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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 (MWCNTs) with me-
tallic and semiconductor types of conductivity are considered. The defects’ influ-
ence on the parameters of the MWCNTs’ electronic structure is established via 
method of the angular correlation of annihilation radiation (ACAR). Analysis of the 
results shows that annihilation occurs with both σ-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 (rm1) 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 MWCNTs, the doubling of rm1 (up to 0.25 nm), the 
hybridization of unsaturated and stretched σ-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 MWCNTs’ attestation 
and defect identification; the 2rmb, 2rmi, 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 MWCNTs, respectively.
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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 (MWCNTs) 
[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 kT = 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 γ-quanta with energies of 0.51 MeV are generated with scat-
tering at an angle 2π in the case of a zero momentum of the annihilating 
pair. In the presence of a nonzero momentum, the spreading angle of 
γ-quantum differs from 2π by a value of θ 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 γ-quanta on the angle θ 
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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positronium (o-Ps) [16–18]:
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here, θ is the difference between the scattering angle of the annihilation 
gamma-ray quanta and 2π, Itheor(θ) is the analytical expression of the 
ACAR; IP, I

j
G are the amplitude coefficients (intensities) of the para-

bolic and Gaussian parts of the spectra, respectively; σj are the Gaussian 
dispersions, θF is the angle corresponding to the Fermi momentum, AB 
is the renormalized Boltzmann constant, and T is the temperature of 
the sample.

To approximate experimental ACAR, the classical method of χ2-mi-
ni mum [19] was used as part of the standard product based on the con-
siderations, which follow below:

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

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 ‘χ2’ with zero mean and unit 
variance [19],
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where N is the number of experimental points in the spectrum, Iexp(θi) 
are the experimentally measured intensities, Iapp(θi) 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],

Fig. 1. Sketch of the angular correlation spectrometer of annihila-
tion radiation [6]
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where σr = 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, PF, related to the angle 
θF by the following equation 
[19]:

 PF = m c θF, (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 Pθ

F
 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 σj 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 rm  
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]
 3/2 ,

jm

j

r
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σ

ℏ
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where m is the rest mass of an electron, c is the velocity of light, ћ is 
the Planck constant.

The probabilities of annihilation of positrons with bound electrons 
Prmj

 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]. 

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
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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 
∆R 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:

 

= −
σ3

0.7049
0.1656R [nm].

 (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 
crea tion 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].

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 γ-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 ∆E [14]:

 2

c
E p∆ = ±

 (7)

where c is the velocity of light, p is the component of the electron mo-
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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 
the area under the central peak AS to 
the total area under the full AT 

curve, and the W parameter as the ratio of the area under the wings, 
WL + WR, to the full area of the AT 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 = AS/AT,  W = (WL + WR)/AT,  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).

2.3. Lifetime Positrons Spectroscopy

The lifetime of positron (LTP) τ is a function of the electron density in 
the annihilation region. The annihilation rate λ of thermalized posi-
trons, which is the inverse of the positron lifetime, τ, is determined by 
the overlapping of the positron density n+(r) = |ψ+(r)|

2 and the electron 
density n–(r) [28]:
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where r0 is the classic radius of the electron, r is the spatial coordinate. 
The correlation function γ = γ{n–(r)} = 1 + ∆n–/n– describes an increase 
in ∆n, 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]:

 γ {n–(r)} = 1 + πv0/v, (10)

where v0 = e2/ћ is the Bohr velocity, v is the electron velocity. The core 

Fig. 3. Doppler broadening of the 511 keV 
annihilation line [7]
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electrons usually have velocities much higher than v0; 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) fÀ 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 (∆VA = −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 ∆VA in cells occupied by atoms of different types, one could 
quantitatively describe both the increased affinity of positrons fÀ 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 ∆VA = −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 InñPb1 − ñ system [38]. Therefore, 
the Fermi energy value for the InñPb1 − ñ 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 fPb of the posi-
trons to lead atoms.

To explain the increased affinity of positrons to Li atoms in LicMg1 − c 
[39] alloys, the potentials necessary [44] for the formation of a bound 
positron state on Li atoms in LicMg1 − c 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:

 Li 2
1-CPA 0 /3 0.175 RyV k∆ = − = − , (11)

where k0 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]:
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where va is the volume of the sphere equal to the volume of the Wigner–
Seitz cell, l is the distance between the sites of the crystal lattice of the 
alloy, and Si (k0l) 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]
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 Li
3 CPA 0.093 Ry,V

−
∆ = −  (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-



ISSN 1608-1021. Usp. Fiz. Met., 2020, Vol. 21, No. 2 161

Positron Spectroscopy Study of Defects and Properties of Carbon Nanotubes 

creases, and Li
3-CPAV∆  is significantly closer to −0.08 Ry estimated in 

[40]. From the above ∆V Li 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 Li

2-CPAV∆ = −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 Li

1-CPAV∆  = −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 Li

2-CPAV∆  on the Li concentration in 
LicMg1 − c alloys, at which the affinity of positrons calculated in the 
2-CPA in the FPM for Li atoms ( Li

2-CPAf ) coincides with experimental one 

from Ref. [39]. The dependence Li
2-CPAV∆  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-

Fig. 4. Lithium concentration dependences of the reduced core annihilation rate
 

Li
2-CPAf  [39] and the constant positron pseudopotential Li

2-CPAV∆  [44] in cells occupied 

by Li atoms in LicMg1− c alloys, where Li
2-CPAV∆  were chosen [44] so that the Li

2-CPAf  
values calculated in 2-CPA in the FPM coincided with the cited core annihilation 
rates [39]
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trix). It is clear that, with an increase in the Li concentration in LicMg1 − c 
alloys, the level of the matrix support energy will drop and, according-
ly, decrease in absolute value, Li

CPAV∆ .
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 kT = 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 γ-ray with an energy of 
1.27 MeV (birth of a positron) and registration of a γ-quantum with an 
energy of 0.511 MeV (annihilation of a positron). The source activity 
should be sufficiently low (5–10 µ Ci), 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-
ple sandwich is clamped 
between two detectors and, 
unlike the ACAR, all pos-
itrons fall into the sam-
ples and γ-quanta fall into 
the detectors, where, us-
ing energy-sensitive scin-
tillators and photomulti-
pliers, they are converted 
into analogue pulses of 

Fig. 5. One-component spec-
trum of the positron lifetime 
[7]
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different amplitudes. The discriminator in terms of momentum from a 
γ-quantum with energy of 1.27 MeV opens the circuit, and the momen-
tum from a γ-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 106–107 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 t0. 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 (t) in the sample is 
defined as [48]
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where k is the number of positron annihilation centres characterized by 
their individual lifetimes τ

i
 and their intensities Ii. One more contribu-

tion is the positron annihilation in the source (k + 1).
The spectrum of the positron lifetime N(t) is the absolute value of 

the time derivative from the positron decay spectrum D (t) [48]:
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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]:
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σ σ π
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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 t0 (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].
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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 [50], within the local density approximation, authors re-
vealed that for the actually observed diameters of multilayer CNTs 
(MWCNTs), the positron density differs from zero only in the first in-
terlayer space. Consequently, in ideal defect-free MWCNTs, 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 
syn thesis 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 τ1, ns τ2, ns τ3, ns I1, % I2, % I3, % Diameter, nm

MWCNTs-1 0.216 0.385 2.619 38.100 61.001 0.896 60–90
MWCNTs-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
MWCNTs-4 0.196 0.386 2.594 66.501 31.800 1.682
MWCNTs-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 07.110 1.998

Table 2. Positron lifetimes of MWCNTs 

in powder (pow) and a compact (com) state [51]

No. of sample τ1, ns τ2, ns τ3, ns I1, % I2, % I3, % τm, 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 τ3, 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 0.35 nm, which is 2 times larger than the in-
terlayer distances in MWCNTs. Consequently, annihilation from the 
sta te of ortho-positronium occurs outside the MWCNT, in the interme-
diate (intertube) regions.

The first component of LTP, τ1, 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, 
τ2, 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 π-electrons in the interlayer space. The third component of 
LTP, τ3, 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. [53] 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 (π-electrons) and Gaussian (σ-electrons) ones. Indeed [53], the 
length of π-bonds in the xz plane is longer than the length of σ-bonds in 
the same plane. In addition, the graphene layer of MWCNTs, which 
thickness is determined by the length of σ-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 π-electrons, i.e., the positron is located between two positively charged 
σ-tubes together with a part of almost free π-electrons and, accordingly, 
annihilates with almost free π-electrons and core σ-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 π-electrons and is characterized by the 
angle θF corresponding to the Fermi momentum. We have to note here 
that delocalized π-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 π-electron is possible 
only along the axis of the MWCNTs, while, in the plane of the perpen-
dicular section of the tube, it is limited by its dimensions due to the 
large effective masses mx and my (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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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 σ-tails of core and delocalized 
π-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 rmb (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 π-electrons, and accordingly obtai -
ned from the ACAR 2rmb 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 MWCNTs. This question can only be answered by the 
combined measurements of both the ACAR and the LTP.

Fig. 7. The ACAR spectrum of semi-
conductor single-walled CNTs [53]

Fig. 6. The characteristic spectrum of 
the ACAR in MWCNTs [53]
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The value of rmi (5) obtained from the average width of Gaussian 
will be associated with the interlayer distance in the MWCNTs, i.e., 2rmi 
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 [54].

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 σ 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/cm3, 
the electrical conductivity is of 0.4 and 8.0 (Ohm ⋅ cm)−1 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 MWCNTs, 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 m2/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 m2/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 θF, mrad PθF

, % rmb, nm Prmb
, % rmi, nm Prmi

, %

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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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 
Al2O3 mem branes [55]. Multilayer 
nanotu bes with a diameter of 20–
40 nm, which contain the highest 
concentra tion of defects (U series, 
Table 3), were obtained by catalytic 
pyrolysis.

The comparison with the param-
eters of massive samples of reactor 
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 rmi 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 MWCNTs [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. [51, 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 

Fig. 8. Spectrum of the ACAR in highly 
defective MWCNTs, sample U_604_A [53]
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most likely not a consequence of formation of the ortho-positronium 
state in the water remaining in wet MWCNTs, but particularly a conse-
quence of formation of free volumes in the intertube regions, since 
MWCNTs were without water in Refs. [51, 52], and annihilation from 
the state of ortho-po sitronium was observed. Actually, in the case of 
ideal MWCNTs [50], the long-lived components of the LTP and ultra-
narrow Gaussian σ3 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 
τ3 by the σ3, i.e. the dispersion of the ultra-narrow component of the 
ACAR (Figs 9, 10).

From the dependence R (σ3), it could be obtained the maximum value 
of σ3, at which the Tao model works; it is of approximately 2.5 nm−1 (for 
high values of σ3, the Tao model gives R values less than the ortho-
positronium radius of 0.106 nm). On the dependence τ3(σ3) (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 
[51] is of 3.682 ns. The corresponding R or σ3 values lie in this ortho-
positronium life time interval (0.8–3.682 ns).

The main part of positrons annihilates with π- elec trons 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 

Fig. 10. Dependence of the ortho-posi-
tronium lifetime τ3 (σ3) on the disper-
sion σ3 of the ultra-narrow Gaussian of 
the ACAR within the framework of the 
Tao model [23]

Fig. 9. Dependence of the free volume 
radius R (σ3) on the dispersion σ3 of 
the ultra-narrow Gaussian of ACAR 
within the framework of the Tao model 
[23]
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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 θF, mrad PθF
, % rmb, nm Prmb

, % rmi, nm Prmi
, %

SWCNT direct – – 0.0560 08.00 0.1130 92.00
SWCNT semicond. – – 0.0485 01.80 0.1158 98.20
MWCNT spiral – – 0.0501 10.00 0.1090 90.00
MWCNT dir. 1 7.394 09.00 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 45.80
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 67.50

Table 5. Results of decoding the parameters 

of the ACAR spectra of CNT_Wet Series (with water)

Sample θF, mrad PθF
, % rmb, nm Prmb

, % rmi, nm Prmi
, % R, nm PR, %

CNT_W_0 09.5582 06.6252 0.0527 29.4790 0.1272 60.8540 1.5982 3.0416
CNT_W_1 08.7957 06.8239 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 08.3880 19.6300 0.0543 30.1120 0.1316 47.6140 1.5770 2.6440
CNT_W_4 09.3567 16.9620 0.0559 33.1890 0.1381 47.3210 2.1989 2.5279
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and in Ref. [53], contribute to the narrow Gaussian. The remaining 
positrons annihilate with electrons of covalent unsaturated σ-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. 

Fig. 12. Probability of 
annihilation of positrons 
with almost free elec-
trons vs. the interlayer 
distance in CNTs and 
various graphite modifi-
cations

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]
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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 
(rmb) for various nanotubes varies 
from 0.049 to 0.068 ± 0.002 nm. 
In this case, the probabilities of 
annihilation of positrons with 

electrons Prmb 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 Prmb

 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 π-electrons PθF

 on the localization radius rmi 
of the wave function of π-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 rmi corresponds to the greater value of PθF

. 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 rmi = f(PθF

). This means 
that, with an increase in the radius of localization of the wave function 
of electrons between the carbon layers (rmi), the area under the wide 
Gaussian (Prmb

) increases; it means that the number of defects (Tab-
les 3–5) and the relative fraction of nearly free electrons PθF

 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-

Fig. 14. Dependence of the probability 
of positron annihilation with defects in 
CNTs, MWCNTs, and thermally ex-
panded graphite (TEG) on their average 
bulk density
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lized free (or quasi-free) state 
(parabola) occurred. The lat-
ter behave like conduction 
electrons, as evidenced by an 
increase in electrical conduc-
tivity. The value of the rmi 
parameter varies in an unu-
sually wide range and reach-
es a maximum value of 
0.248 nm for the most defec-
tive MWNTs U 604 A. This 
is almost twice as much as 
the typical value (≈0.13 nm) 
for MWCNTs 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 σ-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 π-bonds. Indeed, as 
shown in Ref. [56], unsaturated σ-bonds cause an increase in the overlap 
of electron wave functions and, therefore, can lead to hybridization of 
π- and σ-electrons. Obviously, such hybridization takes pla ce in this case.

It is important to note the dependence of parameter of the elec-
tronic structure of CNTs Prmb (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-

Fig. 15. Dependences of the elec-
tronic structure parameters rmb 
and rmi on the probability of an-
ni hilation of positrons with almost 
free electrons in CNTs and vari-
ous graphite modifications (data 
are taken from Tables 3–5 [53])
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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 rmb and rmi on the probability of annihilation of positrons with al-
most free electrons in all the MWCNTs and various graphite modifica-
tions we studied.

From Tables 3–5 and Fig. 15, we can establish as follow.
The average value of the parameter that is determining the wall • 

thickness of the nanotube is rmb = 0.0535 nm; this parameter changes in 
the range 0.0493 ≤ rmb ≤ 0.0680 nm. The values of the parameter rmb 
above the average are observed in a narrow range of probabilities of 
positrons annihilation with almost free electrons PθF

 in CNTs near the 
characteristic value of 13.7%.

The average value of the parameter determining the interlayer • 
distance of the nanotube is rmi = 0.132 nm; it changes within the range 
0.1204 ≤ rmi ≤ 0.2175 nm. In the studied set of strongly defective sam-
ples of the U series with the largest values of rmi and PθF

, an increase of 
rmi is observed with an increase of PθF

.
Corresponding to the Fermi momentum, values of the parameter • 

θF of the ACAR form are in the range 7.293 ≤ θF ≤ 10.311 mrad.
The probabilities of annihilation of positrons with almost free • 

electrons PθF
 in CNTs are within interval 6.63% ≤ PθF

 ≤ 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 π-electrons in the interlayer spaces (narrow Gaussian); (2) with 
electrons of unsaturated covalent σ-bonds in the region of structural 
defects of the hexagonal layer (wide Gaussian); (3) with quasi-free con-
duction π-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 π-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 π-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 σ-bonds and stretched π-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 2rmb, 2rmi, and R obtained from the ACAR are the layer thick-
ness, the interlayer distance, and the effective radius of free volume of 
MWCNTs, respectively.
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²íñòèòóò ìåòàëîô³çèêè ³ì. Ã.Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè,
áóëüâ. Àêàäåì³êà Âåðíàäñüêîãî, 36, 
03142 Êè¿â, Óêðà¿íà

ÄÎÑË²ÄÆÅÍÍß ÑÒÐÓÊÒÓÐÍÈÕ ÄÅÔÅÊÒ²Â 
² ÅËÅÊÒÐÎÍÍÈÕ ÂËÀÑÒÈÂÎÑÒÅÉ ÂÓÃËÅÖÅÂÈÕ 
ÍÀÍÎÒÐÓÁÎÊ ÌÅÒÎÄÎÌ ÏÎÇÈÒÐÎÍÍÎ¯ ÑÏÅÊÒÐÎÑÊÎÏ²¯

Ó ðîáîò³ ðîçãëÿíóòî ïåðåâàãè òà íåäîë³êè ð³çíèõ ìåòîä³â ïîçèòðîííî¿ ñïåêòðîñêî-
ï³¿ ó âèâ÷åíí³ åëåêòðîííèõ âëàñòèâîñòåé áàãàòîøàðîâèõ âóãëåöåâèõ íàíîòðóáîê 
(ÁÂÍÒ) ³ç ìåòàëåâèì ³ íàï³âïðîâ³äíèêîâèì òèïàìè ïðîâ³äíîñòè. Ìåòîäîì êó-
òîâî¿ êîðåëÿö³¿ àí³ã³ëÿö³éíîãî âèïðîì³íåííÿ (ÊÊÀÂ) óñòàíîâëåíî âïëèâ äåôåêò³â 
íà ïàðàìåòðè åëåêòðîííî¿ ñòðóêòóðè ÁÂÍÒ. Àíàë³ç ðåçóëüòàò³â ïîêàçàâ, ùî àí³-
ã³ ëÿö³ÿ â³äáóâàºòüñÿ ç σ-åëåêòðîíàìè (ó ì³æøàðîâèõ ïðîì³æêàõ), ³ç êâàçè-
â³ëüíèìè åëåêòðîíàìè òà ç åëåêòðîíàìè íåíàñè÷åíèõ êîâàëåíòíèõ çâ’ÿçê³â. Ïî-
êàçàíî, ùî çðîñòàííÿ êîíöåíòðàö³¿ äåôåêò³â ñïðè÷èíþº çá³ëüøåííÿ ðàä³óñà ëî-
êàë³çàö³¿ õâèëüîâî¿ ôóíêö³¿ åëåêòðîí³â (rm1) ó ì³æøàðîâèõ ïðîì³æêàõ ³ çðîñ òàííÿ 
÷àñòêè êâàçèâ³ëüíèõ åëåêòðîí³â. Óíàñë³äîê óòâîðåííÿ êðàéîâèõ äèñëî êàö³é ó 
ÁÂÍÒ â³äáóâàþòüñÿ ïîäâîºííÿ rm1 (äî 0,25 íì), ã³áðèäèçàö³ÿ íåíàñè÷åíèõ ³ ðîç-
òÿãíóòèõ σ-çâ’ÿçê³â ³, ÿê íàñë³äîê, çðîñòàííÿ êîíöåíòðàö³¿ åëåêòðîí³â ïðî â³ä-
íîñòè. Âèñîêà ÷óòëèâ³ñòü ïîçèòðîí³â äî äåôåêò³â ìîæå áóòè âèêîðèñòàíà äëÿ 
ðîçðîáêè ìåòîä³â àòåñòàö³¿ ÁÂÍÒ é ³äåíòèô³êàö³¿ äåôåêò³â; âåëè÷èíè 2rmb, 2rmi òà 
R, îäåðæàí³ ç³ ñïåêòð³â ÊÊÀÂ, º, â³äïîâ³äíî, òîâùèíîþ øàðó, ì³æøàðîâîþ 
â³ääàëëþ é åôåêòèâíèì ðàä³óñîì â³ëüíîãî îá’ºìó ÁÂÍÒ.

Êëþ÷îâ³ ñëîâà: ïîçèòðîííà ñïåêòðîñêîï³ÿ, âóãëåöåâ³ íàíîòðóáêè, äåôåêòè ñòðóê-
òóðè, ðàä³óñ ëîêàë³çàö³¿ õâèëüîâî¿ ôóíêö³¿, åëåêòðîíí³ âëàñòèâîñò³.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÑÒÐÓÊÒÓÐÍÛÕ ÄÅÔÅÊÒÎÂ 
È ÝËÅÊÒÐÎÍÍÛÕ ÑÂÎÉÑÒÂ ÓÃËÅÐÎÄÍÛÕ 
ÍÀÍÎÒÐÓÁÎÊ ÌÅÒÎÄÎÌ ÏÎÇÈÒÐÎÍÍÎÉ ÑÏÅÊÒÐÎÑÊÎÏÈÈ

Â ðàáîòå ðàññìîòðåíû ïðåèìóùåñòâà è íåäîñòàòêè ðàçëè÷íûõ ìåòîäèê ïîçèòðîí-
íîé ñïåêòðîñêîïèè â èçó÷åíèè ýëåêòðîííûõ ñâîéñòâ ìíîãîñëîéíûõ óãëåðîäíûõ 
íàíîòðóáîê (ÌÓÍÒ) ñ ìåòàëëè÷åñêèì è ïîëóïðîâîäíèêîâûì òèïàìè ïðîâîäèìî-
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ñòè. Ìåòîäîì óãëîâîé êîððåëÿöèè àííèãèëÿöèîííîãî èçëó÷åíèÿ (ÓÊÀÈ) óñòà-
íîâëåíî âëèÿíèå äåôåêòîâ íà ïàðàìåòðû ýëåêòðîííîé ñòðóêòóðû ÌÓÍÒ. Àíàëèç 
ðåçóëüòàòîâ ïîêàçàë, ÷òî àííèãèëÿöèÿ ïðîèñõîäèò ñ σ-ýëåêòðîíàìè (â ìåæñëîå-
âûõ ïðîìåæóòêàõ), ñ êâàçèñâîáîäíûìè ýëåêòðîíàìè è ñ ýëåêòðîíàìè íåíàñû-
ùåííûõ êîâàëåíòíûõ ñâÿçåé. Ïîêàçàíî, ÷òî ðîñò êîíöåíòðàöèè äåôåêòîâ ïðèâî-
äèò ê óâåëè÷åíèþ ðàäèóñà ëîêàëèçàöèè âîëíîâîé ôóíêöèè ýëåêòðîíîâ (rm1) â 
ìåæñëîåâûõ ïðîìåæóòêàõ è ðîñòó äîëè êâàçèñâîáîäíûõ ýëåêòðîíîâ. Âñëåäñòâèå 
îáðàçîâàíèÿ êðàåâûõ äèñëîêàöèé â ÌÓÍÒ ïðîèñõîäÿò óäâàèâàíèå rm1 (äî 0,25 
íì), ãèáðèäèçàöèÿ íåíàñûùåííûõ è ðàñòÿíóòûõ σ-ñâÿçåé è, êàê ñëåäñòâèå, ðîñò 
êîíöåíòðàöèè ýëåêòðîíîâ ïðîâîäèìîñòè. Âûñîêàÿ ÷óâñòâèòåëüíîñòü ïîçèòðîíîâ 
ê äåôåêòàì ìîæåò áûòü èñïîëüçîâàíà äëÿ ðàçðàáîòêè ìåòîäîâ àòòåñòàöèè ÌÓÍÒ 
è èäåíòèôèêàöèè äåôåêòîâ; âåëè÷èíû 2rmb, 2rmi è R, ïîëó÷åííûå èç ñïåêòðîâ 
ÓÊÀÈ, ÿâëÿþòñÿ, ñîîòâåòñòâåííî, òîëùèíîé ñëîÿ, ìåæñëîåâûì ðàññòîÿíèåì è 
ýôôåêòèâíûì ðàäèóñîì ñâîáîäíîãî îáú¸ìà ÌÓÍÒ.

Êëþ÷åâûå ñëîâà: ïîçèòðîííàÿ ñïåêòðîñêîïèÿ, óãëåðîäíûå íàíîòðóáêè, äåôåêòû 
ñòðóêòóðû, ðàäèóñ ëîêàëèçàöèè âîëíîâîé ôóíêöèè, ýëåêòðîííûå ñâîéñòâà.




