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Using the Feynman-Pines diagram technique, the energy spectrum of localized quasi-particles interacting with
polarization phonons is calculated and analyzed in the wide range of energies at the finite temperature of
the system. It is established that the general model of the system, besides the bound states known from the
simplified model with an additional condition for the operator of quasi-particles number, contains the new
bound states even for the systems with weak coupling. The contribution of multi-phonon processes into the
formation of renormalized spectrum of the system is analyzed. The reasons of the appearance, behaviour and
disappearance of separate pairs of bound states depending on the coupling constant and temperature are
revealed.
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1. Introduction

The theory of the renormalized energy spectrum of a system of quasi-particles interacting with pho-
nons in a wide range of energies (containing bound states) and coupling constants has been attracting
a permanent attention [1} 2]. The increased interest to the theory of quasi-particles interacting with the
quantized fields (photons, phonons) is caused by the practical and fundamental prospects of their utiliza-
tion.

As an example of practical use we should mention the important role of phonon- and photon assisted
tunneling of electrons through the multi-layer resonant tunneling nanostructures (RTS), where, due to
the interaction with the fields, the new states between which the quantum transitions occur are observed
causing the appearance of new transmitting canals of the system [3]/4]. These phenomena essentially ef-
fect the functioning of nanodevices (quantum cascade lasers and detectors), the main operating elements
of which are the multi-layer RTS [5H7].

Studying the high-temperature superconductivity, mezo-physical phenomena, low-dimensional nano-
systems one should solve the problems where the perturbation or variational methods cannot be used
because the multi-phonon or multi-photon processes of quasi-particles scattering play an essential or
even the main role. Therefore, one should propose the new mathematical approaches or use the methods
of quantum field theory in order to overcome the known problems of partial summing of the infinite
ranges of Feynman diagrams. For example, within the new diagrammatic Monte Carlo method [8H10],
the important problems of high-temperature superconductivity [11] have been solved, and the excited
states of structure and structureless Frohlich polaron [1} 2] have been studied exactly and consistently.
Recently in [12H15], a new powerful approach for the investigation of different quasi-particles interact-
ing with phonons in homogeneous and inhomogeneous systems has been developed. It is based on the
non-perturbative method of momentum average approximation. Using it, in the paper [15], all types of
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disorder for various types of electron-phonon interaction were studied in detail. Here, it was shown that
the obtained results well correlate with that obtained within the diagrammatic Monte Carlo method.
Moreover, in [16], the modified method of Feynman-Pines diagram technique has been used for the de-
velopment of a physically correct theory of renormalized spectrum of the ground and first excited state
of Frohlich polaron in the regime of weak coupling at T = 0 K taking into account the multi-phonon
processes.

A complicated mathematical approach of quantum field theory does not always give an opportunity
to study the spectra of quasi-particles renormalized due to the interaction with phonons in the framework
of the general realistic models without the use of uncontrolled approximations. For several systems, this
problem is studied using some additional mathematical conditions, which have a proper physical inter-
pretation simplifying the starting model after which the problem is solved exactly.

The above mentioned situation is well known in the theory [17} [18] of quasi-particles with narrow
energy bands (or localized ones) interacting with polarization phonons, where the renormalized spec-
trum of the system is obtained using an additional condition for the operator of a complete number of
quasi-particles, which is equal to the square of this operator. Physically, this condition is explained the
one at which the quasi-particle either exists in a certain state or not, without considering the interaction
with phonons. In this simplified model, the unitary transformation with further analytical calculation
of Fourier image of quasi-particles Green’s function allowed us to obtain the exact energy spectrum [17]
of all bound states of the system. It was shown that the renormalized spectrum, besides the ground level
shifted into low-frequency range, contains a set of equidistant levels (the distance is of one phonon energy
order) both in low- and high-frequency range independently of temperature.

In this paper, we obtain a renormalized spectrum of localized quasi-particles interacting with polar-
ization phonons using the general model (without the above mentioned additional condition) for sys-
tems with weak coupling at a finite temperature. This problem is solved within the modified method of
Feynman-Pines diagram technique. It is shown that compared to the simplified model, the general model
provides a richer energy spectrum containing new bound states with complicated behaviour depending
both on the temperature and coupling constant.

2. Hamiltonian of the system. Theory of renormalized energy spectrum
in two models

We consider the localized dispersionless quasi-particles (excitons, impurities and so on) interacting
with dispersionless polarization phonons described by Fréhlich Hamiltonian

~ o~ 1 ~ o~
H= EZ&%&E+QZ(IQ;;ZJ;,+ E) +Z(p(q)ﬁ£+ﬁﬁ7c(b-q' +bjﬁ), (6))
k q kg

where E and Q are the energies of quasi-particles and phonons, respectively. In the range of their typical
magnitudes for the bulk crystals and nano-systems (E = 100 + 1000 meV, Q = 20 + 100 meV), these values
can be arbitrary. The analytical form of the binding function ¢(q) is not essential because the energy of
quasi-particle-phonons interaction, as would be seen further, is consistently characterized by a coupling
constant a, independent of g, which can be also arbitrary in natural range since the problem becomes
zero-dimensional. The quasi-particle operators of the second quantization (ay, ﬁ%) and (E;,, E:.;) satisfy the
Bose commutative relationships.

We study the problem of a renormalized spectrum of the system of quasi-particles interacting with
phonons at arbitrary temperature (7) using the Hamiltonian (1) within two models.

a) The model of the system where the condition

n*=n=) aa @)
k
is fulfilled [17]. It means that the eigenvalue of these operators can be either 0 or 1 and is assumed in [17]

to be the condition of existence (1) or absence (0) of “pure” quasi-particle state (without interaction with
phonons).
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b) The general model of the system where the number of quasi-particle states is not confined by any
conditions.

It is well known, [17H19], that the renormalized energy spectrum of the system is obtained from the
Fourier image of the quasi-particle Green’s function G(k,w"), in general case, through the Dyson equation

- - -1
Gk,ow)=|w'-E-Mk,o"| , (=1, 0 =w+in), (3)

related with the mass operator (MO) M (k, "), which is calculated according to the rules of Feynman-Pines
diagram technique [17,[18] when the concentration of quasi-particles is small.

In the model (a) the Hamiltonian is diagonalized exactly, using the known, [17], unitary trans-
formation, and the poles of G(%,w’ ) function are obtained, in its turn, defining the exact renormalized
energy spectrum of the system

2

En:E—Zl“”(g)| +nQ,  (n=0,£1,42,...). @
q

Formula (@) proves that the spectrum of the system is stationary (without a decay), equidistant and

independent of temperature. It contains a renormalized by interaction ground state with the energy

Ey=E-%; lp(g)1?/Q shifted into the long-wave region with respect to E and bound high-energy (E,;>1)

and low-energy (E;<-1) states of the system.

The exact unitary transformation, that makes the Hamiltonian (1) diagonal, cannot be performed for
the model (b), where the condition is not fulfilled. Thus, one should use the Feynman-Pines diagram
technique [17,/18] in order to calculate G(E, w"). All energetic multipliers in MO are independent of quasi-
momentum because the energies (E, Q) are dispersionless, as far as they are carried out from all sums
over g. Consequently, in all MO terms, one can see the same value 25 lp(g)1?/Q, essentially simplifying
the diagram technique [18]]. Within the convenient dimensionless variables and values

_w-E o le@P M B
(== a—% oz Mmeg €796 Q)

the Dyson equation (3) is of the form
g =-m®1 . (6)

Here, since the problem has become “zero-dimensional”, MO IT1({) is defined by the infinite sum of
“dumb” diagrams (without arrows at the dashed phonon lines and without numeric indices at the solid
quasi-particles ones)
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with the known rules of their construction, from the diagram technique [18].

In order to write a consistent analytic expression with respect to MO (7), for each diagram of n-th
order over the number of dashed lines, one should put in correspondence the sum of 2" equal “dumb”
diagrams with all possible directions of the arrows. Under the solid lines of these diagrams one should
put the numbers, which are the sums of the numbers of dashed lines in the right-hand side (with sign “—”)
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and in the left-hand side (with sign “+”), placed above the respective solid line. For example, the system
of four diagrams with indices

/’—:;«::\\\ /’—:;«-\»:\\\ /”’/-;«—\t\\\ ’/‘ ;—._\t~\\ ’/4’_)’\_3\\
’ ’ \ \ G ’ \ \ sz \ \ / ’ \ \ ’ // NN
F N S D W N v _|_" N N Ve Y
-1 2 -1 -1 0 +1 +1 0 -1 +1 2+l 8

corresponds to the “dumb” diagram of the second order. The rules of conformity between diagrams and
analytical expressions are simple:

where v = (e¥*T —1)~! is an average phonon occupation number.

Thus, the analytical expression for the arbitrary diagram with indices is written as a product of con-
tributions of all its lines and tops. For example, the analytical expression

,——_>_‘~~\
LT ——e—— T~
-, PR RN S
B —q~ AN \\ 4 2 2
/ 7 - S< ~
, s N ARY
Iy N L )y o (d+v)y

-0 -1 0 10 -1 g E+E

(10)

corresponds to the index diagram of the third order. The analysis of the structure of the complete MO
proves that it can be written in an analytical form

me) =1, 6) + ) [IMy;(&) + My ()] an
=1

with separated terms which describe the processes of quasi-particle scattering at phonons in the unmixed
[I11,(¢) = 1M (§) + mf (&)] and all possible mixed (the terms in Z—q~) sequences. Herein, the term IT1; ({)
describes the interaction between quasi-particle and phonons in all unmixed processes, accompanied
at first by the creation and then by the annihilation of phonons, while the term I71] ({) — vice versa.
The sum of the rest of the terms in MO describes the mixed processes of the phonon creation and
annihilation in all possible sequences.

Therefore, MO IT1] ({), according to the Feynman-Pines diagram technique, is an infinite sum of di-
agrams in all orders over the powers of a@ with the arrows directed only to the right ( —»—— = 14+v).
Therein, the diagrams with the crossing dashed lines give the same contribution as their equivalent dia-
grams without these crossing lines. Thus, IT1; ({) has a rather simple diagram representation
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According to the rules of Feynman-Pines diagram technique, it brings us to the exact representation
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of this MO in two equal but analytically different forms

i a(l+v) 2 [ad+w))" |7}
m — — _ea(l+v){ —} 13
1) fo1- 2a(1+v) d n;,n!(§+a—n) 43
na(l+v)
§-2-
E—n-—...
The same calculation of IT1} (with all lines -~ ~——-=v) yields two equal expressions
av © (av)™ -1
mj ¢ = =&—e® _ 14
1(6) 1o 2av e nZ::on!(f+a+n) a®
nav
(42— - —
E+n—...

We should note that the representation of mf (&) in the form of a chain fraction converges to the exact
value at all ¢ and « faster than that in the form of the sum over n. We should also note that as it is shown in
[20] and proven by formulae (II)-(@4) at T = 0 K when v = 0 MO IT1({, v = 0) = IT; (¢, v = 0) has the exact
representation in the form of a continuous chain fraction, the n-th and (n+1)-th links of which are related
by the expression I11,(§) = a(n+ D[ —(n+1) -1, (E)]‘l. It is interesting that the qualitatively similar
continuous fractions appeared in the other non-perturbative theories for quasi-particles interacting with
phonons, in particular, in the momentum average approximation for inhomogeneous systems, [15].
The terms of MO (T1), which describe the mixed sequences of scattering processes

My () = My, () + M E), My (@) =My, () + 1My, ©), (15)

have the following analytical form:

00 2n
m§Z(€)=[a2v(1+v)]’Za2”{ 1:” } i@, U=12,..), (16)
n=0

v D FEVR - 1+v | &
T _ 20+1 2 (+DF —
m;, =« { L+v } { v } nzoa "{ . } 2(%1:1/2)(5), (I=12,..). A7

Here, the functions f(¢) are consistently defined by the diagrams with differently directed phonon
lines of the order 2/ and 2[+1, respectively. Thus, for example, the mixed diagrams of the second order
(I=1), define MO mf (&) and the respective functions f22(+) )

NN PSS
N N o 20 (1+v)v
My Q) =égi—p—ee == va+v) 7 = e
E-DE+D) 18)
Lt et
- SRS 1/, 1// NN 20(2(1 + V)V
2)+ 4 2 2)+
m;](§)=1+1‘ ) \+1\+*+1‘ ] \_l‘:a v(l+v) [, =

E+DE-1 7 (19)

Each MO of the third order [l’nf)i (&)] contains 30 diagrams with three differently directed phonon lines.
Thus, to avoid cumbersomeness, we present the final analytical expressions

2
m?”(f)zas{ L H by } ), (20)
where
®F () = 4 2 L1 ]+ 2 1,2 2 1)
3 EFD2E+D [EFDEF2) (E+D?2] EFD3€F2 €D~

The exact analytical expressions for the functions f({) of the higher order are clearly determined by
diagram technique, although the number of diagrams rapidly increases for the bigger order.
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In general case, when there is no decay, the renormalized energy spectrum of the system of quasi-
particles interacting with phonons is obtained from the solutions of dispersional equation

¢—IM() =0. (22)

In order to study the properties of such systems in the model (a) with the condition (7% = 7) and in
general model (b), we are going to use I11, () and IT1,(£) MO, respectively. Herein, for the model (a), we
use the known [17] analytical expression for the Green’s function and Dyson equation in dimensionless
variables and obtain the analytical expression for IT1,(¢)

-1
m, ) =¢&—e®+ 3 a™P(1+v)"WP (23)
' wpeo Pl C+a—n+p+in |

which is correct at arbitrary values of a and v.
In the general model (b) we use the MO

M) =My O+ My @), Mp©=mPE+m ), 24)

where IT1; () is the just defined MO which describes the unmixed sequences of the scattering processes
which is correct for the arbitrary values a, v and ¢ as well as IT1, (§) which describes the mixed sequences
of the scattering processes of the second and third order. This is sufficient for the majority of bulk crystals
and nano-structures where the magnitude of the electron-phonon interaction energy is not bigger than
the phonon energy and the temperature is in the range of the room one, so that a,v < 1.

Besides the renormalized energy spectrum of the system in both models, we are going to analyze the
so-called phonon “coats” of quasi-particles, namely the average number of phonons (N, ;) surrounding
the quasi-particles in the respective states depending on the values a and v. It is known [21] that the
average numbers of phonons (IN,;) surrounding the quasi-particles in the states with the energies &,
obtained from the dispersional equation in general case are defined as

Ny = [am(g) 25)

08 le=e,

As far as the spectrum of renormalized energies Ej, is exactly fixed by formula (2) in the model (a), N,
is also calculated analytically exactly

a (149 )"
Nagnsop = 1—e @) —— { } , (n=0,£1,%2,..). (26)
[n|! v
In the model (b), the complete MO contains the term I11; (¢), which in analytical form describes all un-
mixed scattering processes independently of the values & and v and of the rest of terms, which describe
the mixed scattering processes, where besides the MOs defined in the second and third order, the higher
orders demand the accounting of the bigger number of diagrams. Thus, in the model (b), we are going to
analyze NV, for the system with weak coupling (a < 1)

0 [IT (&) + My ()] _ 1}1 @7
§=Cbn

9

where ¢}, are the solutions of dispersional equation with MO (24).
As far as both MOs I11; (¢) and IT1,(¢) are right at arbitrary « and v, in order to compare with N,, we
are going to study the properties of N; ({>¢) numbers, which can be analytically written as
-1

Ny (Epn) ={

ea(1+v) Ozo: la(+w)]P av (av)P
p=0 p![€n+a(1+V)—l9]2 p=0 P!(fn+0W+P)2

©  [a(l+v)]P ?
2 ]

S pllén+al+v)—p

Ni(Sn0) =1+ |1~ ) (28)

> (av)?

p=0 p'(én +av+ P)

where &, are the solutions of the equation with MO I11; (é).
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The developed theory gives the opportunity to calculate, reveal and analyze the common and differ-
ent features of the renormalized spectra of the systems of quasi-particles interacting with polarization
phonons in both models.

3. Analysis of the formation of the renormalized spectra of the system
of localized quasi-particles interacting with polarization phonons

The temperature evolution and the reasons of differences between renormalized spectra of the sys-
tem of localized quasi-particles interacting with polarization phonons in two models are advisable to be
studied comparing the respective mass operators as functions of dimensionless energy ¢ varying in the
range —3 < ¢ < 3 at different a and v.

The typical dependences of MO IT1,, model (a), and MO terms I11; of unmixed processes, model (b),
are shown in figure [1] as functions of ¢. Both of them are defined by the exact analytical expressions
which are correct at arbitrary a and v. Figure[I] proves that both functions are qualitatively similar and
at T = 0 Kwhen v = 0, are even completely equal [17, [18] [20]. However, at T # 0 K when v # 0, their
behavior is different in actual regions of energy ¢ where the solutions of dispersion equations [¢(a,b)]
define the energy spectra. When v = 0, from (1), (I5)-(T7) it is clear that MO Iy, = 0, thus I1,(¢) |y=¢ =
My, (&) |y=¢ = IT; (&) |y=0, since the renormalized energy spectra in both models are the same (¢, = —a+n,
n=0,1,2,...) and equidistant. They are formed by the interaction between quasi-particles and virtual
polarization phonons in the processes of their gradual creation with further gradual annihilation.

From figure [1]it is clear that at the increasing temperature (v), model (b), in the approximated MO
m, (&) where only unmixed sequences of scattering processes are taken into account, all modes of IT1, (£),
which form the bound states of quasi-particles with one, two and more phonons with the energies
(€+1,¢42,...), shift into the low-energy region while the mode which forms the ground renormalized
state (¢p) and all states without one, two and more phonons ({_1,¢{_»,...) in the vicinity of the energies
of these states — vice versa. Consequently, as it is clear from figure [1|(b) and table [1} the renormalized
spectrum of the system becomes not equidistant if the temperature increases. In this approximation, in
the model (b), the same states as in the model (a) are observed. However, the properties of temperature
dependence of the spectra and, as it is revealed, the properties of average phonon numbers (V) in phonon
“coats” of quasi-particles are different.

Table 1. The values of energies ¢, at v=0, 0.2, 0.4 and a=0.4.

) $-1 o $41 $42
- — -0.4 0.6 1.6
0.2 -192 | -0.95 | —0.38 | 0.537 | 1.522
0.4 —-1.84 | —0.92 | —0.36 | 0.480 | 1.446

The average number of phonons in phonon “coats” for different states of quasi-particles with the
energies ¢, are presented in figure [2| as functions of the coupling constant a at v=0, 0.3. If v=0, these
numbers (V) are the same in both models and are obtained exactly analytically

Nany@) = Np(Ep,a) = Ny (&) = 1 —e‘“%, (n=0,1,2,..). 29)

They have an interesting property: in each n-th state of the system, these numbers as functions of a
have one minimum at a = n, where, figure [2| (c), their magnitudes (marked by stars) are equal to the
magnitudes of the numbers of the neighbour (n + 1) state

n

NEma=n)=Np@Eni,a=mn=1- %e*”, (n=1,23,...). 30)
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Figure 1. MO IT1, (a) and I11; (b) as functions of & 04+
and of the values of energies ¢;; at v=0 (—), 0.2 (- --),
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Figure 2. The average number of phonons N, (a)
and Np (b) as functions of the coupling constant «
atv=0.3and N3 = N, =Ny atv=0(0).

The average phonon numbers in each n-th state of quasi-particle asymptotically increase till one in the
region a = 1. From figure[2](c) it is clear that at a < 1 the number of phonons in the “coat” decreases only
for the renormalized ground state of quasi-particle when a becomes smaller.
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At non-zero temperatures (v # 0), besides the high-frequency states with the energies ¢,>1, one can
observe the low-frequency ones with the energies ¢,<—1 in both models. Now, the average phonon num-
bers (IV,, N1) as functions of a are essentially different in two models. These numbers were calculated
using formulae (26)-(28), and the results are shown in figures[2](a), (b), respectively. From figure 2] (a) it
is clear that in the model (a) the numbers N, in quasi-particles phonon “coat” depend on «a in the similar
way as it was for v=0, but the positions of their minima are now fixed by the relationship

_nl
1+2v’

(n=+1,+2,..), (31)

Apn
and the magnitudes min N, (+n) are fixed by the expression

|n|ln\ 1
[n|! (1+2v)H

1+v

minN,(n)=1-5"" v

|nl
) , (n=+1,%£2,...). (32)

Thus, when the temperature increases, the magnitude ax( also decreases. Herein, min N,<_; de-
creases as well, while min N,,>; increases. In all low-frequency states at all a, figure [2| (a), N,<—1 are
nearly low maximal (N,<—1 = 1) but N,,>¢ weakly shift to the direction of smaller a with respect to their
analogues at v=0.

The average numbers of phonons in the “coats” of quasi-particles are presented in figure [2| (b) as
functions of a for several states of the system in the model (b). This figure proves that in the region a = 1
the numbers N; (n = 0,+2,+4,...) oscillate in antiphase with the numbers N; (n = £1,+3,...). These
oscillations are quasi-periodical and, according to the calculations, their period and amplitude decrease
when v increases. Comparing figure [2|(a) with figure|2|(b), one can see that in the approximation where
in the complete MO only all unmixed processes [I11; ()] are accounted at a = 1, the average numbers
of phonons in quasi-particles “coats” [N (n)] in model (b) correlate well with their analogues [N, (n)] in
model (a).

Taking into account the analysis of the properties of the spectra and average numbers of phonons in
the “coats” of localized quasi-particles interacting with polarization phonons we can conclude that the
results of the exact model (a) according to their main features are the same as the results of model (b) in
which all unmixed scattering processes are considered.

Now we are going to study the properties of the spectra and average phonon numbers in the states
of the system of localized quasi-particles interacting with phonons in model (b), where in the complete
MO INy, (&), besides the unmixed processes described by MO I11; (¢), the mixed scattering processes of the
second and third orders over the coupling constant are considered.

The dependences of MO My, (¢) at different a and v are presented in figure[3] which shows the forma-
tion and behaviour of the energy spectrum of the system in general model (b). Figures[3](a)-(f) prove that
besides the states revealed in the model (a) and in the model (b) without taking into account the mixed
processes (the modified or even the disappeared “old” states), one can see completely “new” states, their
energies being also obtained from the solution of dispersional equation (22). Of course, the separation of
the states at “old” and at “new” bound states of the system is fully conditional, because all states equally
belong to the system. However, such separation makes it possible to better reveal the reasons of a differ-
ent behaviour of these states. In figure[3|one can identify the origin of all states of the system fixed by the
solutions of equation (22).

The analysis of the terms mf (&) and I (¢) of the complete MO at v # 0 shows, ﬁgure that renor-
malized energy spectrum of the system, as a set of solutions of dispersional equation, is mainly formed
by those of them that contain the poles in the respective region of energies ¢. The analytical form of MO
proves that both its terms I11; (¢) and I, (&) are essential only in the vicinity of ¢ ~ ¢, while in
high-frequency region, the prevailing contribution into the formation of the spectrum is performed by
the terms IT1; (¢) and IT1 (¢) and in low-frequency region — m(;’ (&) and mff{ ) (&), respectively. In the
structures of MO IT1; and ITl, there prevail the terms proportional to (1+v), describing the processes
accompanied by creation of phonons, which are exactly the ones that form the high-frequency bound
states of the system. In the structures of MO m‘;) (¢) and IT1; (¢) there prevail the terms proportional
to v, describing the processes accompanied by annihilation of phonons, which are exactly the ones that
form the low-frequency bound states of the system.
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Figure 3. MO IT, (¢) (—) and its terms 111 (---), ITy (---) as functions of ¢ at @ = 0.2 (a,b,c), @ =0.5 (d,e,f).
The values of energies are presented in the insert.

Figure[3|also shows that in the regions of energies ¢, where in the vicinity of the solutions of disper-
sional equation, the condition |I11; (¢)| > [T, (€)] is fulfilled, the “o0ld” states are formed and at the condi-
tion [IMy, (&)| > |IT; (§)| — the “new” states appear. From the physical considerations and according to the
previous analysis one can conclude that the “old” states with renormalized energies ¢, =0,+1,+2,... are
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mainly formed by unmixed scattering processes and the “new” ones with renormalized energies ¢ Erli, ¢ (f%

are formed by the mixed processes [figure [3|(f)]. When the solutions of dispersional equation 1Ty, (&) = ¢
exist and the condition IT; (§) = ITh, (§) = ¢/2 is fulfilled, there appear “new” degenerated states of the
system with renormalized energies ¢, and with equal contributions of mixed and unmixed scattering
processes.

Moreover, from figure[3Jone can clearly see the properties of renormalized energies of quasi-particles
interacting with polarizational phonons (in the range —3 < ¢ < 3 ) depending on the coupling constant
(0 < a < 0.5) and temperatures being in the vicinity of room ones (0 < v < 0.1). The energy of the
ground state of the system ¢y = —a is shifted into the low-frequency region. Together with the ener-
gies ({4+1,¢42,&43) of “old” high-frequency bound states it forms a quasi-equidistant spectrum with the
difference between the energies being of one phonon order which weakly depends on the values a and
v. Up to three “new” bound states can appear in the high-frequency region. One of them has the energy
fﬁrli (RS E(g < E(f%) and the other two with the energies 59% and 59% (42 < 69%; f(f% < ¢43). Depending
on the relationships between the values a and v, all high-frequency states can exist, degenerate and dis-
appear. Figure[3|proves that at the fixed a, the existing high-frequency states vary in such a way that the

differences between the energies of neighboring “new” and “old” states (¢ (JR =&por (€ (Jg —¢&,») decrease

when the temperature (v) increases. At certain temperature, T(V), the difference between the energies of
one-phonon states ¢ (Jrli = ¢, disappears since they degenerate into one state, which further disappears at
a higher temperature. When temperature still increases, the pair of neighboring states with the energies
& (+1% and ¢, show a similar behaviour.

Comparing figure[3|(a) and[3|(b) one can see that the degeneration of the respective pairs of the energy
levels with a further disappearance of the respective states is observed at a stronger interaction between
quasi-particles and phonons (@) and at higher temperature (v). This clear from physical considerations
because the stronger is quasi-particles-phonons coupling, the harder it is to break it, thus, the temperature
should increase.

Contrary to the high-frequency bound states, the low-frequency ones with the energies ¢ W, &Y
¢ (_2% < o exist only at T # 0 K. Their temperature dependence differs as well, ﬁgure One can see that

in the vicinity of the energy ¢ ~ 1, only one “new” state with the energy ¢ 9; is formed while the “old”
one with the energy ¢_; is absent because the contribution of unmixed scattering processes into MO

1,0 = :
Tl @ ¢ M (1) @
N(a). L €,,6,58,,6,58,,8, | e
0,8l Toee ‘
L@ () M ) L@
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Figure 4. Average phonon numbers (V) in phonon “coats” of quasi-particles as functions of the coupling
constant a in several bound states at different temperatures (v).
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prevails. In the vicinity ¢ ~ 2, three bound states are observed: one “old” ({_») and two “new” (¢ (_”, ¢ (_2%),
presented at the upper insert in figure[3] This figure and the tables prove that the low-frequency spectrum
of energies weakly changes at increasing temperature independently of a.

The revealed differences in the behaviour of energy spectra of bound states of the system of quasi-
particles interacting with phonons in two models are also seen in the dependences of average phonon
numbers (N) in the phonon “coats” on @ and v. Figure [4] shows that at the regime of weak coupling
(0 < a < 0.5) at the fixed a, the increasing temperature (v) strongly decreases the number N only for
the high-frequency state with the energy ¢.;. This fact correlates with the obtained temperature depen-
dences of neighbouring energy levels ¢ and & (Jrli , starting from their co-existence till degeneration and
disappearance. The average number of phonons in the ground state {, weakly decreases at an increasing
temperature while in all other states, the numbers N almost do not depend on v. Herein, in the vicinity
of very small a, they sharply increase when the interaction increases.

4. Main results and conclusions

Using the method of Feynman-Pines diagram technique, we developed the theory of renormalized
spectra of localized quasi-particles interacting with polarization phonons at finite temperatures in a wide
range of energies containing the energies of the bound states of the system. The properties of renormal-
ized spectrum of the system are analyzed and compared in two models: in the known model [17] in which
the problem is solved exactly when the additional condition fulfills (7> = 71 , where 7 is the operator of
quasi-particles number) and in the general model with the regime of a weak coupling between quasi-
particles and phonons.

It is established that, contrary to the model with an additional condition, where there always exist
bound stationary states of the system with equidistant energy spectrum independent of temperature, in
the general model, the renormalized spectrum is found to be much richer and more complicated. This
is caused by different formation of bound states in mixed and in unmixed sequences of the processes of
quasi-particle scattering while interacting with phonons.

Itis shown that in the general model, the unmixed processes of quasi-particle scattering, accompanied
by the creation of phonons, form a group of bound states with quasi-equidistant spectrum while the
mixed processes form a group of states with non-equidistant spectrum in high-frequency region. The
states located near the ground state are mainly formed by the mixed processes of quasi-particle scattering
with annihilation of phonons causing a non-equidistant spectrum in the low-energy region.

It is revealed that in the systems with weak coupling, if the temperature increases to the room one, the
location of the energy levels weakly changes while in high-frequency region they gradually degenerate
in pairs and then disappear.

Finally, we should note that the use of the computer method of construction and calculation of the
higher order diagrams, which describe the mixed sequences of the scattering processes of quasi-particles
interacting with phonons, would essentially broaden the range of energies containing the bound states of
the system and outrun the frames of the weak coupling. Besides, the further development of Feynman-
Pines diagram technique would help to solve the well-known urgent problems regarding the existence
and properties of the excited states of electron-phonon systems (in particular, polaron) at arbitrary tem-
peratures.
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BnacTtuBocCTi i TeMmnepaTypHa eBONIOLIfA CNEKTPY cMCTEMU
NI0KaNi30BaHMX KBa3ivYaCTUHOK B3aEMOAiHOUMNX 3
nonspusauinHnmm ¢oHoHaMun y ABOX MOAENAX

M.B. Tkau, H0.0. CeTi, O.M. Boiiuexiecbka, O.HO. MnTrok

YepHiBeLbkuii HalioHanbHW yHiBepcuTeT im. FO. PeabKkoBUYa,
ByN. KoutobunHcbkoro, 2, 58012 YepHisuji, YkpaiHa

MeTogom giarpamHoi TexHiku ®eliHmaHa-MNaiiHca po3paxoBaHo i AOCNIAKEHO eHepreTUYHWA CNekTp S0Kani3o-
BaHVX KBa3iYacTMHOK, B3aEMOAIUYMX 3 NOAspM3aLiiHNMK GOHOHAMM Y LUIMPOKIl 06nacTi eHepriidi Npu CKiH-
YeHHil TemnepaTtypi cuctemu. MokasaHo, WO 3arajbHa MOAeNb CUCTEMMW KPiM 3B'A3aHWUX CTaHiB, BigoMux 3i
CrpOLLEHOI MOAeNi 3 HakNaZeHo A0AaTKOBOK YMOBOK Ha OMepaTop MOBHOrO Yncna KBasivyacTMHOK, HaBiTb
3i Cnabkmm 3B'A3KOM MICTUTb HOBI 3B'A3aHi CTaHW. BusiBneHa ponb 6aratodoHOHHMX npouecis y ¢popmyBaH-
Hi MepeHOpPMOBaHOro CNeKTPy cucTeMun. BcTaHOBNEHO NMPUYNHIM NOSABY, €BONOLLT Ta 3HUKHEHHS OKpeMuX nap
3B'A3aHMX CTaHIB Y 3aNeXHOCTI BiJ BENNYMHIN eHeprii 3B'A3Ky Ta TemnepaTypu.

KnrouoBi cnoBa: kBasivactvuHka, oHOH, QyHKUYisi [piHa, macoBuii onepaTop
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