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The properties of excitons in semiconducting single-walled car-
bon nanotubes (SWCNTS) isolated in vacuum or a medium and
their contributions to the optical spectra of nanotubes are studied
within the elementary potential model, in which an exciton is rep-
resented as a bound state of two oppositely charged quasiparticles
confined to the nanotube surface. The emphasis is given on the
influence of the dielectric environment surrounding a nanotube on
the exciton spectra. For nanotubes in the environment with a per-
mittivity less than ~ 1.8, the ground-state exciton binding energies
exceed the respective energy gaps, whereas the obtained binding
energies of excitons in nanotubes in a medium with permittivity
greater than ~ 4 are in good accordance with the corresponding
experimental data and consistent with the known scaling relation
for the environmental effect. The stabilization of a single-electron
spectrum in SWCNTs in media with rather low permittivities is
discussed.

1. Introduction

The majority of experimental works on the optical prop-
erties of single-walled carbon nanotubes (SWCNTs) indi-
cates that the exciton contributions are dominant in the
optical spectra of nanotubes [1-3], and the exciton bind-
ing energies are comparable with the corresponding en-
ergy gaps [4,5]. These effects were explained (predicted)
in the theoretical works [6-12] on quasione-dimensional
Wannier-like excitons in SWCNTs which also yield large,
in comparison with the 3D case, exciton binding ener-
gies and reveal the determining influence of the strong
interparticle Coulomb interaction in one dimension on
the optical properties of nanotubes. It was also shown
(e.g., in [13]) that the interaction potential between an
electron and a hole which form an exciton should be sub-
stantially weakened by the dielectric environment sur-
rounding a nanotube. The dependence of the exciton
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binding energy £ on the environment permittivity eepny
was obtained in [13]: & ~ e,,% with o = 1.4 not similar
to that in the 3D case (a = 2). As was pointed in [13],
the relation €& ~ ¢_¢ with @ = 1.4 is accurate only for
nanotubes surrounded by a medium with high permittiv-
ity (env = 4), because the results of calculations based
on the Ohno potential chosen in [13] to model the un-
screened Coulomb interaction between carbon m-orbitals
are not sensitive to the potential parameter only if the
exciton radius is rather large. This occurs in the range
of environment permittivities which is of technological
interest (silicon oxide environment, etc. [13]). However,
in the most of experiments on the optical response of
SWCNTs, individual nanotubes were isolated in media
with low permittivities: the hydrocarbon environment
of SDS micelles [1-4, 14] (by [15], the corresponding em-
pirical €eny = 2 — 2.5, while [4] used €eny ~ 4); the
polymer matrix environment [5] (used geny = 2.5); and
air [15,16] (€eny = 1). This is why here, using an exci-
ton model, which is not influenced by the exciton radius
but depends on the tube radius and the effective masses
of carriers (and, thus, on the nanotube chirality), we
apply the scaling relation for exciton binding energies
from [13] to excitons in SWCNTs in low-permittivity me-
dia (1 < eeny < 4) to obtain the corresponding scaling
parameter «.

The exciton in a SWCNT is modeled here as a bound
state of two quasiparticles, whose opposite charges are
smeared uniformly along infinitesimal narrow bands at
the tube surface, with the interaction potential having
the Coulomb attraction tail (see Section 2, or [17,18] for
details). The single-electron spectrum and wave func-
tions were obtained like those in [19, 20] by the method
of zero-range potentials [21, 22]. It turned out that,
within the mentioned model, the binding energies of ex-
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citons in the ground state in nanotubes surrounded by
a medium with ecny ~ 4 were in good accordance with
the corresponding experimental data from [4] and obey
the scaling relation from [13] with o ~ 1.4 in the range
€env € [4, 16]. Moreover, for the same eopy ~ 4, the dif-
ferences between the ground-state exciton binding en-
ergies and those of the lowest excited states are also in
good agreement with the respective experimental results
of [4] and [5] (Section 3). In the region eeny S 1.8, the
ground-state exciton binding energies exceed the corre-
sponding energy gaps. This leads to the instability of the
single-electron states of a nanotube with regard to the
formation of exctions which, however, become stabilized
because of the additional screening effect stipulated by
born excitons. Since some of the single-electron states
have transformed into excitons, the edges of the forbid-
den band move apart, and this results in an enhancement
(blueshift) of the lowest optical transition energy like in
experiments [15, 16]. The corresponding estimates are
in satisfactory agreement with results of [15]. In addi-
tion, in the ranges of low environmental permittivities
€env € [1, 1.75] and eeny € [2, 4.5], the ground-state
exciton binding energies satisfy the mentioned relation
from [13] with slightly smaller values of the parameter
a: 1.121 and 1.258, respectively (see Section 3).

2. Model of Exciton in a Semiconducting
SWCNT

By analogy with the 3D case, it can be shown (like
in [17]) that, within the long-wave approximation, the
wave equation for the Fourier transform ¢ of the en-
velope function in the wave packet from products of
the electron and hole Bloch functions, which represents
the two-particle state of a large-radius rest exciton in a
quasione-dimensional semiconducting nanotube with the
longitudinal period a, is reduced to the 1D Schrédinger
equation

ﬁ2

5-¢"(2) + V(2)(2)

2,U/ = EQS(Z)a 5 = Eexc - Ega

—00 < z < 00, (1)

with the exciton reduced effective mass u, the forbidden
band width E,, and the electron-hole (e-h) interaction
potential

Viz) =

// |Uc0(7‘1)|2|Uv-0(7'2)|2d7'1d7'2
S (@ =224 =122+ (22— )
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3=Exsx (0<z<a). (2)

Here, ucy;x(r) are the Bloch amplitudes of the Bloch
wave functions ¢. v.x (1) = exp(ikz)uc,v:x(r) of the con-
duction and valence band electrons of a SWCN'T, respec-
tively, and k is the electron quasimomentum. Assuming
that the charges of an electron and a hole which par-
ticipate in the formation of an exciton are smeared uni-
formly along infinitesimal narrow bands at the nanotube
surface, relation (2) yields

262 4R2
- K
2] [ 2 ] ’ ®)

where K is the complete elliptic integral of the first kind,
and Ry is the nanotube radius. This potential is the
simplest approximation to the bare Coulomb potential
which accounts the finiteness of a nanotube diameter.
At this point of the model, SWCNTs differ only by their
radii and the effective masses of carriers. However, even
the combination of these parameters allows one to spec-
ify the nanotube chirality.

To take the screening of the e-h interaction poten-
tial by band electrons of a nanotube into account, we
have applied the Lindhard method (the so-called random
phase approximation), according to which the analog
of the quasione-dimensional electrostatic potential (3)
screened by the nanotube m-electrons is given by the ex-
pression [17]

VR, (Z) =

20 7’10<q>Ko<q> cos(az/Ro)

, 4
TRy ) 1+ 944*10(q)Ko(q) 1 )

$Ro (Z) = -

where I and K are the modified Bessel functions of the
first and second kind, respectively, and the dimensionless
screening parameter

_ e2ht
Ja = ﬂmsz

2
dk. (5)

T/a
1 0
X Z / 4E3.S g(k') ‘<wc;k,s & wv;k,s>
i —m/a o

Here, s numbers 7-electron bands which are mirror with
respect to the Fermi level (only for those bands, the
matrix element in (5) is nonzero [17, 19]), and my, =
0.415m, is the bare mass from [19, 20].

As was mentioned above, most of existing experi-
ments on the optical response of SWCNTs [1-5] dealt
with nanotubes isolated not in vacuum but in media
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with the dielectric constants different from 1. There-
fore, the corresponding screening of the e-h interaction
potential should be also taken into account, because a
dielectric medium surrounding a nanotube should no-
ticeably change the e-h interaction potential. For ex-
ample, in experimental works [2—4, 14] which used the
methods described in [1], the investigated isolated SWC-
NTs were encased in sodium dodecyl sulfate (SDS) cylin-
drical micelles disposed in heavy water. Because of
these SDS micelles which provided a pure hydrocarbon
environment around individual nanotubes, the solvent
DO with high permittivity did not reach nanotubes.
However, the environment of hydrophobic hydrocarbon
“tails” (—C12Has) of SDS molecules has the permittivity
greater than 1 (by the experiment [15] it is about 2-
2.5). In accordance with Fig. 1A from [1] and with [23],
a simple model of a SWCNT in a dielectric environment
was considered, namely: a narrow infinite cylinder with
radius Ry in the medium with a dielectric constant eqpy
and some internal screening parameter ¢;,;. The corre-

T able 1. The ground-state exciton binding energies
Eojeven for different SWCNTs in vacuum (according to
the wave equation (1) with screened potential (4)) and
in the medium with eenv = 2 + 2.5 from [15] (according
to (1) with screened potential (6)), and the corresponding
results from experimental work [4]

Chirality| 2Ry |p (me)| Eg [Enieven (€V)| Eojeven (eV) | EP;
(nm) (eV) | in vacuum | in medium |(eV)

€env = 2+ 2.5| [4]

(6,4) 0.6825 0.0651 1.210 2.53 1.09 +-0.82 0.38
(6,5) 0.7468 0.0510 1.10 2.25 0.95+0.71 0.33
(9,1) 0.7468 0.0748 1.117 2.46 1.07+0.81 0.38
(8,3) 0.7711 0.0644 1.076 2.32 1.00+0.75 0.35
(7,5) 0.8174 0.0530 1.010 2.10 0.90 +0.68 0.28
(9,4) 0.9029 0.0522 0.9176 1.95 0.84 +0.63 0.33

T able 2. The ground-state exciton binding energies

&o0;even for different SWCNTs in the medium with genv =
4.4 from [4] according to (1) with screened potential (6),
the difference between the exciton binding energies in the
ground state and the first excited one &pjeven — £1;0dd>
and the corresponding experimental data from [4] and [5]

Chirality[£o;even (€V)] EY [Eoreven — E1s0aa| B2 — E1]Eap — Ens

in medium |(eV) (eV) (eV) (eV)
ey = 14| [4 ) 51

(6, 4) 0.39 0.38 0.346 0.325 -

(6, 5) 0.33 0.33 0.302 0.285 0.31

9, 1) 0.38 0.38 0.340 0.315 -

(8, 3) 0.36 0.35 0.317 0.295 0.30

(7, 5) 032  0.28 0.287 0.240 0.28

9, 4) 0.30 0.33 0.267 0.280 -
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sponding analog of potential (3) screened by the envi-
ronment within the framework of the mentioned model
is given by [18]

pro(2) = —j?
oo Io(q)Ko(q) cos(qz/Ro)
/ o To@K1(0) + emh @ Kol@)]g (6)

The internal screening parameter iy = €int(q) = 1 +
9a0*10(q)Ko(q) according to (4). As it will be shown
further (Section 3), potential (6) with this e;,; can be
used to model the e-h interaction in SWCNTSs isolated
in a medium with €y 2 1.8 (e.g.: the SDS environ-

~

ment [4], the polymer matrix [5], etc.).

3. Calculation Results. Environmental
Screening Influence

The exciton binding energies and the envelope functions
were obtained within the above-stated exciton model us-
ing the wave equation (1) with the different e-h interac-
tion potentials (4), (6) and the single-electron param-
eters (effective masses, single-particle wave functions,
band gaps) calculated according to [19, 20] within the
method of zero-range potentials [21, 22].

According to the wave equation (1) with the e-h inter-
action potential (4) screened only by band electrons of a
nanotube and that screened also by the external dielec-
tric medium (6), we have calculated the binding energies
of excitons in different SWCNTs in vacuum and in the
SDS environment, respectively (see Table 1).! The ex-
perimental dielectric constant of the SDS environment
Eenv = 2 =+ 2.5 was taken from [15]. Table 1 shows that,
for these values of €epy, there is only a qualitative simi-
larity of the obtained results to the corresponding data
from the experimental work [4], though this €eyy is taken
from experiment. However, if we choose eq,, = 4.4,
following [4], then the ground-state exciton binding en-
ergies become almost identical to those obtained in [4]
(see Table 2). Moreover, for each considered SWCNT,
the obtained difference between the ground-state exci-
ton binding energy and that of an exciton in the lowest

1 The ground state of an exciton corresponds to the even envelope
function ¢(2) (z is the distance along the tube axis between an
electron and a hole), and the lowest excited state corresponds
to the odd one, further the excited states of different parities
actually alternate.
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excited state also becomes almost equal to the respec-
tive experimental value from [4].2 The discrepancies be-
tween the data from Table 2 and the corresponding re-
sults from [4] for the exciton binding energies and for the
differences Ep.even — E1.0ad and E¥ — EI appear to be
inessential if the variation of e.,, in £0.3 for different
tubes in [4] is taken into account. It is also worth men-
tioning that the obtained here differences £y.cven — £1,0dd
are also very close to the respective results of experi-
ment [5] on SWCNTs isolated in polymer matrices.

Table 1 also shows that the ground-state binding ener-
gies of excitons in nanotubes in vacuum are substantially
larger than the corresponding band gaps, while those in
nanotubes in the medium with €y 2 2 occur already
inside of the respective band gaps. The applicability of
the effective-mass approximation may seem questionable
for such large exciton binding energies &£y.even in vac-
uum. However, it is not the effective-mass approxima-
tion that causes a so great absolute value of the exciton
ground-state energy. The matter is that the effective-
mass approximation consists in the replacement of the
original dispersion relations for the valence and conduc-
tion bands, which come in the equation for the exciton
envelope function as e.(k) — e, (—k), by their expansion
up to the quadratic terms e.(k)—e,(—k) ~ Eg+h?*k?/2p.
But such a replacement only increases the kinetic part
of the exciton energy operator and thus can only re-
duce the absolute values of (negative) exciton binding
energies. Therefore, without the effective-mass approx-
imation, the exciton binding energies come even larger.
In addition, the calculations of the exciton radii (for ex-
ample, as the root-mean-square deviation of the enve-
lope function Fourier transform ¢(z) from the origin on
the tube axis) show that, for the ground state in vac-
uum, they are of the order of the nanotube diameter
2Ry which is much larger than the nanotube longitudi-
nal period a which, in its turn, is of the order of the
tube lattice parameter (~ 0.142 nm for CNTs).® Thus,
the long-wave approximation formalism is also applica-
ble.

2 Recall that the difference between the binding energies of an
exciton in two different states and the difference between the
corresponding excitation energies are equal, so one can compare
E0;even — £1;0dd and E.f% — Eﬂl from [4] and E3p — Eq from [5].
Recall also that the exciton states in [4] with the even z-inversion
symmetry were indexed by 1 and those with the odd one by 2.
This is actually exact in the case of zigzag (n,0) semiconduct-
ing tubes. For chiral (n, m) nanotubes, we considered a differ-
ent longitudinal parameter concerned with the extended zone
scheme used for the calculations of the band structure of chiral
tubes (for details see [19]).
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In what follows, we will return to the discussion of
the seeming instability of nanotube single-electron states
with respect to the formation of excitons in SWCNTs
in media with e¢,, < 2. Now, we consider the interval
of environmental dielectric constants e,y 2 2 in more
details.

To reveal the general dependence of the binding en-
ergies of excitons in SWCNTs on the environmental
dielectric constant, the corresponding scaling relation
from [13] is applied. After taking the logarithm, this
relation yields

In — =~

R env
z (a—2)ln—0+(a—l)ln5—alng—, (7)

/ !/
R €

env

where a equals 1.40 [13], and &', Ry, i/, €., are some
quantities which do not influence the relation and are
introduced just to make the corresponding variables di-
mensionless. The ground-state exciton binding energies
obtained using the wave equation (1) with potential (6)
were substituted into (7) for the set of SWCNTs with
different diameters (2Rg € [0.63, 2.19] nm) surrounded
by media with permittivities in the range of interest in-
dicated by [4] and [15] (genv € [2, 4.5]). Using the least-
squares method, we found that, for these ranges of the
nanotubes diameters and environmental permittivities,
relation (7) was valid when o ~ 1.258 (see Figure, a). It
should be noted that, for the same set of nanotubes, but
for the environmental dielectric constants eeny € [4, 16],
the calculated value of a directly approaches that ob-
tained in [13]. According to [13] the scaling relation with
a = 1.40 is accurate only in the region eepny 2 4, which
explains the discrepancy between « obtained here and
that from [13] in the region eeny S 4.

The binding energies of excitons in the first excited
state in SWCNTSs also obey relation (7), but with a ~
1.89 for the range eeny € [2, 4.5] (see Figure, b) and
with a ~ 1.93 for the range eeny € [4, 16]. This is clear
because the radii of excitons in SWCNTs even in the
first excited state (especially in media with large eeny)
are close to those of 3D excitons, for which, as is well
known, a = 2.

As was mentioned above, the obtained binding ener-
gies of excitons in the ground state in semiconducting
SWCNTs in vacuum appeared to be larger than the cor-
responding band gaps (Table 1). More precisely, for the
considered set of nanotubes surrounded by a medium
with eqny = 1.75 — 1.85, the ground-state exciton bind-
ing energy becomes equal to the corresponding energy
gap. For smaller values of €eny, the ground-state ex-
citon binding energy exceeds the respective energy gap,
and this may lead to the instability of the single-electron
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General dependence of the binding energy of an exciton in SWCNTs of different chirality types ((8, 0) o, (7, 5) ¢, (9, 7) v, (15, 7) [, and
(28, 0) A with diameters ~ 0.63, 0.82, 1.09, 1.52, and 2.19 nm and with band gaps ~ 1.42, 1.01, 0.76, 0.54, and 0.37 €V, respectively)
on the environmental dielectric constant €enyv, the nanotube radius R, and the effective masses of carriers pu. The abscissa and the
ordinate represent the right- and left-hand sides of (7), respectively. Black solid lines are plotted using the least-squares method. (a) the
dependence of the binding energies of excitons in the ground state in SWCNTs surrounded by media with €eny € [2, 4.5] (€env changes
with a step of 0.5), the points correspond to (7) with o = 1.258, the primed quantities from (7) are the respective parameters of the
(8, 0) nanotube in a medium with €env = 2; (b) the points similar to (a), but for the first excited exciton state and a = 1.89; (¢) the
dependence of the unstabilized binding energies of excitons in the ground state in SWCNTs surrounded by media with genv € [1, 1.75]
(genv changes with a step of 0.25), the points correspond to (7) with a = 1.121, the primed quantities from (7) are the respective
parameters of the (8, 0) nanotube in vacuum; (d) the points similar to (¢), but for the first excited exciton state and oo = 1.838

states of nanotubes with regard to the formation of ex-
citons. However, the incipient excitons induce an addi-
tional screening stipulated by their great polarizability
in the longitudinal electric field. This effect essentially
weakens the e-h interaction. At a certain critical con-
centration of excitons, the ground-state exciton binding
energy becomes smaller than the energy gap, and the
conversion of single-electron states into excitons ends.
The upper and lower limits of the exciton concentration

ISSN 2071-0194. Ukr. J. Phys. 2010. Vol. 55, No. 11

n can be given as [18§]

00 -1

€exc — 1 Ey— €&
4w % / 22|¢o(2)|?dz| <n<
00 -2
€exc — 1 & — &
e / 260(2)n (2)dz| -
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where ¢ is a component of the Fourier transform of the
corresponding exciton envelope function and depends
only on the distance z between the electron and the hole
along the tube axis. Each ¢ is the solution of the wave
equation (1) with potential (6), where g¢ny < 1.8 and
Eint = 5int(‘]) = Eexc + 1+ gaq2[O(Q)KO(Q) (according
to (4) and (5)). The ground-state envelope function ¢
is the even solution of the 1D Schrédinger equation (1)
which satisfies the boundary condition ¢’(0) = 0, ¢; is
the odd solution of (1) which corresponds to the lowest
excited exciton state and satisfies the boundary condi-
tion ¢(0) = 0, & and &; are the corresponding exciton
binding energies (eigenvalues of (1)), and eox is the con-
tribution of incipient excitons to the dielectric function
of a nanotube. Varying ey in (6) substituted into the
wave equation (1), one can match & to the energy gap.
Further, & can be obtained from the same equation with
the fixed oy and with the corresponding boundary con-
dition. These quantities allow us to calculate the upper
and lower limits for the critical concentration of excitons
n. from (8). Using the obtained n., we can calculate
a shift of the forbidden band edges which move apart
due to the transformation of some single-electron states
into excitons. This results in an enhancement of the
energy gap. Hence, within the effective mass approxi-
mation, the lowest optical transition energy F; should
be blueshifted by

(mhine)?

0FE =
11 2

) (9)
like in experiments [15] and [16]. Here, 7. = n.7wR3 is
the linear critical concentration of excitons.

According to experiment [15], this blueshift is about
40 — 55 meV for SWCNTSs in air (vacuum, gepy = 1)
with respect to those encased in SDS micelles [3] (in
this case according to [15], €eny is at least larger than
2). By (9), this blueshift gives the linear critical con-
centration of excitons 7. which should be born in a
SWCNT to stabilize its single-electron spectrum. Its
value is about 80 um~! for nanotubes with diameters
~ 1 nm and about 50 ym~! for nanotubes with di-
ameters ~ 1.5 — 2 nm. The corresponding estimates
in accordance with (8) are about 100 — 150 pum~! for
SWCNTs with diameters ~ 1 nm (e.g., for the (9, 7)
tube 1 € [110,115] pm~') and about 50 — 100 pm™*
for SWCNTs with diameters ~ 1.5 — 2 nm (e.g., for the
(28, 0) tube, n € [50,55] um~1). The discrepancies in
values of . obtained from experimental data and those
estimated using relation (8) may be caused by ignoring
the collective effects in the exciton gas and the effects of
dynamical screening of the e-h interaction potential.
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It is also worth mentioning that, in the considered
range env € [1, 1.75] of the seeming instability of the
single-electron spectrum, the unstabilized (calculated
without the described stabilization) binding energies of
excitons in the ground state in different SWCNTs obey
relation (7) with o = 1.121 (see Figure, ¢), the respective
binding energies of excitons in the lowest excited states
satisfy (7) with o = 1.838 (see Figure, d).

4. Summary

The spectra of excitons in SWCNTs have been studied
within the effective-mass and long-wave approximations
and an elementary potential model within the method of
zero-range potentials [19],[20]. These spectra are highly
influenced by the dielectric environment surrounding a
nanotube. The obtained binding energies £ of excitons in
the ground state and the differences between the ground
and first excited exciton energy levels in nanotubes sur-
rounded by a medium with permittivity e,y ~ 4 are in
good accordance with the corresponding experimental
data from [4] and [5]. In the range of ceny € [4, 16], the
ground-state exciton binding energies £ obey the relation
[13] € ~ e.%, where a = 1.4. However, in the ranges
of permittivities €opy € [1, 1.75] and eeny € [2, 4.5],
these binding energies satisfy the mentioned relation
with slightly smaller values of a: 1.121 and 1.258, respec-
tively. These results are very close to those from [10],
in which « = 1.2 was obtained for the whole interval
Eenv € [1, 4] using a model, in which SWCNT was rep-
resented as a dielectric cylinder with some internal per-
mittivity which is surrounded by a medium with another
dielectric constant. In contrast to our model, the nature
of a high internal nanotube permittivity in the region of
low environmental permittivities is not explained in [10]
(there is only an estimate). However, the conclusion
about the important role of &, in the calculation of ex-
citon parameters for this region of €., is made in [10],
and this also explains the discrepancy in the result on a
with that obtained in [13] using only eepy-

In the range eony € [1, 1.75], the ground-state ex-
citon binding energies £ exceed the corresponding en-
ergy gaps. This leads to the instability of the single-
electron states of a nanotube with respect to the forma-
tion of excitons. But, due to their high polarizability in
the external electric field, the incipient excitons induce
the additional screening effect which returns the ground-
state exciton binding energy into the respective energy
gap and thus stabilizes the single-electron spectrum of
a nanotube. Due to the transformation of some single-
electron states into excitons, the edges of the forbidden
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band move apart, and this results in an enhancement
(blueshift) of the lowest optical transition energy FEj;
like that in experiments [15, 16]. The corresponding es-
timates for €.,y = 1 are in satisfactory agreement with
results of [15].

Finally, we note that the present work is initially based
on a special version of the independent particle theory,
namely, the method of zero-range potentials modeling
the self-consistent periodic potential in a nanotube by
the system of universal Fermi pseudopotentials located
at the carbon atoms positions. This method used in the
determination of a band structure and optical spectra
of carbon nanotubes gives a very good accordance with
the corresponding extended LCAO calculations and ex-
perimental data. However, to explain the stability of
the spectra of SWCNTs in vacuum and low-permittivity
media with respect to the exciton formation, we had
to explicitly refer to many-particle effects, which result,
in parallel with the stabilization, in a slight broadening
of the band gap. Note that this treatment, though be-
ing alternative formally to the quasiparticle approach (as
in [7]) and the band gap renormalization formalism (as
in [11]), does not basically contradict them and agrees
apparently well with the experimentally defined relative
energy parameters of excitons.

The author is grateful to Prof. V.M. Adamyan for
useful and interesting discussions.
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EKCUTOHU B OJHOILIAPOBUX BYI'JIEHHEBUX
HAHOTPYBKAX: EKPAHYBAHH#
SOBHIIIHIM CEPEJOBUIIEM

O.A. Cmupros
PezwowMme

Jocmni/izkeHo BJIACTHBOCTI €KCUTOHIB y HAIliBIPOBIHUKOBUX OJITHO-
apoBUX ByryelneBux HaHoTpyOkax (BHT), isonboBanux y Baky-
yMmi abo cepemoBuIi, a TakOXK IX BHECOK B OITHYHI BJIACTUBO-
cTi HAaHOTPYOOK. BuKOpucTaHO ejieMeHTapHY IOTEHIaJbHY MO-
Ienb, y fAKifi €KCHUTOH IIPEACTABJICHO #K 3B’SI3aHUN CTaH IBOX
MIPOTHUJIEZKHO 3aPsiPKEHUX KBa3i4aCTHHOK Ha ITOBEPXHI HAHOTPYO-
ku. Harosoc 3pobieHo Ha aHasi3i BIUIMBY Ha €KCHTOHHI CIIEKTPU
IIeJIEKTPUYHOIO CEPEJIOBUINA, sIKE OTO4Yy€e HAHOTPYOKy. [list Ha-
HOTPYOOK y CEpPEJOBHUINi 3 HI€JIEKTPUIHOIO IIPOHUKHICTIO, MEH-
moo 3a ~ 1,8, eHepril 3B’SI3Ky €KCHTOHIB y OCHOBHHX CTaHaX
[IePEBUILYIOTh BEJIMYUHU BiIITOBIHUX 3a00POHEHUX 30H, ¥ TOI 4ac
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SK OTpHMaHi eHepril 3B’sI3Ky €KCHUTOHIB y HaHOTpyOkKax y cepe- BHT Bim BiiacTuBOCTE! 30BHIIIHBOrO cepefoBUIa. Po3risHyTo
JOBUINAX 3 JI€JIEKTPUYHOIO IMPOHUKHICTIO, OLIBINIOI HiXK ~ 4, npoiiec crabisizalil 0HOEJIEKTPOHHOTO CIIEKTPa B OJHOIIAPOBHUX
nobpe y3rofKyIoThbCs 3 BifnoBinHuMu ekcuepumeHtainbuuMu na- BHT y cepenoBuiax 3 mMauumu J1ieJIeKTPUYHUMHI ITPOHUKHOCTSI-

HUMU Ta BIJIOMOIO 3aJIE}KHICTIO €Hepriii 3B’s3Ky €KCUTOHIB y  MU.
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