0.1 Ry (taken from [43]) in
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the cells occupied by the In and Pb atoms, the density of states of free
electrons in energy over the entire concentration range was calculated.

It has been revealed that, at the boundary of the first Brillouin
zone, the calculated density of states has a singularity and lies below
the Sommerfeld’s one that leads to integration to higher energies when
determining the Fermi energy. The calculation results are in a good
numerical agreement with the experimental dependence of the Fermi
momentum on the concentration for the InPb, , system [38]. Therefore,
the Fermi energy value for the In Pb,_, alloy is much higher than in each
of the pure components and is due precisely to the electronic structure
of the alloy, but it is not due to the increased affinity f,, of the posi-
trons to lead atoms.

To explain the increased affinity of positrons to Li atoms in Li Mg, .
[39] alloys, the potentials necessary [44] for the formation of a bound
positron state on Li atoms in Li Mg, , alloys were estimated (within the
framework of one-, two- and three-site CPA in the FPM). In the 1-CPA,
for the formation of the bound state of a positron in cells occupied by
Li atoms in pure Mg, as in [41], it was as follows:

AVE., = -k2/3 =-0.175 Ry, (11)
where £, is the electron momentum on the surface of a sphere equal to
the volume of the Brillouin zone. In the 2-CPA, for the formation of the
bound state of a positron at two neighbouring sites of the crystal lattice

occupied by Li atoms in pure Mg, the value of the capturing potential is
equal to [41]:

-1
- 1 k21
AVE,, = -k |1+ 2k 1)| =-0.127 Ry, (12)
3 6m° I

where v, is the volume of the sphere equal to the volume of the Wigner—
Seitz cell, 1 is the distance between the sites of the crystal lattice of the
alloy, and Si(k,!) is the integral sine. In the 3-CPA, for the formation of
the bound state of the positron at three neighbouring sites of the crystal
lattice occupied by Li atoms in pure Mg, the value of the capturing po-
tential is found from the equation [41]

2
o] vy psicen)
2 _ —& ZSi(k,l); x
{1+k2 AV} (V)57 (kD)

0

3
3 vE 1 }
x {1+ —AV|1- 22 _Gi(kl) |+ =0, 13

0
AVy'ps = —0.093 Ry, (14)

Summing up, we can say that, with an increase in the number of
particles in a cluster, the absolute value of the capturing potential de-
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Fig. 4. Lithium concentration dependences of the reducgd core annihilation rate
fzIféPA [39] and the constant positron pseudopotential AV~ [44] in cells occupied

2-CPA
by Li atoms in Li Mg, , alloys, where AV,%,, were chosen [44] so that the f;%

2-CPA
values calculated in 2-CPA in the FPM coincided with the cited core annihilation

rates [39]

creases, and AV,%,, is significantly closer to —0.08 Ry estimated in
[40]. From the above AV for 1-, 2-, and 3-CPA, one can evaluate the
influence of states localized in large clusters of attracting atoms on the
formation of the density of states of positrons near the bottom of the
band (band tailing).

The concentration dependences of density are calculated within the
framework of the 2-CPA in the FPM of positron states near the bottom
of the band (at AV;_“iCP A, =—0.14 Ry) at low Li concentrations. These calcu-
lated concentration dependences have a split-off band, which expands
with increasing Li concentration, merging with the ground one, and
further resonances go deeper into the band, while in the 1-CPA with the
same AV,%,, = -0.14 Ry, no features are observed, and the bottom of
the zone in the 1-CPA is always significantly higher than in the 2-CPA.
Figure 4 shows the dependence of AV,i,, on the Li concentration in
Li, Mg, . alloys, at which the affinity of positrons calculated in the
2-CPA in the FPM for Li atoms (]"zljép A ) coincides with experimental one

from Ref. [39]. The dependence AV,%,, on the Li concentration should
not be interpreted as charge transfer between cells, but rather as, in
terms of Ref. [45], the bottom of the lowest positron energy region

relative to the total (precisely defined reference energy of the main ma-
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trix). It is clear that, with an increase in the Li concentration in Li Mg, .
alloys, the level of the matrix support energy will drop and, according-
ly, decrease in absolute value, AV, .

The processes of positron annihilation were not considered in [41,
42, 44], where possible positron states near the bottom of the zone were
calculated as consistent with the first principles, and since the thermal
energy of the positron is quite low, of the order of £T = 0.002 Ry, it is
located close to the bottom of the zone. Perhaps, these states in the
split-off zones are so rare that the positron does not have time to oc-
cupy them during its lifetime. This may be the subject of further re-
search, but for now, we will focus on the study of complex heterostruc-
tures constructed from different materials. We will interpret the affin-
ity of positrons for the individual components of these structures as
objects, which form the bottom of the lowest positron energy zone, in-
cluding split bands and resonances, relative to the total, precisely deter-
mined reference energy of the matrix [45].

2.3.1. Basics of the Experiment LTP

During the decay of 22Na, a quantum with energy of 1.27 MeV is emit-
ted together with the production of a positron. During thermalization
(a few picoseconds), the positron penetrates the sample to a depth of
0.1 mm and diffuses in it up to 100 nm. The lifetime of an individual
positron is the time between registration of a y-ray with an energy of
1.27 MeV (birth of a positron) and registration of a y-quantum with an
energy of 0.511 MeV (annihilation of a positron). The source activity
should be sufficiently low (5—10 uCi), so that on average each only one
positron was located in the sample, and there was no mixing of the ini-
tial and final quanta occurring from various annihilation events.

A sample—source—sam-

10° L0800, ple sandwich is clamped
r ’ TN O
. SN between two detectors and,
ek - 4 %, unlike the ACAR, all pos-
¢ i 1 JEFWHM %\ i i
10* F g i S itrons fall into the sam-
(] ' H ] .
w ai o Ly, e ples and y-quanta fall into
e o i O Measured lifetime spectrum the detectors, where, us-
§ 10° + i --- Gaussian resolution function lng energy-sensitive scin-
9 R N Single exponential function : .
4 tillators and photomulti-
2 pliers, they are converted
107 - g i into analogue pulses of
% {o ' :
: ] ) ) ) Fig. 5. One-component spec-

162

Time, ns

trum of the positron lifetime

[7]
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different amplitudes. The discriminator in terms of momentum from a
y-quantum with energy of 1.27 MeV opens the circuit, and the momen-
tum from a y-quantum with energy of 0.511 MeV closes the circuit. The
time between the opening and closing of the circuit is remembered as
one act of annihilation of a positron with such a lifetime, and the proc-
ess is repeated approximately 105-107 times. The time between the open-
ing and closing of the circuit is quantized by the channel width, and the
entire spectrum is delayed by the delay line to the ‘zero’ time ¢,. The
temporal resolution of the spectrometer is mainly determined by the
scintillator—photomultiplier, and it ranges from 180 ps to 280 ps that
makes it possible to measure the LTP with an accuracy of about 1 ps and
resolve it as different components of the LTP, if they differ by more
than 50 ps.

2.3.2. Processing of LTP Spectra

The time-dependent decay spectrum of positrons D(¢) in the sample is

defined as [48] bl
DO =1 ew( ") (15)
i=1 T

i

where k is the number of positron annihilation centres characterized by
their individual lifetimes 1, and their intensities I,. One more contribu-
tion is the positron annihilation in the source (& + 1).

The spectrum of the positron lifetime N(t) is the absolute value of
the time derivative from the positron decay spectrum D (%) [48]:

N(t) = Iiiexp(—t _tO} (16)

i=1 Y Ti

The processing of the LTP spectra is carried out according to the
same procedure as the ACAR with various resolution functions [46—49],
the simplest of which is Gaussian [46]:

12
_ (t t()) j. (1 7)

==
exp
ovV2n 26°

For Gaussian-shaped scintillators with a good energy resolution
(17), the RFs are quite sufficient, although in Ref. [47], the RFs were
presented as two-component with the purpose of independent determi-
nation of the background constant from the area to the left of ¢, (Fig. 5),
where there are no decay components. More complex forms of the RF
were proposed in Ref. [47], however, the single-component (17) RF re-
mained classic [49].

R@) =
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3. Sensitivity of Positron Spectroscopy
Method o the Electronic Structure and Properties
of Carbon Nanotubes

A specific feature of the atomic structure of nanostructured materials
is that each of their elements (graphene, nanotube, fullerene, cluster,
nanopore, etc.), in addition to the atomic structure, has a specific local
structure of free volumes. Moreover, we can study their electronic struc-
ure exactly within the framework of the PS. The interest in such objects
is primarily because they do not have exact analogues in three-dimen-
sional systems, and a number of phenomena, which have wide prospects
of application, characterize them, in particular, such as high electron
mobility in carbon nanotubes, effective absorption of microwave (MWR)
and infrared (IR) radiation, etc.

In article [60], within the local density approximation, authors re-
vealed that for the actually observed diameters of multilayer CNTSs
(MWCNTSs), the positron density differs from zero only in the first in-
terlayer space. Consequently, in ideal defect-free MWCNTSs, positrons
annihilate between the outer two layers (the penultimate and last ones).
The LTP calculated in Ref. [50] approximately coincide with those ob-
tained experimentally in Refs. [51, 52]; but the experimental LTP spec-
tra turned out to be 3-component. As can be seen from Tables 1 and 2,
the positron lifetimes obtained by different authors under different
synthesis conditions are component-wise within the same limits approx-
imately coinciding with those predicted in Ref. [50].

Table 1. Positron lifetimes and MWCNT diameters [51]

No. of sample T,, S T,, 1S T3, IS I, % I,, % I,, % | Diameter, nm

MWCNTSs-1 0.216 | 0.385 | 2.619 | 38.100 | 61.001 | 0.896 60-90
MWCNTSs-2 0.203 | 0.379 | 2.543 | 34.500 | 64.510 | 1.078 40-80
MWCNTs-3 0.218 | 0.381 | 2.808 | 40.900 | 58.202 | 0.968 50-90
MWCNTSs-4 0.196 | 0.386 | 2.594 | 66.501 | 31.800 | 1.682
MWCNTSs-5 0.229 | 0.424 | 3.322 | 60.904 | 37.501 | 1.565 80-100
MWCNTs-6 0.238 | 0.429 | 3.607 | 66.080 | 32.621 | 1.300
Coal 0.290 | 0.818 | 3.682 | 90.890 7.110 | 1.998

Table 2. Positron lifetimes of MWCNTSs
in powder (pow) and a compact (com) state [51]

No. of sample | 1, ns T,, NS T,, NS I, % I,, % I, % T,,, NS
CNT 1 pow 0.219 | 0.392 | 2.150 21.3 78.4 0.24 0.360
CNT 2 pow 0.142 0.300 0.647 39.8 54.5 4.90 0.300
CNT 2 com 0.197 0.400 2.100 47.6 51.8 0.65 0.314
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The additional lifetime t;, with an intensity of 1-2%, which was not
predicted in Ref. [50], is due to annihilation from the state of ortho-
positronium in free volume pores with an effective radius, according to
Ref. [23], of the order of 0.835 nm, which is 2 times larger than the in-
terlayer distances in MWCNTSs. Consequently, annihilation from the
state of ortho-positronium occurs outside the MWCNT, in the interme-
diate (intertube) regions.

The first component of LTP, t,, most likely, is due to the annihila-
tion of positrons in the bulk of the nanotubes (bulk) as well as the cor-
responding component in coal (0.290 ns). The second component of LTP,
T,, is more suitable for annihilation of positrons in defects in MWCNTs,
taking into account that the electron density in defects is lower than the
density of m-electrons in the interlayer space. The third component of
LTP, t,, has an order of magnitude larger than the first two (which have
very low intensities up to 2%) due to the annihilation of positrons from
the state of ortho-positronium in free volume pores. This point of view
on the positron annihilation regions was presented in Ref. [563] when
considering the ACAR in MWCNTs.

From accurate band calculations of MWCNTs [50], it is known that
the positron density is nonzero only inside the CNTs and, in principle,
the ACAR spectrum should consist of two components, namely, para-
bolic (m-electrons) and Gaussian (c-electrons) ones. Indeed [53], the
length of n-bonds in the xz plane is longer than the length of c-bonds in
the same plane. In addition, the graphene layer of MWCNTSs, which
thickness is determined by the length of c-bonds in the xz plane, is
effectively positively charged from the positron point of view, because,
in this layer, there are carbon cores together with nuclei and only a part
of m-electrons, i.e., the positron is located between two positively charged
o-tubes together with a part of almost free n-electrons and, accordingly,
annihilates with almost free m-electrons and core c-electrons. Experi-
mentally, in a MWCNT, a three-component spectrum of the ACAR is
observed [53] (Fig. 6) with a parabolic component and two Gaussian
components, which are wide and medium.

The parabolic contribution to the ACAR (1) is due to the annihila-
tion of positrons with quasi-free n-electrons and is characterized by the
angle 0, corresponding to the Fermi momentum. We have to note here
that delocalized n-electrons are not a classical ‘electron gas’, but a gas
of electrons with an effective mass much higher than the electron mass.
This is because the infinite motion of a quasi-free n-electron is possible
only along the axis of the MWCNTSs, while, in the plane of the perpen-
dicular section of the tube, it is limited by its dimensions due to the
large effective masses m, and m, (of the order of six electron masses).

The wide component of the ACAR is caused by the annihilation of
positrons with electrons of defects in the graphene layer. Indeed, upon
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Fig. 6. The characteristic spectrum of Fig. 7. The ACAR spectrum of semi-
the ACAR in MWCNTs [53] conductor single-walled CNTs [53]

the formation of a vacancy in a graphene layer (positively charged
from the positron point of view), a free volume is formed and filled with
tails of the wave functions of the o-tails of core and delocalized
n-electrons. Although the electron density in this volume is low, it also
does not have a repulsive potential of the nucleus; therefore, if the full
effective charge of a vacancy is not sufficient for the formation of
a bound state of a positron, then at least, it significantly increases
the affinity of positrons for vacancies. The previously introduced
annihilation parameter r,, (5) can be considered as the effective radius
of the carbon core; however, the concept of the core, unlike the ionic
and metallic ones, should be redefined as follows. The core electrons
will be called all electrons that localized on the nucleus, with the
exception of the quasi-free part of m-electrons, and accordingly obtai-
ned from the ACAR 2r,, value is the thickness of the MWCNT layer.
We emphasize that it is possible to measure the wall thickness of MW-
CNTs within the framework of the PS only if there are vacancies in
the wall.

A vacancy in MWCNTs leads to significantly larger distortions of
the graphene layer than in crystalline graphite, but the total probability
of positron capture by vacancies in crystalline graphite is higher than
in CNTs. It can be caused by both a higher affinity of positrons for va-
cancies and simply a higher concentration of vacancies in crystalline
graphite than in MWCNTSs. This question can only be answered by the
combined measurements of both the ACAR and the LTP.
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The value of r,, (5) obtained from the average width of Gaussian
will be associated with the interlayer distance in the MWCNTs, i.e., 2r,,
is the interlayer distance. The thickness of the graphene layer and the
interlayer distance obtained from the ACAR numerically coincide with
the corresponding values obtained from x-ray studies [564].

Figures 7—8 shows the ACAR spectra of semiconductor single-walled
CNTs and the most defective multilayer CNTs, which contains edge dis-
locations.

The ACAR spectrum of semiconductor single-walled CNTs is a su-
perposition of two Gaussians and does not contain a parabolic compo-
nent, which indicates the absence of quasi-free electrons (Fig. 7). The
latter is confirmed by a lower value of electrical conductivity o of the
single-layer CNTs array as compared to multilayer CNTs. When packing
CNTs in a direction perpendicular to their axis to a density of 0.7 g/cm?,
the electrical conductivity is of 0.4 and 8.0 (Ohm-cm)? for single-layer
and multilayer, respectively.

The spectrum of multilayer CNTs, in addition to two Gaussians,
contains a parabolic component, a contribution to which was made by
quasi-free electrons (Fig. 6). The value of this contribution for most of
the studied MWCNTSs, as well as for various modifications of graphite,
is in the range from 12% to 15% [53]. In a separate series of MWCNT
samples, record values of the parabolic contribution to the ACAR were
observed (Table 3).

Other carbon nanotubes identified by electron microscopy were also
used for the PS studies. Multilayer CNTs with a diameter of 10—20 nm
of series No. 13 (Table 4) were obtained by the CVD (chemical vapour
deposition) method and were purified from mineral impurities and other
forms of carbon. The purity of nanotubes, according to TEM, is of 90—
95%, the specific surface is of 340 m?/g. Single-walled semiconductor
CNTs with a diameter of 1.4—-1.6 nm were obtained by electric arc evap-
oration in the presence of a Ni/Y catalyst. The purification was con-
ducted out by oxidation in air, the content of CNTs was of 99%, and the
external specific surface was of 375 m?/g.

The bulk spiral MWCNTs with a diameter of about 200 nm were ob-
tained by the electric arc method. The direct multilayer carbon nanotu-

Table 3. Results of decoding the parameters
of the ACAR spectra of CNT_U Series [53]

Sample 05, mrad P, > % Ty M Pp % T, M Pr %
U_484_C 8.4353 29.09 0.05250 42.99 0.17080 27.89
U_604_A 8.0877 37.58 0.05363 44.13 0.21749 17.60
U_620_C 8.4754 32.74 0.05432 42.51 0.18261 24.75
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Fig. 8. Spectrum of the ACAR in highly
defective MWCNTSs, sample U 604 A [53]

6000 bes of 40—60 nm thick of the PM

series (Table 4), consisting on aver-
age of 10 carbon layers with an in-
ternal cavity diameter of 33—53 nm,
were obtained by matrix synthe-
sis by dichloromethane pyrolysis on
Al,0, membranes [55]. Multilayer
nanotubes with a diameter of 20-
40 nm, which contain the highest
concentration of defects (U series,
Table 3), were obtained by catalytic
pyrolysis.
The comparison with the param-
10 20 30 eters of massive samples of reactor
0, mrad bulk graphite (BG), powder (PG) and
thermally expanded graphite (TEG), amorphous carbon (AC) was made.

The typical ACAR spectrum of single-layer and multilayer CNTs are
presented on Figs. 7 and 8. After special cleaning, only semiconductor
tubes remained in single-walled CNTs, and, accordingly, the parabolic
part of the ACAR was not observed. One can observe a parabolic contri-
bution to the ACAR in multilayer CNTs as well as in various modifica-
tions of graphite (thermally expanded, powder, monolithic ones, etc.). It
can be seen from Fig. 8 and Table 3 that, in strongly defective samples
of the U series, this contribution is greater than in weakly defective
MWCNTs and graphites. The anomalously large r,, value for sample
U 604 A corresponds to the double interlayer distance, which is a dif-
ferential characteristic of a dislocation, i.e., the double interlayer dis-
tance, and the increased density of free electrons.

In a special series of wet MWCNTSs [53], the 4-component ACAR
spectra were observed with an ultra-narrow Gaussian component caused
by annihilation of positrons from the state of ortho-positronium in free-
space pores. Just as at the measurement of the LTP in Refs. [561, 52],
where the LTP radius, R, varies from 1.6 to 2.6 nm (Table 5) according
to the Tao model [23]. By using the radii R of free volumes obtained
from the ACAR spectra, it could be estimated (within the framework of
the Tao model [23]) the LTP in these volumes and could be obtained a
good numerical agreement with the experimentally measured LTPs in
Refs. [51, 52]. Moreover, even the annihilation contributions from the
state of ortho-positronium obtained by different methods (LTP and
ACAR) for the MWCNTs (synthesized by various methods) do not differ
very much [51-53]. Therefore, the nanopores found in Ref. [53] are
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Fig. 9. Dependence of the free volume
radius R(oc,) on the dispersion o, of
the ultra-narrow Gaussian of ACAR
within the framework of the Tao model
[23]
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Fig. 10. Dependence of the ortho-posi-
tronium lifetime t,;(c;) on the disper-
sion o, of the ultra-narrow Gaussian of
the ACAR within the framework of the
Tao model [23]

most likely not a consequence of formation of the ortho-positronium
state in the water remaining in wet MWCNTSs, but particularly a conse-
quence of formation of free volumes in the intertube regions, since
MWCNTSs were without water in Refs. [61, 52], and annihilation from
the state of ortho-positronium was observed. Actually, in the case of
ideal MWCNTs [50], the long-lived components of the LTP and ultra-
narrow Gaussian o, in the ACAR spectrum should not be observed.
However, the ‘twisting’ of nanotubes and the formation of bundles are
caused by defects that results to the appearance of a large number of
dangling bonds in the interphase (intertube) regions. These dangling
bonds can polarize the positron to ortho-positronium form.

Within the framework of the Tao model [23], one can redefine R and
1, by the o,, i.e. the dispersion of the ultra-narrow component of the
ACAR (Figs 9, 10).

From the dependence R(c,), it could be obtained the maximum value
of o,, at which the Tao model works; it is of approximately 2.5 nm™ (for
high values of o,, the Tao model gives R values less than the ortho-
positronium radius of 0.106 nm). On the dependence 1,(c,) (Fig. 10), it
is the minimum known as measured ortho-positronium lifetime equal to
0.8 ns. The highest ortho-positronium lifetime known in the literature
[61] is of 3.682 ns. The corresponding R or o, values lie in this ortho-
positronium lifetime interval (0.8—3.682 ns).

The main part of positrons annihilates with n-electrons with a local-
ization radius (of 0.11-0.25 nm) in the wide interlayer spaces of CNTs,
where the Van der Waals forces act. These processes, as shown above
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Fig. 11. Electron-microscopy images of CNTs with the smallest (a — straight CNTs)
and greatest (b — U series) defects [53]

Table 4. Results of decoding the parameters of the ACAR spectra
of PM Series (multilayer straight), No. 13 (purified) and graphites [53]

Sample 0., mrad PeF, % 7y DM Prmb’ % 7, M Prm,’ %
SWCNT direct - - 0.0560 8.00 0.1130 92.00
SWCNT semicond. - - 0.0485 1.80 0.1158 98.20
MWCNT spiral - - 0.0501 10.00 0.1090 90.00
MWCNT dir. 1 7.394 9.00 0.0493 13.50 0.1204 77.50
MWCNT dir. 2 7.733 13.30 0.0680 29.50 0.1318 57.20
MWCNT dir. 3 8.946 17.20 0.0539 41.60 0.1510 41.20
MWCNT No. 13-1 7.339 13.70 0.0667 27.70 0.1287 58.60
MWCNT No. 13-2 7.661 13.70 0.0537 35.30 0.1290 51.00
MWCNT No. 13-3 7.922 14.30 0.0551 35.90 0.1310 49.80
MWCNT No. 13-4 8.551 13.80 0.0627 22.80 0.1319 63.40
MWCNT No. 13-5 8.513 12.00 0.0645 21.30 0.1320 66.70
CARBON crystal 7.519 25.80 0.0542 28.40 0.1213 45.8
CARBON amorph. 7.891 18.50 0.0503 23.40 0.1189 58.10
CARBON powder 8.052 18.10 0.0540 29.10 0.1255 52.80
CARBON therm. ext. 7.624 14.00 0.0582 18.50 0.1254 67.5

Table 5. Results of decoding the parameters
of the ACAR spectra of CNT_Wet Series (with water)

Sample Op, mrad | Py, % |r,,nm|P ,% |r,nm| P ,% | R nm| P,%

CNT_W_0| 9.5582 | 6.6252|0.0527[29.4790|0.1272 |60.8540(1.5982|3.0416
CNT_W_1| 8.7957 | 6.8239|0.0511|28.4560|0.1231 {62.0850|2.3892|2.6345
CNT_W_2] 10.3110 | 10.5110 | 0.0530 |29.4000| 0.1323 [57.7080|1.8280 | 2.3811
CNT_W_3| 8.3880 | 19.6300 | 0.0543 {30.1120|0.1316 |47.6140(1.5770|2.6440
CNT_W_4| 9.3567 | 16.9620 | 0.0559 |33.1890| 0.1381 {47.3210|2.1989|2.5279
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Fig. 12. Probability of
annihilation of positrons
with almost free elec-
trons vs. the interlayer
distance in CNTs and
various graphite modifi-
cations
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Fig. 13. Electron microscopic images of multilayer CNTs: carbon layers in a sample
of series No. 13 (a), defective carbon layers and an edge dislocation at the top in
sample U_604_A (b). (The scale mark in both pictures is the interlayer distance of

0.35 nm) [53]

and in Ref. [53], contribute to the narrow Gaussian. The remaining
positrons annihilate with electrons of covalent unsaturated c-bonds in
the region of atomic size defects with a localization radius of ~0.05 nm
and contribute to a wide Gaussian. Figure 11 contains electron-micros-
copy images of straight CNTs with a small number of layers (Fig. 11, a)
as well as bent and twisted into complex shapes nanotubes No. 1 (Fig. 11,
b). It emerged that the latter have the greatest degree of defectiveness.
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of positron annihilation with defects in
CNTs, MWCNTs, and thermally ex-
panded graphite (TEG) on their average
bulk density

CNT U 484_C

For straight and twisted samples,
the areas under the wide Gaussian
are of 1.8% and 44%, respective-
ly. This is indicated on a devia-
tion of the shape of nanotubes
with defects from a straight line.

Tables 3—5 show that the ra-
dius of localization of the electron
wave function in the defect region

SW CNT CH_1 (r,,) for various nanotubes varies
' ' from 0.049 to 0.068 + 0.002 nm.
0.08 0'123 0-16 In this case, the probabilities of
Pmins /M0 annihilation of positrons with
electrons Pr,, in the indicated region of defects vary from 1.8% (for
straight semiconductor) to 44% (for the most defective ones). High de-
fectiveness of MWCNTs is caused by nonequilibrium conditions of their
formation [55]. It follows from the Tables that single-layer and straight
multilayer CNTs obtained by the matrix method differ from others by
more perfect structure, since they contain fewer defects. Obviously, in
ideal (defect-free) semiconductor nanotubes, the probability of annihila-
tion of positrons P, in defects tends to zero, and the spectrum will
consist of only one narrow Gaussian.

Figure 12 shows the dependence of the probability of annihilation of
positrons with almost free n-electrons P, on the localization radius r,,
of the wave function of n-electrons. The data for a large array of CNTs
differing in the conditions of production are presented. It can be seen
that the larger value of r,, corresponds to the greater value of P, . For
comparison, data for thermally expanded (TEG), amorphous (AG), pow-
der (PG), and crystalline (CG) graphites are plotted on the graph. As
appeared, the points for all CNTs including the TEG (but except for AG,
PG and CG) are situated on the smooth curve r,, = f(P, ). This means
that, with an increase in the radius of localization of the wave function
of electrons between the carbon layers (r,), the area under the wide
Gaussian (P, ) increases; it means that the number of defects (Tab-
les 3—5) and the relative fraction of nearly free electrons P, increase
(Fig. 12).

It follows that, with an increase in the concentration of defects, the
electrons transition from a localized state (narrow Gaussian) to a deloca-

0.2
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es a maximum value of 0.14F, 7
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tive MWNTs U 604 A. This 0.12
is almost twice as much as
the typical value (=0.13 nm)
for MWCNTSs of series No. 13. It can be assumed that, in this case,
positrons are captured by defects of a large size equal to twice-interlayer
distance. These defects can primarily be attributed to edge dislocations.
The radius of localization of electrons within them is comparable with
the radius of the core of the dislocation. Transmission electron micros-
copy studies with the resolution of individual graphene layers shown in
orderly arranged carbon hexagonal layers with a distance between them
of 0.35 nm are visible in Fig. 13, a. In Figure 13, b, with even higher
magnification, an edge dislocation is seen against the background of
defective graphene layers in the form of layer breaks. The free volume
region formed by the edge dislocation has a wedge profile with a maxi-
mum size equal to approximately twice-interlayer distance (0.5—0.6 nm).
The appearance of an edge dislocation leads to the breaking of cova-
lent c-bonds at the edge of the layer in the core of the dislocation. This
means that the wave functions of dangling (unsaturated) bonds will
overlap with the wave functions of the extended n-bonds. Indeed, as
shown in Ref. [66], unsaturated oc-bonds cause an increase in the overlap
of electron wave functions and, therefore, can lead to hybridization of
n- and o-electrons. Obviously, such hybridization takes place in this case.
It is important to note the dependence of parameter of the elec-
tronic structure of CNTs Pr,, (the probability of annihilation of posi-
trons in defects) on the integral characteristic of the MWNT array,
namely, the average minimum density, at which the MWNT array be-

0 10 20 30 py, %
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gins to conduct (Fig. 14). As Figure 14 demonstrates, the most defective
CNTs begin conduct at minimum density (compression ratio).

Figure 15 shows the dependences of the electronic-structure param-
eters r,, and r,, on the probability of annihilation of positrons with al-
most free electrons in all the MWCNTSs and various graphite modifica-
tions we studied.

From Tables 3—5 and Fig. 15, we can establish as follow.

e The average value of the parameter that is determining the wall
thickness of the nanotube is r,, = 0.0535 nm; this parameter changes in
the range 0.0493 < r,, < 0.0680 nm. The values of the parameter r,,
above the average are observed in a narrow range of probabilities of
positrons annihilation with almost free electrons P, in CNTs near the
characteristic value of 13.7%.

e The average value of the parameter determining the interlayer
distance of the nanotube is r,, = 0.132 nm; it changes within the range
0.1204 < r,, < 0.2175 nm. In the studied set of strongly defective sam-
ples of the U series with the largest values of r,, and P, , an increase of
r,; is observed with an increase of P, .

e Corresponding to the Fermi momentum, values of the parameter
0, of the ACAR form are in the range 7.293 < 0, < 10.311 mrad.

e The probabilities of annihilation of positrons with almost free
electrons P, in CNTs are within interval 6.63% < P, < 37.58%.

4. Summary and Conclusions

Based on the foregoing, it is clear that positron spectroscopy is unique
and one of the most informative non-destructive methods for diagnos-
tics of the electronic structure and electronic properties of various
classes of materials, including perspective carbon nanomaterials. Sum-
marizing the results of applying this method to carbon nanotubes, we
can state the following.

(i) The annihilation of positrons in carbon nanotubes occurs: (1)
with m-electrons in the interlayer spaces (narrow Gaussian); (2) with
electrons of unsaturated covalent c-bonds in the region of structural
defects of the hexagonal layer (wide Gaussian); (3) with quasi-free con-
duction m-electrons, which give a parabolic contribution to the distribu-
tion of electrons by momenta.

(ii) The ACAR spectrum of semiconductor single-walled CNTs is a
superposition of two Gaussians. The absence of a parabolic component
indicates the absence of quasi-free electrons in single-walled nanotubes
according to EPA.

(iii) With an increase in the localization radius of the wave function
of n-electrons in the interlayer spaces, the fraction of free electrons in
CNTs increases.
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(iv) A twofold increase in the localization radius of the wave func-
tions of m-electrons is associated with the appearance of edge disloca-
tions and is accompanied by a sharp increase in the parabolic contribu-
tion from quasi-free electrons to the ACAR spectrum, which is caused
by increased overlap of electron wave functions during hybridization of
unsaturated o-bonds and stretched n-bonds.

(v) In a series of wet samples, annihilation from the ortho-positron-
ium state with characteristic sizes of free volume effective pore radii of
1.6—-2.4 nm was established.

(vi) The high sensitivity of positrons to defects can be used to deelop
methods for certification of MWCNTs and identification of defects:
values of 2r ,, 2r , and R obtained from the ACAR are the layer thick-
ness, the interlayer distance, and the effective radius of free volume of
MWCNTSs, respectively.
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€A. Ilanko, 1.€. F'ancman

Iacturyr meranodpisuku im. I'.B. KypatomoBa HAH Vkpaiuu,
oysabB. Axkagemika Bepuagcskoro, 36,

03142 Kuis, YkpaiHa

JOCJIILIMKEHHSA CTPYKTYPHUX NEDPEKTIB
I EJIEKTPOHHUX BJIACTUBOCTEM BYTJIEITEBUX
HAHOTPYBOK METOIOM ITOBUTPOHHOI CIIEKTPOCKOIIIT

YV po6oTi po3rJISHYTO MmepeBaru Ta HeJOJiKKN Pi3HUX METOAiB IIO3UTPOHHOI CIIEKTPOCKO-
mil y BUBUEHHI eJIeKTPOHHUX BJIACTHUBOCTEH 6araToIIapoBUX BYTJIEIEBUX HAHOTPYOOK
(BBHT) i3 meraneBuM i HamiBIPOBiJHWMKOBUM THUIIaMM IpoBigHOCTHM. MeTomomM Ky-
TOBOI KopeJsIii anirinamnifinoro sunpominenns (KKAB) ycrarossieno BuiauB qedeKTiB
Ha mapaMeTpu eaeKTpoHHOI cTpykTypu BBHT. Anaiis pesynbsraTiB moxasas, 1[0 aHi-
rimamis BimGyBaeTbcsa 3 o-eJeKTpoHamMu (y MIiKIITapOBUX NPOMisKKax), i3 KBasu-
BiIBHUMU eJIeKTPOHAMHU Ta 3 eJIeKTPOHAMU HeHAaCUUYeHUX KOBaJIeHTHUX 3B’ sA3KiB. Ilo-
KasaHo, IO 3POCTAHHA KOHIEHTpAIlii mederTiB cupuunHioe 30i/ibIIeHHa pagiyca Jo-
KaJsisarii xBuib0Bol GyHKIIT eJIeKTPOHIB (7,,;) Y Mi3KIIIapoBUX IPOMiKKax i 3pocTaHHA
YAaCTKM KBasWUBIJIbHUX €JIEKTPOHIB. YHACIiJOK YTBOPEHHA KPAWOBUX AUCJIOKAIid y
BBHT Bin0yBatoTbca MOABOEHHA T, (o 0,25 HM), ribpuausania HeHacuYeHUX i Pos-
TATHYTUX ©-3B’S8KiB i, K HACIiZOK, 3pOCTaHHSA KOHIIEHTpAIlil eJIeKTPOHIiB IIPOBif-
HOCTU. BuCOKa UyTJMBICTH TO3BUTPOHIB A0 AedeKTiB Mo:Ke OyTHM BUKOPHCTAHA IJIA
pospobku MertoniB arecranii BBHT it inentudiranii nedexris; Besnuunu 2r,,, 2r,, T8
R, opmepskani 3i cnextpie KKAB, €, BigmoBigHO, TOBIMHOIO IIapy, MisKIIIapOBOIO
Bigmasio i edpeKTUBHUM paziycom BinbHOro 06’emy BBHT.

KarouoBi cioBa: mo3UTPOHHA CIIEKTPOCKOIIifA, BYTJIEIeBi HAHOTPYOKYU, HeheKTHu CTPYK-
TypHU, pagiyc JOoKaJisaiili XBUIboBOl (PYHKIIiI, eJJeKTPOHHI BJIACTHUBOCTI.

EA. Ilanko, U.E. 'arcman

Nuacruryr merampnopusuxku um. I'.B. Kypaiomosa HAH VKpauusi,
oyanB. Axkagemuka BepHanackoro, 36,

03142 Kues, Ykpauna

NCCJIENOBAHUE CTPYKTYPHBIX NE®EKTOB
U1 BJIEKTPOHHBIX CBOUCTB YTJIEPOIHBIX
HAHOTPYBOK METOIOM ITO3UTPOHHOM CIIEKTPOCKOIINU

B pa6oTe paccMOTpeHbI IPENMYIECTBa U HeIOCTATKY PAa3JNYHLIX METOAUK IMO3UTPOH-
HO# CIEKTPOCKONUHU B M3YUYEHUU JIEKTPOHHBIX CBOMCTB MHOTOCIOMHBIX YIIEPOTHBIX
"HaHOoTPyOOoK (MYHT) ¢ MeTanInyecKUM U IOJYIIPOBOJHUKOBBIM THUIIAMU IIPOBOJMMO-
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cru. MeTooM YTJIOBOH KODPENANNHN aHHUTHUAALUOHHOTO maayueHus (YKAH) ycra-
HOBJIEHO BIAUsAHUE Ie(DeKTOB Ha MapaMeTphl dJIeKTPOHHOM cTpyKTypsl MYHT. Ananus
pPe3yJIbTaTOB MOKA3aJl, UTO aHHUTHUIANUA IPOUCXOIUT C G-3JIEKTPOHAMU (B MeEXKCJIOe-
BBIX IIPOMEMKYTKAX), C KBAa3MCBOOOAHBIMU 3JE€KTPOHAMHU U C JJIEKTPOHAMM HEHACHI-
MIeHHBIX KOBaJEeHTHHIX cBasel. Ilokazano, 4To pocT KOHIIEHTpanuu AedeKToB IPUBO-
OUT K YBEJHYEHUIO pajuyca JOKAJIU3AIUN BOJTHOBONM (DYHKIUU DJIEKTPOHOB (r,,) B
MEJKCJIOEBBIX IIPOMEKYTKAX U POCTY MOJU KBasMCBOOOTHBIX 3JIEKTPOHOB. BeiencTaue
obpasoBaHua KpaeBbix auciaoxanuit B MYHT npoucxogar yasausarme r,, (zo 0,25
HM), TUOPUAM3AINA HEHACBIIIEHHBIX U PACTAHYTHIX G-CBA3el U, KaK CJIEACTBUE, POCT
KOHIIEHTPAIlUY 3JIEKTPOHOB IIPOBOAUMOCTH. BBICOKas WyBCTBUTEJHLHOCTH IIO3UTPOHOB
K medeKTaM MOKeT ObITh MCIOJIb30BaHa AJsA pa3paboTku MeronoB arrecrarnuu MYHT
u upeHTuuranuy nedeKToOB; BEeIWYUHHl 2r1,,, 2r,, U R, mogydeHHBIE M3 CIEKTPOB
YKAU, ABnAOTCSA, COOTBETCTBEHHO, TOJIIIUHON CJIOA, MEKCJIOEBHIM PACCTOAHUEM U
2 GeKTUBHBIM paguycoM cBobomuoro oonéma MYHT.

KaroueBsie cioBa: IO3UTPOHHAA CIEKTPOCKONIUA, YIJIEPOAHBIe HAHOTPYOKU, Je(eKThl
CTPYKTYDHI, PAAUYC JIOKAJIU3AIINY BOJIHOBOU (DYHKIIUY, BJIIEKTPOHHBIE CBOMCTBA.
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