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In review, deals with the theory of exciton quasimolecules in a nanoheterostructures. It has
been found that the formation of a exciton quasimolecule in a nanoheterostructures made up of
aluminum oxide quantum dots synthesized in a dielectric matrix is of threshold character and
can occur in a nanosystem where the distance D between the surfaces of quantum dots is given

1) 2} [2)
by the condition De aD 2D’ The existence of such distance Br * arises from quantum
size effects in which the decrease in the energies of interaction of the electrons and holes
entering into the Hamiltonian of the “exciton molecule” with decrease of the distance D between

the surfaces of the QD cannot compensate for the increase in the kinetic energy of the electrons

and holes. At larger distances D between the surfaces of quantum dots: L' & D, the biexciton
breaks down into two excitons (consisting of spatially separated electrons and holes), localized
over QD surfaces.

It was shown that the convergence of two quantum dots up to a certain critical value 5.51:[
between surfaces of quantum dot lead to overlapping of electron orbitals of superatoms and the
emergence of exchange interactions. In this case the overlap integral of the electron wave
functions takes a significant value. As a result, the conditions for the formation of quasi-
molecules from quantum dots can be created.

We have shown that in such a nanoheterostructures acting as “exciton molecules”
(biexcitons consisting of spatially separated electrons and holes) are the quantum dots of
aluminum oxide with excitons localizing over their surfaces. The position of the biexciton state
energy band depends both on the mean radius of the quantum dots, and the distance between
their surfaces, which enables one to purposefully control it by varying these parameters of the
nanostructure.

As our variational calculations show, the interaction of the excitons with the surfaces of
quantum dots (“intramolecular” interaction) is much stronger than that between quantum dots
(“intermolecular” interaction). Due to the translational symmetry of such a
nanoheterostructures of quantum dots, it permits propagation of electronic excitation in the form
of biexcitons.

As follows form the results of the variational calculations, the major contribution to the
biexciton binding energy is from the energy of exchange interaction of electrons and holes,
which by far surpasses that from their Coulomb interaction.

It is established that at constant concentrations of biexcitons at temperatures T below a
certain critical temperature T, due to the radiative annihilation of one of the excitons forming a
biexciton one can expect a new spectral band of luminescence shifted relative to the exciton band
by the biexciton binding energy E,. This new luminescence band disappears at temperatures

above T,. At a constant temperature T < Tc the growth of exciton concentration brings about
weakening of the exciton band and strengthening of the biexciton band of luminescence.
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Introduction

Recent advances of solid-state technology made it possible to produce a
nanoheterostructures (NHS), where acting as lattice points are spherical dielectric or
semiconductor quantum dots (QDs) with the mean radius @ =1-10 nm implanted in a transparent
dielectric (or semiconductor) matrix [1]. Such sizes of QD are comparable with the de Broglie
wavelength of the electron and hole or (and) with their Bohr radii. This leads to the spatial
dimensional quantization of charge carriers playing a substantial part in optical and electro-
optical processes in such nanosystems [1 — 24].

The studies of quasi 0 - D nanosystems made up of spherical QD with the mean radius in the
range of 1 to 10 nm consisting of semiconductor (cadmium sulfide and selenide, gallium
arsenide, zinc selenide) [1— 3] and dielectric (aluminum oxide) [4 — 6] materials synthesized in
dielectric (semiconductor) matrices attract considerable interest due to their unique
photoluminescence properties, ability to effectively emit light in the visible and near infrared
spectral range at room temperatures [1 — 6]. Optical and electro-optical properties of such quasi
0-D nanosystems are to a large extent governed by the energy spectrum of the spatially confined
electron-hole pair (exciton) [1 — 24].

During investigation of the optical characteristics of nanosystems with CdS, ZnSe, Al,O3
and Ge quantum dots in experimental papers [11 — 15] it was found that the electron can be
localized above the surface of the QD while the hole here moves in the volume of the QD. In [25
—29] the appearance of superatoms located in dielectric matrices as cores containing CdS, ZnSe,
Al,O3 and Ge quantum dots was apparently established experimentally for the first time. A
substantial increase in the bond energy of the ground state of an electron in a superatom in
comparison with the bond energy of an exciton in CdS, ZnSe and Al,Os and single crystals was
detected in [8].

In [26 — 29] the optical characteristics of samples of borosilicate glasses doped with CdS,
ZnSe and Al,Os at concentrations between x = 0.003% to 1% were investigated. The average
radii B of CdS and ZnSe QDs were in the range of ¢ = 2.0 — 20 nm. When there were large
concentrations of CdS quantum dots in the samples (from x = 0.6% to x = 1%) a maximum,
interpreted by the appearance of bonded QD states, was detected in the low-temperature
absorption spectra. In order to explain the optical characteristics of such nanosystems we
proposed a model of a quasimolecule representing two ZnSe and CdS QDs that form an exciton
quasimolecule as a result of the interaction of electrons and holes.

t was noted [25, 27] that, at such a QD content in the samples, one must take into account
the interaction between charge carriers localized above the QD surfaces. Therefore, in [10, 15],
we develop the theory of a exciton quasimolecule (or biexciton) (formed from spatially separated
electrons and holes) in a nanosystem that consists of ZnSe and CdS QDs synthesized in a
borosilicate glassy matrix. Using the variational method, we obtain the total energy and the
binding energy of the exciton quasimolecule (or biexciton) singlet ground state in such system as
functions of the spacing between the QD surfaces and of the QD radius. We show that the
biexciton formation is of the threshold character and possible in a nanosystem, in which the
spacing between the QD surfaces exceeds a certain critical spacing. It is established that the
spectral shift of the low-temperature luminescence peak [27] in such a nanosystem is due to
quantum confinement of the energy of the biexciton ground state.

The convergence of two (or more) QDs up to a certain critical value Dc between surfaces
of QD lead to overlapping of electron orbitals of superatoms and the emergence of exchange
interactions [9]. In this case the overlap integral of the electron wave functions takes a significant
value. As a result, the conditions for the formation of quasi-molecules from QDs can be created
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[10]. One can also assume that the above conditions of formation of quasimolecules can be
provided by external physical fields. This assumption is evidenced by results of [30, 31], in
which the occurrence of the effective interaction between QDs at considerable distances under
conditions of electromagnetic field was observed experimentally. In [32] energies of the ground
state of "vertical" and "horizontal" located pair of interacting QDs ("molecules" from two QDs)
were determined as a function of the steepness of the confining potential and the magnetic field
strength. The quantum part of nanocomputer, which was implemented on a pair of QDs
("molecules" from two QDs) with charge states is n qubits [33]. The first smoothly working
quantum computer has been on QDs with two electron orbital states as qubits, described by a
pseudospin (S). As a single cell was taken a couple of asymmetric pair QDs with different sizes
and significantly different own energy. The electron, injected into the heterostructure from the
channel occupied the lower level. That is, it was located in a QD with larger size.

In the present review we show that the biexciton formation in a NHS made up of aluminum
oxide quantum dots synthesized in a dielectric matrix is of threshold character and can occur in a
nanosystem where the distance D between the surfaces of QD is given by the condition

EE:L] L 5[52'1. We also demonstrate that in such NHS acting as “exciton molecules” (or
biexciton) are the quantum dots of aluminum oxide with excitons localizing over their surfaces.
The position of the biexciton state energy band is shown to depend both on the mean radius of
quantum dots, and the distance between their surfaces, which enables one to purposefully control
it by varying these parameters of the NHS. It is established that at constant concentrations of
biexcitons at temperatures 7 below a certain critical temperature 7, due to the radiative
annihilation of one of the excitons forming a biexciton one can expect a new spectral band of
luminescence shifted relative to the exciton band by the biexciton binding energy E,. This new

luminescence band disappears at temperatures above 7.. At a constant temperature 7 < Tc the
growth of exciton concentration brings about weakening of the exciton band and strengthening
of the biexciton band of luminescence.

Energy of the exciton quasimolecules ground singlet state formed from

spatially separated electrons and holes

Let us consider a model of a nanosystem composed of two dielectric (semiconductor)
spherical quantum dots QD(A) and QD(B) of radius a synthesized in a dielectric matrix with
permittivity €1 (D is the distance between the spherical surfaces of QD). Quantum dots are of a
dielectric (semiconductor) material with permittivity &z. For simplicity and without loss of
generality let us assume that holes #(4) u h(B) with effective masses a are located at the

1
centers of QD (A) and QD (B) while electrons e(1) and e(2) with effective masses mE, ‘ are

localized near the spherical surfaces of QD (A) and QD (B), respectively (r'*ﬁl:' — the distance
from the electron e(1) to the center of QD (A), "B(2) _ the distance from the electron e(2) to the

(=)
L S
center of QD (B)) (Fig. 1). This assumption is justified by the fact that iy . Let us
also infer that an infinitely high potential barrier exists on the spherical interface between the QD
and the matrix so that the electrons cannot get into the quantum dot while the holes cannot
escape from it.

Let us now use this model to consider the possibility of the formation of an exciton from
spatially separated electrons and holes (the holes are located at the centers of QD(A) and QD(B)
and electrons are localized near their spherical surfaces). Using adiabatic approximation and the
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effective mass approximation, the Hamiltonian of the biexciton (of spatially separated electrons
and holes) can be written in the form [15]:

-'E}-=-'E}-‘!'I:1:[ +-'E}-E|:2:[ +~f}-m;-_-_ (1)

where H‘*r:i:[ and HB]:Z:[ are the Hamiltonians of the excitons of spatially separated hole /(4) and

electron e(1) and hole 4(B) and electron e(2), respectively.
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Fig.1. Schematic representation of a nanosystem consisting of two spherical QDs: QD(A) and
QD(B) of radii a. The holes 4(A4) u h(B) are located at the centers of QD(A) and QD(B),
and the electrons e(1) and e(2) are localized near the spherical surfaces of QD (A) and

QD (B), "4(1) _ the distance from the electron e(1) to the center of QD(A); — the
distance from the electron e(2) to the center of QD(A); "B{1) _ the distance from the

electron e(1) to the center of QD(B); TB(Z)  _ the distance from the electron e(2) to the
center of QD(B); 71z — the distance between the electrons e(1) and e(2), L is the spacing
between the QD centers, and D is the spacing between the QD surfaces

The contribution of the energy of polarization interaction with the surface of QD to the
Hamiltonians of the excitons H‘*':’-i and Hsfzj can be, as a first approximation neglected [20].

Thus the exciton Hamiltonian H"":'-I takes the form [15]:

arm fid
Hagry = - 3801y +Veamear (racy Tren) + Ea o

where the first term is the exciton kinetic energy operator and the energy of Coulomb interaction
Vaumidl between electron e(1) and hole /(4) is given be the following expression [7, 8]:

| = -E(El.}. l]i
e (L) Z\E | &g Tau (3)

where Eg is the bandgap energy of the dielectric (semiconductor) with permittivity €z. The

. . H . EH . .
Hamiltonian “ 82} is of the same form as ~ 4(1] (2). In the first approximation we can neglect
the contributions to the Hamiltonian e of the interaction energies of the electrons e(1) and
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e(2) and the holes #6A) and A(E)} with polarization fields induced by these charge carriers on the

surfaces of QD (A) and QD (B) [20]. Thus the Hamiltonian B incorporates only the energies
of Coulomb interaction of electron e(1) with hole /#(B), and electron e(2) with hole i(4), as well
as that between electrons e(1) and e(2), and holes /(4) and /(B).

Under the assumption that the spins of the electrons e(1) and e(2) are antiparallel let us
write down the normalized wave function of the ground singlet state of the biexciton as a

symmetric linear combination of wave functions 1 (raw.T8m) and %1 (Fame rsm) [15]:

-1
Wo(raay Taer TBarTem) = RO + SS@.a)” 2, (raay rom) +¥: Famerse)l 4)

where S(D, a) is the overlap integral of single-electron wave functions. Assuming that the
electrons e(1) and e(2) move independently from each other, let us represent the wave functions

Wyl (riA(1) vem) and W2 (MA(2) 7 B(1)) (4) as a product of single-electron wave
functions PamlTaem) and '-'FEI:IEI'EH}}, as well as @am{ram) and ':Fais:.-&‘sm}, respectively

[15]. Let us also represent the single-electron wave functions as variational functions of
Coulomb type [15]:

eanlran) = Top | @) (4., ).

#5m(Pom) = Leup | —R(d) (Taiz{‘fmgx)

(5)
T — oo [T B(1)
esmrsm) = Aeup | —F(a}) {fﬂgﬁ :
where F{EY is a variational parameter,
go o 28 B
LT (€L +ED) o€l (5a)

is the Bohr radius of the 2D exciton localized over the flat interface between the semiconductor
(dielectric) with permittivity £z and the matrix with permittivity £1 (the hole is in the
semiconductor and the electron is in the matrix, e is the electron -charge,

mbIm
=g "'h
o ) T~ ()
g ¥y} |5 the reduced effective mass of the 2D exciton, =
In the framework of the variational method, the energy of the biexciton ground singlet state,

as a first approximation, is given by the mean value of the Hamiltonian 7 (1) over the states
described by the wave functions of the Oth approximation ¥ (4) [15]:

ECR, g DY 0y = (e (ALY v pA(2Y 20y B QL) oy B (2Y 1E | Wy (rpd Q) » o pd(2) vy BYLY ov ) B (2] 3 (6)

As follows from (6), the total energy EofD. @) of the biexciton ground singlet state takes the
form [15]:

Ey(D. &) = 2Eqz @+ Eq (. &), (ﬁ - (foﬁ&:}). (7)
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where EalZ: &) is the binding energy of the ground singlet state of the biexciton, and Eexl@} is
the binding energy of the ground state of the exciton (consisting of spatially separated electron
and hole) localized over the surface of QD, which was worked out in [7,8].

Fig. 2 presents the results of the variational calculations of the binding energy Eg(D. 2)
studied in [4~ 6] of the biexciton ground state in a nanosystem with QD of aluminum oxide of

the mean radius & = #LEnE | (permittivity €= = 10, effective mass of the hole in QD (migm“
= 6.2), synthesized in a dielectric matrix of the vacuum oil VM-4 (permittivity 2 = L¥6. the
effective mass of the electron in the matrix was deduced in [21] and amounts to 0,537, the Bohr
radius (5a) of the 2D exciton @8x = ¥ .35 nm). Authors of [4— 6] studied nanostructures doped
with x=0.003% to 1% concentrations of aluminum oxide. At concentrations of QD higher than
x¥ 0.6% one needs to take into account the interactions of the charges localized over the
surfaces of quantum dots. The variational method that we used for the calculation of the

biexciton ground state binding energy En(Z. ) i applicable provided that it is much smaller
than the binding energy of the exciton ground state Esx{d), i.e. the following condition must be

fulfilled:
E(D. &) }
( {EMW “t (8)
4|.4 3|.0 2|1 = D’ nm
p
-3
>
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Fig. 2. The dependence of the binding energy of the ground singlet state Ea: @) of the
biexciton (consisting of spatially separated electrons and holes) in a nanosystem made
up of two spherical aluminum oxide quantum dots QD(A) and QD(B) with the mean
radius &1 = %18 nm, on the distance D between the surfaces of QD(A) and QD(B).
Here @&: = .35 nm is the Bohr radius of the two-dimensional exciton (consisting of
spatially separated electron and hole).

The binding energy Ea(@ @) of the biexciton ground state in a nanosystem with QD of
aluminum oxide of the mean radius @ = 318 NM  has a minimum £\’ (D,, @) ~ —7,03 meV

(at the distance P ® 293 nm) (Fig. 2) ( D/a corresponds to the critical temperature
Tg®BLGBK ) As it follows form Fig.1, biexciton appears in the nanosystem at distances

Dx=DH a2l nm petween the surfaces of QD. The formation of such a biexciton (,,exciton
molecule™) is of threshold character and can occur in a nanosystem with quantum dots of the
mean radius @1, where the distance D between the surfaces of QD exceeds a certain critical
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value & cll. The existence of such distance Dr.gl:l arises from quantum size effects in which the
decrease in the energies of interaction of the electrons and holes entering into the Hamiltonian
(Eq. (1)) of the “exciton molecule” with decrease of the distance D between the surfaces of the
QD cannot compensate for the increase in the kinetic energy of the electrons and holes.

The binding energy of the exciton Esxl@} amounts to E, (a,)=—-100,8 meV [7, 8], with

the energy of the biexciton ground state (7) taking the value E, (Dl, a)~—208,6 meV . It should
be emphasized that the criterion (8) of the applicability of the variational method for the
calculation of  the biexciton binding energy Eq(D.a) is fulfilled

ESD,, T,) -
(E : r{fﬂgx(ﬁﬂj_ﬁ'ﬁ? ). At larger distances D between the surfaces of QD:

DzDf x44nm , the biexciton breaks down into two excitons (consisting of spatially
separated electrons and holes), localized over QD surfaces (Fig.1). Thus a biexciton can be

(1)

P
formed in a nanosystem where Ze “ 50 = EE :[ Furthermore, a biexciton can exist only at
temperatures lower than the critical temperature Tc = 81.6 K. In the aluminum oxide
monocrystal with the binding energy E£,= 0.61 meV (which corresponds to the temperature 7.04

K) the biexciton binding energy E'" is almost 12 times as large.

As follows form the results of the variational calculations, the major contribution to the
biexciton binding energy is from the energy of exchange interaction of electrons and holes,
which by far surpasses that from their Coulomb interaction (i.e. the ratio = 0.11). Since the

calculations of the biexciton ground state binding energy E2(Z. D) in the nanosystem are
variational, the values of |E. (B &) can be somewhat underestimated.

Biexciton in quasicrystal

In a NHS (mean radius of QD @1 = 3.18 nm, and the distance between the surfaces of
aluminum oxide QD £+ = 2.93 nm) at temperatures below the critical value Te = 81.6K (which
corresponds to the biexciton binding energy E,= 7.03 meV) an “exciton molecule” can be

formed (biexciton consisting of spatially separated electrons and holes). Acting as “exciton
molecules” in such a NHS are the quantum dots of aluminum oxide, with excitons (consisting of
spatially separated electrons and holes) localized over their surfaces. As our variational
calculations show, the interaction of the excitons with the surfaces of QD (“intramolecular”
interaction) is much stronger than that between quantum dots (“intermolecular” interaction). Due
to the translational symmetry of such a NHS of QD, it permits propagation of electronic
excitation in the form of biexcitons.

The energy level of the biexciton Ey(By, ) (7) turns, in this case, into a biexciton energy

band with the width A&Ea(.a)} =~ (A*/2 Max DF) (where Max = (Ma + mEsl:l) is the
translational mass of the exciton of spatially separated electron and hole). Quantitative
assessment of the width of the biexciton band yields the value of about 3 meV (which
corresponds to the temperature of 35 K). In such a NHS the energy band of biexciton states is
located below the bandgap of aluminum oxide NHS by E| (l~)1, a)~=-208,6 meV . The position

of this energy band is governed both by the mean radius @1 of QD, and the distance P1 between
QD surfaces. Thus by varying these parameters of the NHS, one can purposefully control the
position of the energy band of biexciton states.

At higher temperatures (7' Tc ), a phase transition of the nanosystem can occur from the
biexciton to exciton state. At a constant concentration of excitons (i.e. constant concentration of
QD) and temperatures T lower than 7¢, one can expect a new luminescence band shifted from the

478



exciton band by the value of the biexciton binding energy E,. This new band disappears at

higher temperatures (7 2 T= ). At a constant temperature below critical (7 < T¢), an increase in
exciton concentration (i.e. in QD concentration) brings about weakening of the exciton
luminescence band and strengthening of the biexciton one.

Conclusions

Thus it has been shown that the exciton quasimolecule formation in a NHS made up of
aluminum oxide quantum dots (QD) of the mean radius &1 is of threshold character and can
occur in a nanosystem where the distance D between the surfaces of QD is given by the

condition 551:[ 5D = D.E.:[. We have demonstrated that in such a NHS (with the mean radius
@, = 3.18 nm and the distance between surfaces of aluminum oxide QD D: = 2.93 nm) at
temperatures lower than the critical temperature 7c = 81.6K (which corresponds to the exciton
quasimolecule binding energy E,= 7.03 meV) an ,,exciton molecule* (a biexciton consisting of

spatially separated electrons and holes) can be formed. Acting as “exciton molecules” in the
NHS are aluminum oxide quantum dots with excitons (consisting of spatially separated electrons
and holes) localizing over their surfaces. The interaction of the excitons with the QD surfaces
(“intramolecular” interaction) is shown to be much stronger than that between quantum dots
(,,intermolecular” interaction).

We have also shown that the position of the biexciton band in the NHS depends both on
the QD mean radius @1 and the distance Px between QD surfaces. By varying these parameters,
one can purposefully control the position of the energy band of biexciton states in the NHS. With
increase in temperature above the threshold (7 & It ), a phase transition can occur from the
biexciton to exciton state. It has been found that at a constant concentration of excitons (i.e.
constant concentration of QD) and temperatures 7 below 7c, one can expect a new luminescence
band shifted from the exciton band by the value of the biexciton binding energy E,. This new

band disappears at higher temperatures (7 It ). At a constant temperature below T¢, an
increase in exciton concentration (i.e. in QD concentration) brings about weakening of the
exciton luminescence band and strengthening of the biexciton one.

Thus, NHS made up of “exciton molecules” are of considerable interest both physically
and practically as novel nanomaterials for nano-optoelectronics [34—42].
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HOBBIE KBASUATOMHBIE HAHOCTPYKTYPbI,
COAEPKAIIUE ODKCUTOHHBIE KBASUMOJIEKYJIbI U
IKCUTOHHBIE KBASUKPUCTAJIUIbI: TEOPUS

C.U. llokyTHUH

Hucmumym xumuu nosepxnocmu um. A.A. Qyiiko Hayuonanvnoti akademuu Hayk YKpaumol,
ya. I'enepana Haymoesa, 17, Kues, 03164, Ykpauna, e-mail: pokutnyi.serg@gmail.com

B 0630pe pazsusaemcs meopus dKCUMOHHBIX KBA3UMOJIEK)]l 8 HAHO2emepOoCMpPyKmMypax.
Yemanoeneno, umo obpasoeanue KCUMOHHOU KEAZUMONEKYNIbl 8 HAHO2EMepOCmpYKMypax,
cooepoicawyue KAHMOBble MOYKU OKCUOA ANIOMUHUSA, CUHME3UPOBAHHbIE 8 OUDNIeKMPUYECKOU
mampuye, HOCUM NOPO20BbIL XAPAKMep U MOdCem Npoucxooums 6 HaHocucmeme, 20e
paccmosanue D medxcoy nosepxmocmaMuU KEAHMOBLIX MOYEK ONpeoeniemcs Yclosuem

pUspgpt® it

[ [ . Cyu;ecm€08aHue makKkozco paccmoﬂl‘luﬂ o 05yCJZ08]leH0 K8AHMOBbIMU
pazmepubimu dhexmamu, 6 KOMOPbIX yMeHbUeHUe dHeP2Ull 63aUMOOelCEUs dIeKMPOHOE U
OblpOK, gxoaﬂu/;u.x 68 2aMUIbMOHUAH «MOJZeKyﬂbl IKCUmMoHa», C yMeHbu/leHueM paccmoﬂl‘luﬂ D
Me.?fcay nO@eprocmﬂMu KT He Mmoaxcem KOMnechpoeamb y@eﬂuquue KuHemuLleC'KOZZ 3H€p2uu
onexkmponos u Ovipok. Ha 6onvwux paccmosnusx D medncoy nosepxHocmamu K6aHmosblx moyex,

z
maxux umo D > 2¢ * | 6uokcumon pacnadaemcs Ha 08a IKCUMOHA (COCMOAWUX U3 NPOCMPAH-
CMBEHHO PAa30esleHHbIX INEeKMPOHO8 U ObIPOK), TOKANU308aHHbIX HAO nogepxHocmamu KT.
Yemanosneno, umo cxooumocms 08yx K8AHMOBbIX MOUEK 00 HEKOMOPO2O KPUMUUECKO20

1
suavenus. B2 ° meocoy nosepxmocmamu xeammoeoii mouku npugooum K nepexpuimuio
9NeKMPOHHLIX Opoumanell Cynepamomos U GO3HUKHOGEHUI0 OOMEHHbIX 63aumooelcmsui. B
9MOM  clyuae UHmMe2panl NepeKpublmus — BOJHOBLIX  (QYHKYUU  DNeKMPOHA — NpUHUMAem
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cywecmeennoe 3HaueHue. B pesynomame mocym O6vimb co30aHbl YCa08us O hopMUposanus
K8A3UMONEKYI U3 KBAHMOBHIX MOUEK.

Kax  nokaseieatom  eapuayuonnvle  pacuemovl,  83aUMOOCUCMBUE  IKCUMOHOE  C
HOBEPXHOCIIAMU KBAHMOBLIX MOYEK («BHYMPUMONEKYIAPHOEY 83AUMOOeUCmEUe) 3HAYUMENbHO
CulbHee, ueMm MedHcOy KBAHMOBbIMU MOUKAMU («MEINCMOEKYIIAPHOe»  83aUMOOelicmaue).
brazooaps mpancisiyuonHol cummempuy maKux HAHo2emepoCcmpykmyp u3 K8aHmMosblx mouex,
MedHcoy NOBEPXHOCMAMU KB8AHMOBLIX MOYEK OBUNICEMCs INeKMPOHHOE 8030VicOeHUue 6 8ude
ousKCUmMoHa.

Kax credyem uz pesynomamos 8apuayuOHHuIX pacyemos, OCHOBHOU 6KIAAO 8 IHEPSUO
C8A3U OUIKCUMOHO8 BHOCUM IHepeusi O0OMEHHO20 63auMOOelCEUs 31eKMPOHO8 U ObIPOK,
KOMOPAsi HAMHO20 NPeBOCX00UN IHEPSUIO UX KYIOHOBCKO20 83AUMOOCCIBUSL.

Ilokazano, umo maxue HAHOLEMEPOCMPYKMYPbL COCMOAM U3 «IKCUMOHHBIX MOJEKV»
(6USPKCUMOHO08 U3 NPOCMPAHCMBEHHO PA30ENEeHHbIX IJIeKMPOHO8 U ObIPOK). Ycmanoeieno, 4mo
HONOJICEHUE IHEP2eMUUECKOU 30Hbl OUIKCUMOHHBIX COCMOAHUL 3A8UCUM KAK OM CpPeoHe2o
paouyca KeaHmMoBvlX Mo4eK, Makx u Om PAcCmosiiusl MesHcoy NOBEPXHOCIAMU K8AHMOBbIX MOYEK.
Ilocneonee obcmosmenbcmeo nO360Jsem  YeleHANPAGIeHHO  YAPAGIamb  NOJONCEHUIMU
9HEPeemu4ecKoll 30Hbl OUIKCUMOHHBIX COCMOSHUL, USMEHSISL DU NAPAMEmpPbl HAHOCMPYKMYPbL.

Ilokazano, 4umo npu NOCMOSHHBIX KOHYEHMPAYUsx OUIKCUMOHO8 Npu memnepamypax
HUdICe OnpedesleHHOl Kpumuyeckol memnepamypul T, ciedcmeaue uznyuamenbHOU aHHUSUIAYUU
00HO20 U3 IKCUMOHO8, 00PA3VIOWUX OUIKCUMOH, MOICHO OACUOAMb HOBVIO CNEKMPATbHYIO
HOLOCY U3YHAMENbHUS, CMEWeHHYI0 OMHOCUMETbHO IKCUMOHHOU NOJOCHL HA YHEPIUio C6s3U
ousxkcumonos E,. Oma noeas nonoca uznyuamenvrus ucuezaem npu memnepamypax eviute T,

Ilpu nocmosnnoti memnepamype T < T, pocm KOHyenmpayuu O5KCUMOHO8 HPUBOOUM K
ocnad1enuIo IKCUMOHHOU NONOCHL U YCUTIeHUIO OUIKCUMOHHOU NOIOCH TIOMUHECYEHYUU.

KiroueBble cioBa: 271ekmpoHbl, ObIPKU, OCHOBHOE CUH2IeMHOe COCMOSIHUe OUIKCUMOHOS,
9Hepeus C6A3U, KYJIOHOBCKOe, NONAPUIAYUOHHOE U OOMeHHOe 83aumolelcmesue, K8aHmogvle
MOYKU, HAHO2EeMePOCMPYKMYPbl

HOBI KBA3IATOMHI HAHOCTPYKTYPHU, 1O MICTATDH
EKCUTOHHI KBA3IMOJIEKYJIA I EKCUTOHHI
KBA3IKPUCTAJIN: TEOPIA

C.I. ITokyTHiit

Inemumym ximii nosepxnui im. O.0. Yyuxa Hayionanvnoi akademii Hayk Ykpainu, .
T'enepana Haymosa, 17, Kuis, 03164, Yxpaina, e-mail: pokutnyi.serg@gmail.com

YV oenaoi pozsuseacmuvca meopisa eKCUMOHHUX K8A3IMONIEKYI 8 HAHO2eMepOCMpPYKmMypax.
Bcmanoeneno, wo ymeopenns ekcumoHHOI K8A3IMONEKY 6 HAHO2emepoCmpyKmypax, uo
Micmamb K8AHMOGI MOYKU OKCUOY ANIOMIHIIO, CUHME308AHI 8 OleJIleKMPUYHIL MAmpuyi, HOCUMb
nopo2osull xapakmep i Modce 6i00y8amucs 6 Hamocucmemax, 6 AKUx eiocmanv D midc

E'ﬁl:l ED =5 E[z:l .
NOBEPXHAMU KEAHMOBUX MOYOK 6USHAYACMbCA YMOB0I0 e [ [CHdeHH}Z makoi

()

giocmani 2¢ 00YMOBNIEHO K8AHMOBUMU PO3MIDHUMU egheKmamiu, 8 AKUX 3MeHUIeHHS eHepeill
83a€MO0Ii  eleKmponie i OIpoK, WO 6X005Mb 6 2aAMIIbMOHIAH «MOJEKYIU eKCUMOHAY, 3i
3meHwenusam giocmani D mioc nosepxuamu KT ne mooice romnencysamu 30inbuleHHs

Kinemu4Hoi enepeii enekmpoHnie i dipok. Ha eenuxux giocmamnsax D midc nosepxHamu K8AHMOBUX
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o ]
mouok, maxkux wo D > “¢ ~, biekcumoH po3nadacmvbcs Ha 08a eKCUmoHa (Wo CKIadaomscs 3

NPOCMOPOBO  PO30iNeHUX eleKmpoHie ma Oipok), J10Kanizoeanux Hao nogepxuamu KT.
Yemanoeneno, wjo 301udicennss 060X KEAHMOBUX MOYOK 00 O0€AK020 KPUMUYHO20 3HAYEHHS.

[
De mione NOBEPXHAMU KB8AHMOBOI MOUKU HNPU3BOOUMb 00 NEePeKPUmMms  eleKmpOHHUX

opbimaneti cynepamomié i SUHUKHEHHS OOMIHHUX 63aEMOOiU. Y ybomy 6unaoxy inmezpan
nepeKpumms X6UNbOsUX (OYHKYIU eleKmpoHa NputimMac cymmese 3HaueHHs. B pezynomami
MOHCYMb OYMU CMBOPEH YMOBU 01 (POPMYBAHHS K8AZIMONEKYL 3 KBAHMOBUX MOYOK.

Ax nokazyroms Hawi 8apiayiuni PO3PAXYHKU, B63AEMOOISl eKCUMOHIE 3 NOBEPXHAMU
K8AHMOBUX MOUYOK («BHYMPIUHbOMONEKVIAPHAY 63AEMO0i) 3HAYHO CUTbHIUA, HINC MIdC
K8AHMOBUMU MOYKAMU ( «MEAHCMONEKYAAPHAY B3AEMO0Is). 3a80aKU MPAHCIAYIUHOI cumempii
Makux HAHO2eMepOCMPYKmyp 3 KEAHMOBUX MOYOK, MINHC NOBEPXHAMU KEAHMOBUX MOUOK
PYXAEMbCAL eleKmpOHHe 30V0HCeH s Y 8UeIA0l OleKCUmMona.

Ak euniugae 3 pesynomamie apiayiiHux pO3PAXYHKI8, OCHOBHUU BHECOK 6 eHepeiio
38'3Ky OieKCUmMoHA 8HOCUMb eHepeis 0OMIHHOI 83AEMOOII eleKMPOHi8 | OIpOK, KA HaAbazamo
nepeseputye eHepeiio ix Kyl1oHi8CbKoi 63a€MOOIL.

Ilokazano, wo maxi Hanocemepocmpykmypu cKia0aomvcs 3 «eKCUMOHHUX MOJIeKV1»
(biexcumona 3 npocmoposo po30inleHUMU eleKkmponamu ma Oipkamu). Bcmanoeneno, wjo
NONOJHCEHHSI eHepeemU4HOl 30HU OIeKCUMOHHUX CMAHI8 3alexHCums sK 6i0 cepeonbo2o paodiyca
K8AHMOBUX MOYOK, MaK I 8i0 8i0cmaui MidC NOGepXHAMU KEaHmMosux mouox. Ocmarnus
0b6cmasuna 0038014€ YINECNPAMOBAHO  YNPABGIAMU  NOJLONCEHHAMU — eHepeemUyHoi  30HU
OieKCUMOHHUX CIAHIB, 3MIHIOIOYU Yi napamempu HAHOCMPYKMYpPU.

Ilokazano, wo npu nocmilHux KOHYeHmMpayiax OIeKCUmoHa npu memnepamypax Huxicye
neenoi kpumuynoi memnepamypu 1. BHACTIOOK BUNPOMIHIOBANLHOI  aHIeLIAYII 00HO20 3
eKCUMOHIB, WO YMEOPIoIoMsb OieKCUMOHA, MOJCHA OYIKY8amu HO8Y CNEeKMPANIbHY CMY2y
BUNPOMIHIOBAHHS, 3MIUEHY WO000 eKCUMOHHOI cMy2u Ha eHepeiio 363Ky Oiexcumona E,. L

HOBA CMy2a GUNPOMIHIOBAHHA 3HUKAE npu memnepamypax euwe 1. . Ilpu nocmitinii
memnepamypi T < T. 3pocmanns Koumyewmpayii eKCUumouie npuzeooums 00 O0CIAONeHHs
eKCUMOHHOI cMy2u | NOCUTIeHHsL OieKCUMOHA CMYeU IOMIHeCYeHyil.

KurouoBi ciioBa: erexkmponu, 0ipku, OCHOBHUL CUHSIEMHUU CIMAaH OIeKCUMOHA, eHepeis 36'3KY,
KVIIOHIBCHKA, NOJIAPUZAYIUHA | OOMIHHA 83AEMOOIs, KBAHMOBI MOYUKU, HAHO2EMePOCMPYKMYpU
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