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The nonlocal dynamical coherent potential approximation (ND-
CPA) is formulated to calculate a single-electron (exciton) Green’s
function of polaron due to the interaction of an electron (exciton)
with phonons with dispersion. This approximation is an extension of
the dynamical CPA. The NDCPA provides an efficient means of calcu-
lating an approximate Green’s function for a dynamical model of elec-
trons (excitons) strongly coupled to optical or acoustical phonons, in

the entire ranges of the electron (exciton)-phonon coupling strengths
and electron (exciton) transfer. The electron (exciton)-phonon cou-
pling in the Hamiltonian may involve terms of any order with respect
to phonon operators. A set of recurrent equations is derived in the
case of a system at zero temperatures, from which the coherent poten-
tial can be obtained as a function of energy E. The simple algorithm
for the polaron spectra calculations is obtained for a linear electron
(exciton)-phonon coupling in the antiadiabatic limit.

1. Introduction

Electron(exciton) with a lattice or molecular phonon cloud around it can be
regarded as a new single particle state — respectively a lattice or molecular
(exciton) polaron. At present, it is already almost impossible in a small
space like this to present a trustworthy review of all the relevant work done
in the field of polaron states up to now. Being one of the relatively simplest,
most important and directly applicable examples of quasiparticle descrip-
tion of properties of many-particle systems, the polaron problem has served
many times for both purely theoretical speculations and direct explanation
of experimental data. The variety of aims corresponds to a variety of ap-
proaches as well as tools: from field-theoretical expansions in powers of
electron(exciton)-phonon coupling constant [1], through different kinds of
interpolation (variational) approaches [2] to small polaron theories invoking
so-called polaron canonical transformation [3]. Each of the approaches is
fitted to special purposes and is good in its own (broader or narrower) area
of dimensionless parameter of the problem [3]. For instance, variational
interpolation approaches are concentrated on the problem of the polaron
dispersion law, leaving the polaron quasiparticle damping in the whole in-
terval of parameters mostly aside. In the present work, it is attempted to
partly fill this gap by submitting theory which is in principle able to give
such information.

In order to determine a single-particle Green’s function, which provides
the information about the physical properties (energy spectrum, spectral
functions) of polaron states, one should actually calculate a self-energy
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function. The approaches based on the coherent potential approximation
provide effective tools for the calculation of a polaron self-energy function
for a wide class of models which allow us consequently (nonperturbatively)
to account multiphonon scattering. The attempts to construct such an al-
gorithm in a case of a linear electron(exciton)-phonon coupling were made
before. In [4] the self- energy function was expanded into integral chain frac-
tion with the use of a diagram technique. In [5] the expansion of Green’s
function into continued fraction was performed by means of the Haydock
method. It is known that the coherent potential approximation (CPA) is
the most sophisticated virtual-crystal approximation scheme for disordered
electronic systems [6-8]. The first attempt to use the notion of the coherent
potential for periodic solids in which the role of disorder is played by other
elemental excitations which interact with the electron, appeared probably
in the s — d model of magnetic semiconductors [9,10]. Almost simultane-
ously with the coherent potential method for magnetic semiconductors, the
so-called (local) Dynamical Coherent Potential Approximation (DCPA) was
suggested by Sumi [11-13]. This approximation can be applied to a system
in which only an Einstein phonon spectrum and a site diagonal electron
(exciton)-phonon coupling are assumed. For a system with a non-diagonal
electron(exciton)-phonon coupling the DCPA is completely inadequate be-
cause of the important role of correlated scattering among different sites.
Another difficulty in the use of the DCPA is that the resulting condition
for the coherent potential in [11-13] requires a numerical solution of a set of
functional equations. Lately several attempts have been made to improve
the (local) DCPA [14-18]. In [14] the dynamical CPA was reformulated in
terms of the so-called locators that allow one to simplify the resulting set of
equations for the coherent potential. S.Abe extended the (local) DCPA to
two-particle Green’s functions [15,16], and reformulated this approximation
for a model of a Frenkel exciton coupled to dispersive phonons [17,18]. The
(local) DCPA was employed to calculate energy spectra [11], absorption and
emission spectra [12,17], resonance Raman spectra, and time-resolved spec-
tra [16] in exciton-phonon systems. It has been successfully used to explain
experiments of absorption spectra in molecular crystals [19,20].

The present paper is devoted solely to the theoretical formulation of the
NDCPA, whereas the results of actual calculations using this formulation
will be presented in a separate paper. The dynamical CPA is an one-site
approximation in which variation of a site local environment (due to the
presence, for example, of phonons with dispersion) is ignored. It is known
from the coherent potential theory for disordered solids [21] that one can
account in some length the variation of a site local environment through
the introduction of a nonlocal coherent potential which depends on the dif-
ference between site coordinates. The Fourier transform of the coherent
potential is a function of a quasiimpulse vector. It is clear that the in-
troduction of the nonlocal coherent potential in the above way is another
level of approximations because in that case the system is implied to have a
translational symmetry. For the dynamical disorder which is brought about
by phonons the introduction of the nonlocal coherent potential is natural
and one does not make any approximation at this. The proposed nonlocal
dynamical coherent potential approximation (NDCPA) follows this way to
improve the dynamical CPA. In fact, NDCPA can be used for the calcula-
tion of a single-particle Green’s function of a model of the Hamiltonian with
the electron(exciton)-phonon coupling of any structure. This approach also
has technical preferences: at zero temperature the algorithm for calculating
the coherent potential (as a function of the electron(exciton) impulse vector
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and energy) is reduced to a set of recurrent linear equations. The algo-
rithm is greatly simplified if only inelastic scattering of electron(exciton) by
phonons are taken into account. This is possible if the polaron spectrum
is shifted in the energy region where processes of elastic scattering can be
neglected. In particular, this situation may be realized in the case of an
optical phonon spectrum and a narrow electron(exciton) bandwidth (antia-
diabatic limit). This problem will be discussed in more details in Sec.3.
In the antiadiabatic limit and Einstein phonon spectrum a Green’s func-
tion can be obtained analytically for the case of a model with a linear and
electron(exciton) site diagonal electron(exciton)-phonon interaction. If the
energy gain of exciton localization is much larger than the electron(exciton)
bandwidth the algorithm is allowed for the calculation of the lowest (local-
ized) electron(exciton) state at the arbitrary ratio of electron(exciton) and
phonon bandwidths. In the antiadiabatic limit and purely local electron
(exciton)-phonon interaction it is also possible to obtain a simple recurrent
algorithm in which elastic scattering of electron(exciton) in phonon field are
accounted.

The paper is organized as follows: in the next section the model is
introduced. In section 3 the nonlocal dynamical CPA at zero temperature
is presented. The NDCPA is applied in the antiadiabatic limit for two cases.
The first case relates to the polaron energies at which elastic scattering can
be neglected. In the second one the elastic n-phonon short-range scattering
correction is obtained.

2. Model Hamiltonian

In order to demonstrate the NDCPA a model of a system of excitons strongly
coupled with phonons in a crystal with one molecule per unit cell is chosen.
This model is called here a molecular crystal model. The Hamiltonian of
this system is written as

1 1 .
H=> Eafa+ Y w(q) <bjbq + 5) + i 3 atanx(q)e™ (b7 +b_,).
k q n,q

(1)
Here ay(a;) is the annihilation (creation) operator of an exciton with mo-
mentum k and energy Ej, operator a,(a;}) annihilates (creates) an exciton

at the nth site, b,(b¥,) is the annihilation (creation) operator of a phonon
with momentum ¢ and energy w(q), x(gq) is the exciton-phonon coupling
function, N is the total amount of crystal molecules. The exciton energy is
Ei, = €, +t, where ¢ is the change of energy of the crystal molecule under
excitation, and t; is the Fourier transform of the energy transfer matrix
elements.

This model can be employed to describe an exciton interacting with
molecular as well as with lattice vibrations. The coupling function y is
g—independent if the exciton-phonon interaction is taken to be site-diagonal
and purely local in the exciton and phonon coordinates. This case is realized,
for example, for the exciton interacting with molecular vibrations. The
g—dependent coupling function represents the interaction of the exciton
with lattice phonons that arise due to the changing of van der Waals and
Coulomb forces between molecules under lattice vibrations. The accounting
of the resonant interaction is resulted in k—dependent terms in the coupling
function. In general, the magnitude of k— dependent and independent terms
in the coupling function varies from one material to another. For a material
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in which the interaction of the exciton with local environment is strong
the exciton-phonon interaction operator can be taken as in (1) with the
appropriately chosen coupling function x(q).

Hamiltonians equivalent to (1) have been used by many authors for the
consideration of a wide variety of problems which relate to the interaction
of electrons or excitons with local environment in solids [22-25]. The model
with Hamiltonian in which the terms describing the interaction between ex-
citons or electrons are included is also allowed for the use of NDCPA. For
example, the Hamiltonian (1) with the electron-electron interaction terms
accounted becomes equivalent to the Hamiltonians (for instance, of the Hol-
stein type) of some theories of superconductivity [26-28].

3. Nonlocal Dynamical CPA

Let us introduce the coherent potential v, (E) which is thought to be depen-
dent on energy E and exciton impulse k. The coherent potential is transla-
tional invariant in a site representation. The Hamiltonian (1) is transformed
with the coherent potential taken into account as

H=H+ H, (2)
with
. 1
Helt — Z(Ek +wp)ay ag + Zw(q) <bjbq + 5) ,

k q
ro_ + +
H = Eananwn—g Upm @y, Gy,
n n,m

In H' a site representation is used and
Pn = Zgn,m(b; + bm)ﬂ (3)
where 1
b = N1/2 Zb‘lelqm
q

is the annihilation operator of a phonon associated with the mth lattice site,
and

1 ,
- ig(n—m)
Inm N Eq x(q)e :

1 ik
ik(n—m)
Vo = —E e .
; N - k

In further manipulations a site representation will be used for convenience.
The Fourier transform with respect to time of a single-exciton delayed
Green’s function G¢//(t) of the system under the Hamiltonian H¢// in a
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site representation for exciton freedom degrees and Fock’s representation
for phonon freedom degrees is written as

eik(m*l) el (i1 —J1)+-+igs(is—Jjs)

eff
;gsws Z Ek—Uk(Z)—w(%)—”'—W(Qs)X

|41y eeests){J1yeesds |- (4)

Here
|7j1,...,im):b;:---b;:n | 0),

and z denotes complex energy z = FE + iy with exciton decay rate +y
which is assumed to be independent of energy and momentum. It is as-
sumed in the expressions below that summations are performed over indexes
s, 84,4 =1,2,... Expanding the Green’s function G,,(z) of the exciton un-

der Hamiltonian H in powers of propagator Gef 7 (2) we get

Gu(2) = [z Hepp = (0= 0(2)],
= Gl +Gll(2) (p- @( Das GGl (2) +---

1 (5)

Here ¢ and 9(z) are operator matrixes with elements

Ormn = OmnPn (6)

and v,,,(2) respectively.

We will restrict ourselves to the case of a system at zero temperature.
This is not relevant from the point of view of methodology. The case of
nonzero temperatures may be considered in a completely analogous fashion.
At zero temperature the coherent potential is chosen such that G, (z) and

G<I/ () averaged over phonon vacuum are equal
(01 Goua(2) 1 0) = {0 | GL7(2) | 0). (7)

For the case of nonzero temperatures the vacuum averages in equation (7)
should be replaced by thermal averages over phonon populations. Using
(7) and (5) we get that scattering of the exciton in the effective medium by
perturbation (¢—v(2)) is described by the following self-consistent condition

01 (¢ =9(2))m + (&= 9(2))ms GII(2) (¢ =0(2))s+---10)
= (0| T |0) = O.
(8)

Performing summation in (8) we obtain the t—matrix operator 7. Once T'
is found equation (8) is written as

O] [T (@ - ()G ()] (¢~ ()| 0) = 0. (9)

I is a unity matrix. The Green’s function F(z) of the exciton under the
Hamiltonian (1) in which the exciton-phonon coupling terms are excluded
is given by the expression

Flz2) = G (2) + 0(2). (10)
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With the use of the operator F/(z) equation (9) then is rewritten as

O =@FE] "¢ 100 =(0 [ - @F()]" | 0)i(2). (11)

It is an operator (or matrix) equation for the coherent potential ©(z). The
formal expression for ¢(z) can instantly be written. The exciton polaron is
determined by the Green’s function for the exciton in the effective medium
defined by the coherent potential

1 eik(m—l)

sz—Ek—vk(z)'

k

(016G (=) 10) = (12)

The question is how to calculate the vacuum averages in equation (11).
Below a set of equations that allow us to evaluate these averages is derived.

Let 4,,, in+ix, and i, —ij, represent sets of sites (i1, ... ,%n), (i1 -+ in,ix)
and (4y,...,9% 1,%%41,--,%,) respectively. The (0) and (i;) represent re-
spectively empty and one-site sets. In the expressions below we do not
always indicate the dependence of the operators F'(z) and o(z) on energy

z. All the calculations are performed with F(z), 9(z) taken at the same
energy. Defining

ml_<0|[I (pF]ml |Zlﬂ"'ain> (13)

and using (11), (6), and (3) the coherent potential v,,; is expressed as

O = [0, 205 g, (14)

Employing the obvious operator identity

A

[ —pF) " =1+[]—¢F] '¢F, (15)

and definition (13) we get that the matrix elements af;, are defined by the
following set of equations

0o® — 50+ Al gen FOO
ai;l = asn+81 (n§n751 + 1)1/29551 Fsmzn + argﬁs_SI (n§n,s1) Gss, anﬂn

(16)

Here , o o
1 etk(m—1) gig1 (i1 —j1)+++ign (in—jn)

Findn(z) = ——
W) = e X TR —a@) = —ela)

(17)

is a n—phonon matrix element of the operator F' and ;= (52-1,,',6 +-t

i ir)- (16) is a set of recurrent linear equations from Wthh a( and a(“)

can be determined. Inserting then a'’) and ') in equation (14) one finally
finds the coherent potential. In system (16) only one equation - with a,,
in the left-hand side, is inhomogeneous. Other equations are homogeneous
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and their form is independent of the index m. From this it can be easily
(0) (p1)

shown that the matrix elements a,,, and a,,,’ are proportional
ami’ =" Nz, (18)

with the coefficients of proportionality v(*~). Inserting (18) in (14) we get
that the coherent potential matrix v,,; is actually diagonal with the diagonal
elements

o =0 g, (19)

and thus the coherent potential v(z) = v;(z) is actually independent of the
exciton impulse vector k. Therefore, to determine the coherent potential

one needs to find from equations (16) the values ai’ and af*’, and then
calculate the values v("*) by the formula

(Pl)
’U(pl) = aléo) . (20)
ay

Inserting these values in (19) one finally obtains the coherent potential.
With the use of equations (11), (15) one can easily obtain similar to (16)
equations for the case of exciton-phonon coupling operator ¢ of a more com-
plex (for instance, quadratic) with respect to phonon operators structure.
Equations (16) are greatly simplified if we make some assumptions which
allow the exciton and phonon site nondiagonal matrix elements F7’" to be
neglected. In the case of an Einstein phonon spectrum these matrix elements

are exactly zero and equations (16) contain only F;’n"l’" For further reference
the matrix elements of F’ which are site diagonal in exciton coordinates, and
both in exciton and phonon coordinates are denoted respectively as

ik(m—1)

Fr(v:;)(z):Nn-i-l zk: z—Ek—we(ql)_"'_w(qn)’ (21)
F(n)():% zk: Z—Ek_w(%:)l_"'_w(qn). (22)

The nondiagonal Fj;’,’i" can be neglected at the energies F which satisfy the
following condition

|E — €y —nw(0)| > B+ nfY, (23)

where B and () are exciton and phonon bandwidths respectively. The fact
that this condition is unfulfilled for some value of energy £ means that for
a polaron state with this energy elastic (with impulse transfer) n—phonon
scattering of the exciton is relevant. We can account F™ in equations (16)
only if it is supposed that the polaron spectrum is located in the energy
region where elastic scattering are irrelevant. This situation may be real-
ized in the case of a low dispersion optical phonon spectrum (Q < w(0)),
and a narrow exciton band (B < w(0)). As it will be seen, in this case
the polaron spectrum is shifted by the energy gain of exciton localization.
Due to this shifting the energies in the resulted polaron bands may obey
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condition (23). If condition (23) is incorrect for the polaron band with some
no, then ny—phonon elastic scattering of the exciton should be taken into

account and, therefore, F,Z;l"f 70 should be accounted in equations (16). In

other words, in this case we should make elastic scattering corrections for
the calculation of this polaron band. It is obviously that if the phonons are
acoustical the elastic n—phonon scattering become relevant beginning with
a sufficiently large n for an arbitrary value of the polaron energy E (see
(23)).

Let us first consider a case of the polaron spectrum when condition (23)

is fulfilled and thus the nondiagonal matrix elements of operator F' can
be dropped out. We denote the obtained coherent potential in which only
inelastic scattering are accounted as v;,.. By the explicit calculations it is
easy checked that

ai;l-l-p _ 9 (nh,p’)l/2
= R (24)
a;"jp Gip' (nzn,p)

Therefore, equations (16) contain only a’7,. Here p,, = (p,...,p). It is easily

——

seen that a”, = 0 when m,l # p. Finally we conclude that equations (16)
actually form a three-diagonal set for the values a?-. This enables us to
express the coherent potential in the form of a continued fraction. In order

to show this let us introduce ¢ written as

Pn
apr 1

(n) — _
" = s (25)
Then equations (16) combined with equations (14) and (24) yield
G
Uinel(z) =t —
Yoo
) — YJoo
I G
E—— PR EVICS S i
Foe T
(26)
where go0 = g,, and
1
G=2 90 =52 Ix@.
s q
From equations (26) we get the coherent potential v;,.; in the form
G
FO(z) 1 3G

FO)(2)
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The energy spectrum of the exciton polaron is obtained as a function of
k by the solution
z—E;,—v(z) =0. (28)
Equation (28) with v(z) = v, (2) can be further simplified if one assumes
an Einstein phonon spectrum (w(q) = wy) and neglects in F(") the elements
of an energy transfer matrix (in this case F"W~!(2) = z — ¢y — nwy). Then,
with the use of formula [29]

> n/n! 1
Z a"/n oo — _ ’

z4+a—n
= z—

3a

z—1—

Z2—2—

for complex z with a nonvanishing imaginary part equation (28) is written
as
1

S ()

= \z— €+ Swy —nwy/ n!

=0, (29)

where S = G/wi. For a limiting case ¢, = 0(B = 0) when the exciton
energy spectrum converges to ¢; which may correspond to a highly localized
exciton or an exciton trapped on impurity we get from (12), (28), and (29)
the exciton Green’s function in the form

G(z) = i < ! ) %efs. (30)

= \z— € + Swy — nwp

This result can be easily obtained by usual methods [30,31]. Thus, we see
that the present approximation becomes valid for B = 0. On the whole,
formula (29) accounts the configuration mixing among polaron states with
a different number of phonons. Let us note that in the case S > 1 several
terms of the sum in the denominator of equation (29) may make the con-
tribution of the same order to the energies of a polaron band (i.e. exciton-
phonon scattering with a different number of phonons should be accounted
in the calculations of this polaron band), whereas for S < 1 there is only
one leading term, that is in accordance with [4]. It is seen that the polaron
spectrum calculated with the use of equation (29) consists of equally spaced
bands which are shifted to lower energies by Swy and have a renormalized
dispersion law comparatively with a dispersion law of a free exciton. To
see the latter let us suppose that for energies in the ny—th polaron band
we have only one leading term of the sum in (29) which corresponds to
no—phonon scattering. Then the dispersion law in the ny—th polaron band
may be roughly described by the formula

no

E = €y — Swy + nowo + —e 1. (31)

TL(]!

Such a renormalization can be obtained within the framework of the small
polaron theory [3]. Swy is the energy gain of exciton localization. Let us note
that condition (23) and, therefore, equation (29) are correct for S > B/wy
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and for arbitrary B/w, for the lowest energy of the exciton polaron. So
equation (29) is allowed to evaluate the energy of a self-trapped exciton
when the energy of a vibrational or lattice relaxation is much larger than
the exciton bandwidth.

It is possible to make elastic scattering corrections to algorithm (27) in
the case of an Einstein phonon spectrum and a purely site-diagonal exciton-
phonon coupling. If we calculate the energy of the polaron state at the value
E = nwy, we should account in equations (16) the matrix elements F" only.
In this case equations (16) are rewritten as

ag,% = 5mp + ag,%gooF(l)

a?;p—l — agnon(n—l) (n)1/2900 4 a?;p_zp(n—l) (’fl _ 1)1/2900
= 5l E o D 1 b P

ml —

S#p
aZit =l F 00D (nd, + )Y g0 + aZ F O (nd + 1) 2g0o

ml

(32)

Here P + I, = (p,...,p,1,...,1). Tt is easily seen that in equations (32)
—— ——
n k

a’ M = 0 and o Pr. = 0 when m # p. Equations (32) with a”"“’“,p # lin the

ml
left-hand side form a three-diagonal set of equations for aj; Pl completely

analogical with equations (26). Therefore, resolving this system we obtain

ai)n+l 1
plﬁ = Vinel —— - (33)
a’ oo

pl
Let us now introduce a matrix with the elements
apn

L (34)

Pn
Qpp

We will also use values (25). Using then equations (32) and (33) we ob-
tain that the coherent potential v,; with the elastic scattering correction is
defined by the following equations

Vel (Z) = t(l).gOOa

(n—1) _ . oo
L |

oy,
F1(2) nt oo
lpy = tpsF ( Vinet (2)—

n n ]. n
—F (2)0ina (2) + 10V EY (2) (0 + Dgoo + 57 Fy” (2)g0o.
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$n+1) — Yoo

1 n
Forn) ~ (21 g0

(35)

From equations (35) for ¢, when p # [ we can find the Fourier transform
t(k) of t, through ¢ and #"*Y) only. Then inserting the obtained #(k)
in equations (35) with ¢,, in a left-hand side we get the equation which
contains ¢t and ¢"*) only from which we can represent ¢ through ¢"+%

4 — Yoo

1 .
1

AT ine - 1 t(n+1)
(NZZ_Ek—nwo—’Umel(z)> + v l(z) (n+ ) Joo

(36)

Equations (35) where ™ is calculated by formula (36) represent the
recurrent algorithm for the determination of v,,;.

It is seen from the above mathematics that the changes in the model

Hamiltonian (1) which do not involve exciton-phonon coupling terms, — for

instance, including the exciton-exciton (electron-electron) interaction, lead

only to the respective change of Ff;;l’j" in equations (16).

4. Conclusions

The NDCPA seems to be a very reasonable way to treat the properties
of both electrons and excitons interacting with phonons with a dispersion.
In fact, the NDCPA can be applied to a system of the Hamiltonian with
electron(exciton)-phonon coupling terms of an arbitrary structure. The ND-
CPA resulted in an algorithm which can be effectively treated numerically
(for example, iteratively). The application of the NDCPA is not restricted
to a case of zero temperature and may be spread out to the systems with
other distributions (thermal or nonequilibrium) of phonon populations. For
such systems the averages in equation (7) should be performed over respec-
tive distributions. The algorithm is greatly simplified in the antiadiabatic
limit and at the polaron energies when the elastic exciton-phonon scattering
are irrelevant. In this case, if the electron(exciton)-phonon coupling term
is linear, the NDCPA algorithm is reduced to a three-diagonal linear set of
equations and, therefore, the coherent potential can be obtained analyti-
cally. Tt should be noted that for electron(exciton)-phonon terms, including
the phonon operator of nth order the coherent potential is represented by a
2n + 1-diagonal linear set of equations and can easily be found numerically
up to the high order of electron(exciton)-phonons scattering. It is also pos-
sible to obtain the n—phonon short-range scattering correction when the
role of these scattering is not negligible in the formation of a polaron band.
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ITIOJIAPOH Y HABJIN>KEHHI HEJIOKAJIBHOTO
OIVMHAMIUHOI'O KOTEPEHTHOT O ITOTEHIIAJIY

C.B.I3BekoB

C¢popMynnL0BaHO HAOANIKEHHS HEJOKAJLHOTO AMHAMIUHOTO KO-
repertroro noreruianxy (HHIOKII), sxe nae 3mory oGuucauru on-
HOEJNEKTPOHHY ¢yHKHio ['pina nonapona y BUNANKy €l1eKTpoHa(ex-
CUATOHA), AKWUIl B3a€MOIi€ 3 AUCHEpPCIfiHUMU OHOHAMU. 3ANPOMO-
HOBaHe HAOJIMIKEHHS € PO3IMNPEHHSM HAaOJMKEHHS OINHAMIYHOTO
xorepenTnoro nmorenmiaxy. HHIKII e epextuBauM 3acobom miis
obuncienHsa HabamxKeHoi ¢yuxuil I'pina mas esekTpoH(eKCUTOH)-
(OHOHHOI CCTEMU y BUIIAAKY CUILHOTO 3B’A3KY Ta ONTUYHOTO (O-
HOHHOTO CIEKTPY. YJyeHu B MOOEALHOMY TaMiJLTOHiaHi, AKi omu-
CYIOTL €JE€KTPOH(EKCUTOH)-(OHOHHY B3a€MOMIi0, MOXKYThL OyTH H0-
BIJILHOI'O CTENEHs BITHOCHO (POHOHHUX ONEPATOPIB HAPOIKEHHA Ta
suumentsa. OTPUMAHO CUCTEMY PEKYPPEHTHUX PIiBHAHDL Y BUIAIKY
CUCTEMU TIPU HYJLOBi#l TeMmepaTypi, 3 AKOi MOXKHA 3HAUTU KOre-
PEHTHUI TOTeHIia Ak ¢yHKIo edeprii £. OTpuMaHo IpoCTuit a-
TOPUTM IJIs1 PO3PAXYHKY MOJISIPOHHOTO CIEKTPY Y BUMAAKY JiHINHOI
€JeKTPOH (EKCUTOH)-(OHOHHOI B3aeMOofii Ta B aHTUaniabaTUuIHOMY
HaOMKEHH].



