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STABILIZING ROLE OF LATTICE
ANHARMONICITY IN THE BISOLITON DYNAMICS

We show that, in anharmonic one-dimensional lattices, the pairing of electrons or holes in
a localized bisoliton (called also bisolectron) state is possible due to a coupling between the
charges and the lattice deformation that can overcome the Coulomb repulsion. We show that
bisolitons are dynamically stable up to the sound velocities in lattices with cubic or quartic
anharmonicities, and have finite values of energy and momentum in the whole interval of
bisoliton wvelocities up to the sound wvelocity in the chain. We calculate the bisoliton binding
energy and the critical value of Coulomb repulsion at which the bisoliton becomes unstable and
decays into two independent electrosolitons. We estimate these energies for chain parameters
that are typical of biological macromolecules and some quasi-one-dimensional conducting sys-
tems and show that the Coulomb repulsion in such systems is relatively weak as compared with
the binding energy. Our analytical results are in a good agreement with the results of numerical
simulations in a broad interval of the parameter values.
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1. Introduction

The electron-phonon interaction leads to the lower-
ing of the energy of quasiparticles (electrons, holes,
excitons, etc.) [1-6]. Depending on the strength of
the coupling and the ratio between the Debye energy
of phonons and the resonant (exchange) energy in the
lattice, a quasiparticle is either in an almost free band
state or is trapped in a large polaron or small polaron
state [1-6]. For instance, at moderate values of cou-
pling, large polarons correspond to the lowest energy
of the system [6]. From the point of view of conduct-
ing properties, a large polaron is the most important
case, and there is a wide class of crystals, in which
large polarons exist. In one-dimensional molecular
crystals, such large polarons have been described by
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a system of nonlinear equations which admit solu-
tions in the form of the so-called Davydov’s solitons
[6-8]. It has been shown that, in a harmonic lattice,
the pairing of two electrons or holes with opposite
spins in a bisoliton state takes place [9-11]. Here,
we study how the lattice anharmonicity affects the
electron pairing in a one-dimensional lattice with ac-
count of the Coulomb repulsion. Below, we define the
Hamiltonian of the system, which consists of an an-
harmonic lattice and two extra electrons (or holes)
with opposite spins. We derive the corresponding
system of equations in the adiabatic approximation
for the bisolectron wave function and a lattice de-
formation. First, we neglect the Coulomb repulsion
between the electrons and find analytical solutions in
the form of traveling localized structures of the cor-
responding evolution equations for the case of cubic
and quartic anharmonic lattice potentials. Then, us-

563



L. Brizhik, A.P. Chetverikov, W. Ebeling et al.

ing these solutions, we take the Coulomb repulsion
between electrons into account and find conditions
for the bisoliton stability with respect to the decay
into two isolated solitons.

2. Model Hamiltonian
and Dynamic Equations

Let us consider two excess electrons in an infinitely
long one-dimensional lattice formed by unit cells of
mass M at equilibrium lattice spacing a. Such a sys-
tem can be described by the Frohlich Hamiltonian in
the form

H = Hel + Hlat + Hint + HCoul- (1)

Here, the electron Hamiltonian is written as
HCI = Z [EOBIL,SBWS - JBIL,S (Bn+1,s + Bn—l,s)}a

| @

where Ej is the on-site electron energy, J is the elec-
tron exchange interaction energy, and B;fw, and B,, s
are the creation and annihilation operators of an elec-
tron with spin s = 1,2 on the lattice site n.

The Hamiltonian of the lattice with one phonon

mode only has the form

A2

o =3 (B2 + 0 ()] ®)

where Bn is the operator of a displacement of the n-
th unit cell from its equilibrium position, p,, is the
operator of the canonically conjugated momentum,
and U is the operator of the potential energy of the
lattice, whose properties will be defined below.

The Hamiltonian of the electron-lattice interaction
in the case where the on-site electron energy depen-
dence on the longitudinal displacements of unit cells
(acoustical mode) dominates the intersite dependence
is given by the expression

Hiyy = X Z (Bn—‘—l - Bn—l) sz,an,m (4)
n,s=1,2

where y is the electron-lattice coupling constant.
The Coulomb repulsion between the electrons is
given by the Hubbard-type Hamiltonian

Z VntIL,an,sBjn,sBm,m (5

n,m,s=1,2

HCoul =

~~
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where V,,,,, is the corresponding matrix element of the
Coulomb interaction.
In the adiabatic approximation, we can set

(W (2)) = [Wer ()| Upn (1)) (6)

Here, the vector state of the lattice has the form of
the product of the operator of coherent displacements
of unit cells and the vacuum state of the lattice, |0)pn,

|Wpn(t)) = exp {_; Z {571 (t)Pn — Pn (t)Bn}} |0)p;
(7)

where 3, (t) and p, (t) are, respectively, the mean val-
ues of the displacements of unit cells from their equi-
librium positions and their canonically conjugated
momenta in state (6).

The electron state vector for two excess electrons
has the form

|\I/el(t)> = Z \Il(nlvn% 51, 82;t)BrTL1,s1BrTLz,sz|0>el'

ni,n2,81,52

In the absence of a magnetic field, we can repre-
sent the singlet electron function W(nq,ns,s1,s2;t)
for two electrons with antiparallel spins as the prod-
uct of the symmetric coordinate function ¥ (ny,ns,t)
and the antisymmetric spin function x(s1, s2). Using
such a state vector, we can calculate the Hamiltonian
functional H = (¥(¢)|H|¥(t)), corresponding to the
Hamiltonian operator (1).

We are interested in functions slowly varying in
space that correspond to solutions of the soliton class.
Therefore, we can use the continuum approximation
n — & = na. Minimizing the functional ‘H with re-
spect to electron and phonon variables and neglect-
ing the Coulomb repulsion, we derive the system of

equations

L0V h? (02T %W
—th——— =5+ =5 =

ot 2m \9x? = Ox3

_ o [9B(x,) 9B(x,1)
= xa ( or |, + = . v, (9)
BB _p0UPE | &6
ot? 3¢ 9p? Ox? 0x20t2

_a o2 0|02
= MX (/d.]?g axl Il_x—i-/dxl 8x2 e (10)
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Here, p(x,t) = —0p(x,t)/0x is the local deformation
of the lattice, and V. is the linear sound velocity in
the chain. On the left-hand side of the latter equa-
tion, we have included an extra term proportional
to the fourth derivative of the lattice displacement to
take a nonlinear dispersion of the lattice into account,
if any (see, e.g., comments in [12]).

The potential energy of the lattice U(p) has a min-
imum in the equilibrium lattice. We assume that it is
increasing with the electron-induced compression of
the lattice (p > 0) (see [12-14]):

oU(p), 0*U(p)

0.
dp 0 dp? ~

(11)

The two-electron wave function can be represented
as the symmetrized product of ’one-electron’ wave
functions. Introducing the running wave coordinate
¢ = (x —xo — Vt)/a, we can rewrite the system of
equations in the following form:

d*®; .
de2 +ap<1> =\®;, j=12, (12)
dF
7 D(9F + @3), (13)
where F' is the effective lattice potential
1 V2
F=U(p) - 2827 %= (14)

2 Ve

and the following dimensionless parameters are intro-
duced:
E; a a
>\j e o= X7a = X 2
J MVZ

(15)

with E; being the electron eigenenergy, and ®; be-

ing the envelope function of the corresponding ’one-

electron’ wave functions ¥; in the two-electron state.
We can rewrite Eq. (12) in the form

dd\*
(G2) =ne - o0, (16)
where the notation
3
Qi(6) = / p(2)d22(x), =12, (17)

is introduced. For localized solutions, the correspond-
ing functions attain some maximum values denoted as
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®, 0 and pg, respectively. In one-dimensional systems,
the deformational potential has at least one bound
state, which can be occupied by two electrons with
opposite spins. When the Coulomb repulsion is very
weak, the minimum energy state corresponds to the
case where the maxima of ’one-electron’ functions co-

incide [9-11] and
®1(§) = P2(8).

Therefore, we can omit index j in what follows.

In the general case, the maximum values of the
‘one-electron’ wave functions are shifted along the
lattice by some value [y due to the Coulomb repul-
sion, which will be considered in the corresponding
section below.

AL = Ao, (18)

From Eq. (16), we obtain the expression for the
electron eigenenergies:
Q(0)
A=o 57 (19)
From Eq. (13), we get the equation which deter-

mines the lattice deformation

dp dF/dp
where Fp)

o 14
G(p)=p aF/dp (21)
and
A= 0Glpo). (22)

Integrating Eq. (20), we get
1 d2F dp? 1

£(p) = (dp (23)

2\f dF/dp

G(po) — G

From the normalization condition for ’one-electron’
wave functions, we find the expression for their

maximum

1 (dF
Po=,/—= (—
’ \/2D (dp) P=po

To get the explicit solutions, we have to specify the
lattice potential. Below, we will consider two cases
of cubic and quartic anharmonic potentials. Respec-
tively, we assign subscript 'c’ or ’q’ to the functions:

12
Pl

G(po)- (24)

Ue(p) = SP Udp)=sp+ 7"

3
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Fig. 1. Maximum value of the lattice deformation as a func-

tion of the dynamically modulated inverse anharmonic stiffness

coefficient § in lattices with cubic (thin line) and quartic (thick

line) anharmonicities for g,=0.05 (a) and ¢,=0.2 (b)

Substituting these expressions into Eq. (14), we get

Fe(p) = %pz @p + 5c>, Fy(p) = %J? (p* +20,).

(26)
From Eq.(21), we find
4 36. 3p% + 26
GC:BL, qum’ (27)
6 p+ 0. 4 p?2+4,

where the dynamically modulated inverse anhar-
monic stiffness coefficients are introduced as

1— 2 1— 2
6c = i > 5q = i
o B
Substituting the explicit form of G into Eq. (23),
we can rewrite the expression in the form

(28)

Po(v)
1 / Kv(pvpo(u))d
P,
2o ) py/pow) — P
p(§)
where the kernel of the integral for both types of an-
harmonic potentials K, in view of the explicit form of
G, is very close to unity (see the numerical solution
in [15,16]). From Eq. (29) after the integration, we
find that the deformation of the lattice is given by
the soliton solutions of the B-KdV equation [6, 17—
23] and the Zakharov—Davydov system of nonlinear
equations [6, 8]:

pu(§) = PO(V)SeCh2(”V§)a

the width of which, &, is determined by the maximum
value of the deformation

o — [0 Po(c) \/4p0(c) (pO(c) + 250) /3 + 63
‘ 2 2p0(c) + dc ’
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&(p) ==+

v= C’ q’ (29)

(30)

(31)

1 | 9Po(a) (3p(2J(q) + 25q)

g = , (32)
b2 Poa) 204
which can be approximated by the expression
o 14
Ko %. (33)

In its turn, pg(,y is determined by the corresponding
equation

4 2
Po(e) <3Po(c) + 5c> = g20c(po(e)); (34)
3 2
Po(a) (503@ + 5q) = 9304(Po(a)): (35)
where g, is a constant determined below,
D20 D3¢
93 = az 92 = ?a (36)
and the following notations are introduced:
4po(e) (Poce) + 20¢) + 367
0. Po(e)) = ) 37
( o )) 6(p0(c) + 5c)2 ( )
3000y + T0qp3 ) + 202
eq(po(q)) _ (q) (9) q

. (38)
4 (pg(q) + 5q)2

The numerical solutions of Egs. (34) and (35) are
shown in Fig. 1 for two different values of the coupling
constant.

It follows from Fig. 1 that (i) the maximum lattice
deformation depends on the soliton velocity; (ii) the
soliton amplitude increases, and its width decreases,
as the velocity increases, and attain some finite values
at the sound velocity, V = V. (i.e., 6 = 0); (iii) the
soliton amplitude increases with the electron-lattice
coupling; (iv) the quartic anharmonicity is dominant
at small values of § (large velocities), while the cubic
anharmonicity is dominant at larger values of § (small
velocities).

From Egs. (13), we obtain

2D dp (39)

Using the explicit expression for F from Eq. (26), we
find the electron wave function

(&) =4/ p;g) Sech(k.§) x
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X \/1 — 82+ opo(C)Sech2 (k&) (40)
0,(6) = 1/ 2L Sech(r,) x
X \/1 —s24 ﬁpg(q)Sech4(mq§). (41)

Finally, we write down the energy and the momen-
tum of the system described by Hamiltonian (1)—(4)
in the bisolectron state (6)—(8):

ESI (V) =mV2 + E®)(V) + W(V), (42)

PO
2 P
P, = |2 My — | K —_— P
(bS)(V) |: m+ \/:0/ (papo) mdp V

4 2 32
~ |2 M/ — V.
Here, we reckon the energy from the electron energy
Eo, m = h?/(2Ja?) is the effective band mass of an

electron, E()(V) = —2AJ is the bisoliton energy,
and W is the energy of the lattice deformation:

(43)

0
W) =2MVE [ (F(o)+ %) de

— 00

(44)

or, in terms of the F' and G functions given by ex-
pressions (14), (21), respectively:

EM)(V) = —2DG(po) MV (45)

ac)

P
_ MV2 [ &F/dp* F(p) + 5%

W) = NG / dF/dp \/G(po) — G(p)

Using now the bisolectron solutions (30) and (40)
for the cubic anharmonicity, we obtain

dp. (46)

4pO(c) + 30¢

Egbs) V) = —DMVGQCp o, 47

( ) ot )3(p0(c) + 56) ( )
MV?2 3/2 (8 9

W.(V) ~ ac — o+ 1 . 48

( ) 3v%% Po(e) 1504/)0(‘) +1+s ( )

For solutions (30) and (41) in a quartic anharmonic
lattice, we have

1 3p8( y T 204
= =DMV poy—5 ——
2 (q) 8(q) + 4,
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EP)(V)

q

; (49)

MVZ 55 [1(, 1 2
Vao "o |3 \® T 3%0) T 35000 |
(50)

W, (V) ~8

Two important conclusions follow from the above
expressions. First of all, comparing the bisolectron
energies with the energies of solectrons (see [12-14]),
we conclude that there is the positive binding en-
ergy of a bisolectron in the whole interval of velocities
Vi<vz

B (V) =2E®)

bind(v) tot (v v=:a4q,

(51)

(V) = Egr, (V),

tot(

which means that an anharmonic lattice soliton can
capture two electrons with opposite spins, and such a
bisolectron state is energetically favorable as compar-
ing with two independent solectrons (lattice soliton

Et(gts()y)(V) is the to-
tal energy of the system in the bisolectron state with
account of the energy of the lattice deformation, and

(s)
Etot(u)
tron in a soliton state with account of the energy of
the lattice deformation.

Second, we see that the bisolectron energy and the
energy of the lattice deformation take finite values at
the velocity of the bisolectron equal to the velocity of

the sound in the chain, namely:

bound with one electron). Here,

(V) is the energy of the system with one elec-

bs 2 16
N ZXaPoe) + T=XAPG () (52)

4
bs
Eéot()q)(vac) = mVGQC — ixa/pg(q) + gxaﬁpg(q) (53)

(Vae) = mvazc -

At small velocities, the bisolectron energy increases
with the velocity, according to the law

B (V) =mV2—

tot(c

1 1
—3Xapo(e) (1 — 2% — 15 ¥P0(e) + 704P0(c>82>a (54)
(bs)
Etot(q)

1 129
— 2 X@Po(q) (1 — 252 + S,Bpg(q)SQ 3 ,Bpg(q)) (55)

(Vae) = mV?—

3

From the above two equations, we can calculate the
bisolectron band bottom energy level and the bisolec-
tron effective mass in the effective mass approxima-
tion:

(bs)__g 2 _i 2J92
Eo(c)_ 3Jg (1 e )’

(56)
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4 Jg? Jg?
M®) =2om + 22 (1 — 705 57
‘ "3 Vi ( “Xa ) (57)

(bs) 2 9 129 9 J?
EO(q) = —g.]g (1 — 5649 X2a2 s (58)

. 4J 2 JQ 4
M®) = 2m + 275 (1 - 65X2z2>. (59)

Here, g is the dimensionless electron-lattice cou-
pling constant,

XQ

2Jw’

g (60)
3. Bisolectron with Account
of the Coulomb Repulsion

Let us now take into account the Coulomb repul-
sion between the electrons. The total energy of sys-
tem (42) in the bisolectron state with account of the
Coulomb repulsion is

bs b
o (V) = B (V) + Ecou.

tot(v)

(61)

In the systems, whose parameters satisfy the con-
dition of the adiabatic approximation (intermediate
value of the electron-lattice coupling and a relatively
small non-adiabaticity parameter), a bisolectron is
extended over a few lattice sites. Therefore, the en-
ergy of the Coulomb repulsion can be written as

2

—_— 62
4dmela’ (62)

Ecou =~
where e is the effective electron charge with account
of its screening in the lattice due to the surrounding
and the complex structure of a unit site, and € = e, €q
is the dielectric constant of the lattice, which contains
the dielectric constant €, of the medium.

Above, we have obtained the soliton solutions for
two electrons with antiparallel spins, bound with
the lattice soliton, in the approximation of a very
weak Coulomb repulsion. In such a case, both ’one-
electron’ wave functions have maximum values at the
same position in the lattice. In the general case, the
corresponding maximum values are shifted along the
lattice by some value [y, which is determined by the
balance between the Coulomb repulsion between the
electrons and their attraction due to the interaction
with the lattice:

®;(8) = 2;(£ £10/2)f;(lo)s
568

(63)

where f;(lo) takes into account the change of the "one-
electron” wave functions due to the Coulomb repul-
sion. For localized states extended over few lattice
sites, the repulsion is expected to be weak: f;(ly) ~
~ 14 e(lp), where ¢ < 1 is a smallness parameter.
Therefore, in the lowest order approximation with re-
spect to e, the maxima of ’one-electron’ functions co-
incide at ¢ = 0, as was considered in the previous
section.

According to Eq. (63),we have the following ex-
pressions for the wave functions for the cubic anhar-
monicity in the presence of the Coulomb repulsion
(see (40)):

c l
D) (§) =4/ p;g Sech (Hc(i + 2)) X

l
X \/1 — 82+ ozpo(c)Sech2 (ﬂc(g + 2))

For a lattice with quartic anharmonicity (see (41)),
we have

l
B5(6) = || e sech (€ £ 3))

l
x\/l — 52+ ﬁpg(q)Sech4 (/sq(f + 2))

The distance between the maxima of the ’one-
electron’ wave functions, [, can be determined from
the condition of the minimum of the total energy of
the system with account of the Coulomb repulsion.
To calculate it, let us consider, for simplicity, the
case of a bisolectron at rest, V' = 0. Substituting
function (64) (or (65) ) and the corresponding lat-
tice deformation (30) into the Hamiltonian H and
expanding the result with respect to [ in the assump-
tion | < p = 27/k,, we obtain, after the integration,
the total energy of the system including the Coulomb
repulsion (62):

(64)

(65)

2 Ky

_ 4 xa o

(bs)
& E:OO(V) 3 K,VDPO(D)

tot(v) (]‘ - l2}€12/) +

2 1 1 1
+wa’py, 3t §<uﬂg(u) —IPxy, <3 + 2§upg(u))] +

e2

dmela’ (66)
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where ¢, = a, ¢; = 3, and the energies are counted
from the energy of the electron band bottom Fy. Ex-
pression (45) can be represented in the general form

e2

(67)

tot(v)

S 1

£l (0) = E(e)(0) + Sl +
where the first term is the bisolectron energy in the
absence of the Coulomb repulsion, the second term is
due to a modification of the wave functions, and the
last term is the Coulomb repulsion.

Minimizing this expression with respect to [, we get
the equilibrium distance between the maxima of the
one-electron functions:

62 1/3
lo = 68
! (m @) | (68)
where we used the notation
2
_ |4 X%P(g)"a 20 of1L 1,5
Cq = [3 D WA Po(q) kg 3 + §ﬁp0(q) ’
(69)
Expression (68) can be approximated as
1/3
3De?
looy=[————1] . 70
o) (47rexa2pg(u)my> (70)

Substituting these results into Eq. (61), we obtain
the final expression for the total energy of the system
at V=0

(bs) (bs) 3( N 1s, €
EPY (0)=EY (0 — .
tOt(”)( ) tOt(”)( )+ 2 (47rea> W 4melga

(71)

Here, lj is given by Eq. (70).
Such a state is stable with respect to the decay of

the bisolectron into two solectrons, if the bisolectron

g(bs)

binding energy bind(V)(O) is positive,

(0) — Eort

(bs) — 9c(s)
gbind(u) (O) = 2gt0t(u) tot(nu) (O) >0, (72)

i.e., when the inequality

4mea

(s) (bs) 30 NP s
2Et0t(y)(0)—Etot(nu)(O)+2( ) CU3 50 (73)

is valid.
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4. Comparison
with the Numerical Simulations

In this section, we compare the above-obtained ana-
lytical results with the numerical results in [26,29] for
a discrete lattice with the Morse interaction with two
added electrons, described by the Hubbard Hamilto-
nian. The Morse potential

UMorse(T) _ D[(]. - efB(rfa))Z o 1]

(74)
can be approximated near the minimum with high
degree of precision by the anharmonic potential U,
(see Eq. (25)) (for more details, see [30]).

The parameter values used in the simulations were:
n = 2.5a,Jy = 0.02 (2D), 7 = Jo/(hQMorse) = 20,
for three different values of the Hubbard parameter
U = U/hQMorse; namely U = 20,60, 70, 100, the low-

Vn,Pn
o1} A
i1
0.08}
i1
0.06 F 0l
0.04} :
0.02}
0
-0.02 .
0 10 20 30 40 n
a
I=4
a®
010}
008}
0.06
0.04 |
002}
1 1 I f
10 20 30 40 50
b

Fig. 2. Results of numerical simulations for the electron den-
sity (green dashed line) and the velocity distribution (red solid
line) at U = 20 (a). Blue curve corresponds to bisolectron
density profile g(x) is based on the analytical results (64) at
l=1p=4(b)
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Vi, Pn[
0.06
0.04
0.02
0
-0.02 PR T T S T TR T T
10 20 30 40 n
a
=38
163}
007}
006
0.05
0.04 F
003"
002F
0.01F
1 1 L L . f
10 20 30 40 50
b

Fig. 3. Results of numerical simulations for the electron den-
sity (green dashed line) and the velocity distribution (red solid
line) at U = 60 (a). Blue curve corresponds to bisolectron
density profile g(x) is based on the analytical results (64) at
l=1o=28(b)

est of which, U = 20, for the parameters of alpha-
proteins corresponds to U = 0.004-0.02 eV, and the
upper value U = 100, respectively, corresponds to

U =0.02-0.1 eV.

The results of numerical simulations for the elec-
tron density and the velocity distribution of solectron
pairs with Hubbard repulsion on the Morse lattice are
shown of Figs. 2-5 (a). In Figs. 2-5 (b), we show the
charge density function within our analytical model
for various values of the Coulomb repulsion, which
determines the distance between the maxima of the
one-electron functions. We define the charge density
function in elementary charge units in a usual way
as q(&) = ®2(&) + ®2(¢), where ®;(¢) are functions

determined by expressions (64), and [ = [y as given
by relation (70).

570

VhsPn v 4 v
0.06 F :'
[ ’
HE W
0.04 F ’

0.02F

a®
0.06 |

0.05F

0.03F
0.02f

0.01f

Fig. 4. Results of numerical simulations for the electron den-
sity (green dashed line) and the velocity distribution (red solid
line) at U = 100 (a). Blue curve corresponds to bisolecttron
density profile g(x) is based on the analytical results (64) at
l=1lo =14 (b)

Although the numerical and analytical results are
obtained in slightly different models of the anhar-
monic lattice and the Coulomb repulsion, there is a
good qualitative agreement in both approaches. In
particular, we see that electrons are localized in the
bisolectron state, the profile of which depends on the
strength of the Coulomb repulsion with the tendency
to the splitting of one maximum into two maxima, as
the Coulomb repulsion increases.

Notice that the parameter values used in the nu-
merical simulations correspond to a relatively high
non-adiabaticity of the system and a strong anhar-
monicity. Nevertheless, the comparison of the figures
corresponding to four different values of the Hubbard
term in numerical simulations and, respectively, the
Coulomb term in the analytical model shows that our
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Fig. 5. Results of numerical simulations for the electron den-
sity (green dashed line) and the velocity distribution (red solid
line) at U = 100 (a). Blue curve corresponds to bisolecttron
density profile g(x) is based on the analytical results (64) at
I=1o =20 (b)

analytical model gives rather good results even for
quite a strong electron repulsion. In the lowest order
of the continuum approximation used in our model,
the functions are smooth with one or two maxima
depending on the strength of the Coulomb repulsion.
The dynamics of the bisolectron and the account of
the lattice discreteness manifested in the presence of
the Peierls—Nabarro potential [31, 32] will modify the
profile of functions and will lead to some radiation
of sound waves, which we can see in the results of
numerical modeling in Figs. 3-5.

5. Conclusions

We have shown that, in one-dimensional crystal lat-
tices, the anharmonicity of the intersite interactions
favors not only the self-trapping of an extra elec-
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tron, but also the pairing of two electrons with op-
posite spins in a single lattice soliton deformation
well, resulting in the formation of a stable bisolec-
tron state. Such a bisolectron is the bound state of
the lattice soliton and two self-trapped electrons in a
singlet bisoliton state. This conclusion generalizes the
concepts of polaron and bipolaron [1-5] and proves
the existence of bisolitons not only in harmonic one-
dimensional systems [9-11, 24], but in anharmonic
lattices as well. Our analytical model explains the
results of numerical simulations for lattices with an-
harmonic Morse potential describing the intersite in-
teractions, with two extra electrons in it [25-28]. We
have found explicitly the expressions for the lattice
deformation and the two-electron wave functions for
lattices with cubic and quartic anharmonicities. We
have also calculated the energies of the bisolectrons
for these two types of anharmonicities and shown that
the bisolectrons can move with velocities up to the ve-
locity of sound in the lattice, and the corresponding
energy and momentum are finite in the whole interval
of bisolectron velocities.

We have studied the role of the Coulomb repul-
sion in the formation of bisolectrons in anharmonic
lattices. We have shown that, with account of the
Coulomb repulsion between the electrons, their en-
velope function in a bisolectron state can have one
or two maxima, the distance between which is deter-
mined by the balance of the gain of energy due to
the binding to the lattice deformation and the loss
of energy due to the Coulomb repulsion. The re-
sults of the analytical study of two electrons in a lat-
tice with cubic anharmonicity with account of their
Coulomb repulsion are in good agreement with the
numerical simulations of two electrons in an anhar-
monic Morse lattice with account of the Hubbard
electron-electron repulsion in a broad range of pa-
rameter values.

The results obtained here are valid for systems,
whose parameter values satisfy the adiabaticity con-
ditions, i.e., for systems with intermediate val-
ues of the electron-lattice coupling and the not
too large nonadiabaticity parameter (the ratio be-
tween characteristic phonon energy and electron band
width). This is a large class of low-dimensional com-
pounds, including biological macromolecules (DNA
and «-helical polypeptides) [6, 8, 23, 33|, polydi-
acetylene [34-36], conducting platinum chains and
conducting polymers [37], salts of transition met-
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als (PbSe, PbTe, PbS) [38-41], superconducting
cuprates [42-46|, etc. These compounds find numer-
ous applications in microelectronics and nanotech-
nologies or play the important role in living sys-
tems. This explains our interest in studying the non-
linear effects in such systems. In the following pa-
pers, we will study a possibility of the pairing
of two electrons in a triplet state in anharmonic
lattices.
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JI. Bpuotcux, O.I1. Yemsepiros,
B. E6eaine, I Poonkxe, M.I. Beaapde

CTABUII3YIOYA POJIb AHTAPMOHIZMY
T'PATKUN Y INHAMIIII BICOJIITOHIB

Pezowme

B pob6oTi mokazaHO MOXKJIMBICTH 3B’siI3yBaHHS JBOX €JIEKTPO-
HIB ab60 AIpOK y JIOKaJli30BAHOMY OiCOJITOHHOMY CTaHi, SKIi
HA3UBAETHCSA TAKOXK OICOJIEKTPOHOM, 3aBASAKHA B3AEMOJIIT 3 JIO-
KaJbHOIO JeOopMaIli€l0 aHTapMOHIYHOI'O JIAHIIOXKKA, SKa MO-
2Ke IIePEBUIILyBaTH KYJIOHIBCbKE BIJIIITOBXYBaHHSA MiXK 3apsia-
mu. ITokazano, mo 6ico/iTOHN € JUHAMIYHO CTIHKMMH TaKOXK
IIPU IIBUJKOCTI, PiBHIM HIBUAKOCTI 3BYKY Y JIAQHIIOXKKY, & X
€Heprisl Ta MOMEHT KIJIbKOCTI pyXy MalOTh CKiHYeHHEe 3Hade-
HHSI B yChOMY IHTEpBaJIi IIBUJIKOCTEN ak JIO IIBUJKOCTI 3BY-
Ky. PospaxoBaHO eHepriio 3B’si3yBaHHSI Ta KPUTHYHE 3HAYeE-
HHsI KYJIOHIBCHKOI'O BiJIIIITOBXYyBaHHs, IIPU SIKOMY OiCOJIITOH
pO3IaJa€ThbCsl Ha, JBa BiIbHI esiekTpocosiTonu. OIiHeHO 3HaA-
YeHHS [UX BEJUYMH JJIs [IapaMeTpiB, 10 THUIOBI JJs Ma-
KPOMOJIEKYJI 1 JesIKUX eJIeKTPOIPOBIJHUX OJHOBUMIPDHUX CH-
CTeM Ta I[OKa3aHO, IO KYJIOHIBCbKE BIJIITOBXYyBaHHS B HUX
€ JOCTaTHbO CJIaOKUM IIOPIBHSIHO 3 €HEpTi€lo 3B’sI3yBaHHS.
Pesynbraru Hamol aHaJiTUYHOI MOAesai HoOpe IOsICHIOIOTH
pPe3yabTaTH YUCEIHHOIO MOJIE/IIOBAHHS B IIMPOKOMY iHTepBa-
Jii mapaMeTpiB 3a7adi.
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JI. Bpuotcux, A.Il. Yemasepurxos,
B. 6eaune, I. Penxe, M.I. Beaapde

CTABMJINBUPVYIOIIAA POJIb AHTAPMOHU3MA
PEIIETKN B JIVHAMUKE BUCOJINTOHOB

Peszmowme

B pabore nokazana BO3MOXKHOCTb CBSI3bIBAHUS JIBYX IJIEKTPO-
HOB WJIM JBIPOK B JIOKAJIN30BAHHOM OMCOJIMTOHHOM COCTOSIHUH,
Ha3bIBAEMOM TaK»Ke OUCOJIEKTPOHOM, OJiarojapsi B3auMO/Iei-
CTBHIO C JIOKAJIbHOU JledopMaliieil aHrapMOHUYECKOH IIENTOYKH,
KOTOPOE MOXKET IIPEBBINIATH KYJOHOBCKOE OTTAJIKUBAHHE Me-
xKIay 3apsigamu. [lokazaHo, 9TO OGHCOJIMTOHBI SIBISIIOTCSH JUHA-
MHYHO yCTONYMBBIMU TaKrKe IPU CKOPOCTH, PABHON CKOPOCTHU
3ByKa B IIEIIOYKE, a UX dSHEPrusd U MOMEHT KOJIMYECTBa JBU-
KEeHUsI UMEeIOT KOHEeYHOe 3Ha4YeHHe BO BCEM HMHTepBaJle CKOpO-
cTeil 10 CKOPOCTH 3ByKa. PaccunTaHbl SHEPIrusi CBSI3bIBAHUS U
KPUTHYECKOE 3HaYEeHHE KYJIOHOBCKOI'O OTTAJIKUBAHUSA, IIPU KO-
TOPOM OHCOJIMTOH PAacHaaeTcsl Ha ABa CBOOOIHBIX JIEKTPOCO-
smroHa. OleHEHBbl 3HAYEHUS STUX BEJIUYHUH JJIsl IIapaMeTpOB,
TUNUYHBIX JIJIS MAKPOMOJIEKYJI ¥ HEKOTOPBIX SJIEKTPOIIPOBOJISI-
IIAX OJHOMEPHBIX CUCTEM H IIOKA3aHO, YTO KYJIOHOBCKOE OTTaJI-
KHMBaHUE B HUX JIOCTATOYHO CJIa0Oe IO CPaBHEHUIO C SHEpruei
CBA3bIBaHUs. Pe3ysibrarsl Hamreil aHAJIUTUIECKON MOZEIH XO-
pOIIO OOBSCHAIOT PE3YJIbTAThl YNUCJIEHHOIO MOJIEIMPOBAHUS B
IXPOKOM HHTepBaJie IapaMeTPOB 3a/Ia4H.
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