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Abstract. We consider a polaron Hamiltonian in which not only the lattice and the electron-lattice inter-
actions, but also the electron hopping term is affected by anharmonicity. We find that the one-electron
ground states of this system are localized in a wide range of the parameter space. Furthermore, low energy
excited states, generated either by additional momenta in the lattice sites or by appropriate initial electron
conditions, lead to states constituted by a localized electron density and an associated lattice distortion,
which move together through the system, at subsonic or supersonic velocities. Thus we investigate here the
localized states above the ground state which correspond to moving electrons. We show that besides the
stationary localized electron states (proper polaron states) there exist moving localized solectron states
which can be easily excited. The evolution of these localized states suggests their potential as new carriers
for fast electric charge transport.

1 Introduction

The motion of electrons in polarizable crystals is a long
standing and basic topic in solid state physics. Landau
was the first to suggest the possibility that an electron
may become self-trapped in the distortion it itself induces
in the lattice [1], thus leading to the genuine charge car-
rier known as polaron (in present-day terminology it is
an electron dressed by a phonon cloud). This idea was
further studied by Pekar [2–5]. A microscopic model was
proposed first by Fröhlich who considered long-range in-
teractions between the electron and the crystal vibra-
tions [6,7] and, subsequently, by Holstein who consid-
ered short-range interactions of an electron in a discrete
lattice [8,9]. The analytical wave function obtained by
Holstein was formally identical to that later obtained by
Davydov [10–22], although to the best of our knowledge
Davydov was the first to profit from the nonlinear char-
acter of the Hamiltonian and to coin the concept of elec-
trosoliton for the newly found charge carrier provided by
the nonlinear interaction between a linear electron system
and a linear lattice dynamically described by a soliton-
bearing equation. Soliton-mediated charge transport was
also shown to play a role in the conduction properties
of transpolyacetelyne [23–25]. While in the studies men-
tioned above the nonlinearity comes from the interaction
of two systems which, taken separately, are linear, other
studies have considered systems in which either the lattice
and/or the quantum particle interactions are themselves
nonlinear. Indeed, nonlinear discrete lattices are known
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to possess genuine nonlinear modes called “intrinsic lo-
calized modes” or discrete “breathers” [26–73]. We shall
be using here the concept of intrinsic localized mode in
a general sense embracing, in particular, solitons. Strictly
speaking breathers refer to nonlinear localized excitations
with internal oscillations or spatially localized time peri-
odic modes. The interaction of a charge with such modes
has been investigated by Aubry et al. [59–61] and the con-
cept of solitobreather has been coined for the soliton state
of an electron interacting with a discrete breather.

While the studies of electron states in polarizable lat-
tices mentioned above follow the initial idea of Landau in
that the charge induces lattice distortions which in turn
stabilize it, recently a different transport process was pro-
posed in which a moving (non-topological) lattice soliton
may not only trap the charge but also drag it along, lead-
ing to a new carrier, the solectron [74,75]. Several studies
have already been done about the stability and transport
properties of the solectron which indicate that this com-
pound may play a role in charge conduction [74–83]. We
first investigate the characteristics of the ground states of
the electron-lattice in tight-binding approximation (solec-
tron) Hamiltonian. Then we estimate the energy differ-
ence and hence the temperature needed to obtain travel-
ing excited states (solectrons), and the parameter ranges
in which they arise, as well as looking at their time evolu-
tion.

The paper is organized as follows. In Section 2 the
solectron Hamiltonian is introduced and the approxima-
tions included in our approach are described. In Section 3,
the influence of parameter values on the ground states is
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presented. Then we provide numerical evidence of the ex-
istence of easily excitable states – solectron-like excita-
tions – corresponding to electrons moving with sound or
supersonic velocity which are in general energetically in
the range of 1–20 meV above the ground state. The paper
ends with a discussion (Sect. 4) of results and on the po-
tential applicability of solectron excitations to transport
phenomena.

2 Model Hamiltonian

As in the standard polaron studies, the Hamiltonian Ĥ we
consider has three terms:

Ĥ = Ĥe + Hph + Ĥe−ph, (1)

where Ĥe describes the hopping of the charged particle
from site to site; Hph, the lattice Hamiltonian describes
the relative motions of the lattice sites and Ĥe−ph, the
interaction Hamiltonian, describes the on-site (diagonal)
interaction of the charged particles with the lattice de-
formations. Although the Ĥe Hamiltonian detailed below
can be applied both to holes and to electrons, and even to
more general quantum excitations, our interest is in elec-
tronic conductivity and thus we shall designate it as the
electronic Hamiltonian.

The electronic Hamiltonian we consider here is as fol-
lows:

Ĥe =
N∑

n<m=1

[
Vnm

(
â†

nâm + â†
mân

)]
+ h.c., (2)

where Vnm is the hopping strength between sites n and
m; â†

n(ân) are the Fermi creation(annihilation) operators
(endowed with the standard anticommutation relations)
for an electron at site n and N is the total number of
lattice sites.

As in most polaron studies, only hopping between
nearest neighbors will be considered in this work. How-
ever, while in many studies Vnm = V δm, n±1, here we
follow Slater [84] and other authors [85–87] considering a
nonlinear hopping term with the following form:

Vnn−1 = V0 exp [−α0 (Un − Un−1)] , (3)

where Un is the displacement from the equilibrium posi-
tion of the lattice site n. For small lattice distortions, the
coupling term becomes:

Vnn−1 = V0 [1 − α0 (Un − Un−1) + · · · ] , (4)

in which the dependence on lattice distortions of the hop-
ping terms is as in the Hamiltonian for the charged par-
ticle in the Su et al. (SSH) model [23–25]. This term
represents the dependence of the electron hopping inte-
gral on the relative distance between sites (off-diagonal
matrix elements). Besides not having the factor (−1)n

that in the SSH theory leads to the topological soliton,

which is the electron carrier, arising from the degener-
acy of the ground state of the system here we are inter-
ested in the non-topological lattice soliton originating in
the anharmonicity of the Hph Hamiltonian. The expres-
sion we use for the hopping term (3) corresponds to an
extension of the Peierls-type coupling [88,89] that takes
into account the nonlinear nature of electron-lattice inter-
actions. Although we call Ĥe the electronic Hamiltonian
it clearly appears that this term already includes inter-
actions of the electrons with the lattice vibrations. For
small lattice distortions, it reduces to the Davydov-Scott
Hamiltonian [17,64,66] with α0 = 0.

The lattice Hamiltonian Hph we use also goes beyond
the standard polaron theories as we include the anhar-
monic modes described by the Morse potential:

Hph = D

N∑

n=1

{1 − exp [−B (Un − Un−1)]}2 +
1

2M

N∑

n=1

p2
n,

(5)
where D is the break-up energy and B is related to the
stiffness of the lattice, M is the mass of each lattice unit
and pn is its momentum at site n. Note that the linear
expansion of (1)–(5) reduces to the Hamiltonian used by
Alder et al. [90] for the 1D case.

Noteworthy is that the Morse potential can be adapted
to the Toda potential [91] up to the third deriva-
tive [92–95] (hence matching frequency and stiffnes) as
shown in Figure 1, where, just for reference, we also dis-
play the (12, 6) Lennard-Jones potential. These potentials
offer a very similar strong repulsive component. Since the
suitably scaled relative lattice displacements of the states
dealt with in this work are much smaller than unity, the
unphysical region of the Toda potential is not relevant for
the conclusions drawn here. One advantage of the Toda
potential is that it is integrable and explicit analytical so-
lutions exist.

While equation (3) includes the influence of the rel-
ative distance between sites on electron hopping, the fol-
lowing Hamiltonian includes the influence of that distance
on on-site electron energy:

Ĥe−ph = χ

N∑

n=1

[
(Un+1 − Un−1) â†

nân

]
, (6)

where χ is the strength of the interaction an electron at
site n has with the lattice distortions at that site.

To give universality to our argument we shall use di-
mensionless quantities:

Ũn = BUn; p̃n =
pn√
2MD

; Ṽ =
V0

2D
;

χ̃ =
χ

2DB
; α̃ =

α0

B
; t̃ = ΩMorset, (7)
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Fig. 1. Toda potential U(r) = e−r (dashed line), Morse poten-
tial U(r) = D (1 − e[−Br)2 (solid line), and (12, 6) Lennard-

Jones potential U(r) = 4ε
[(

σ
r

)12 − (
σ
r

)6
]

(dotted line), by

adjusting the relevant parameters D, B, σ, ε, the potentials
are rescaled around their minima such that the first three
derivatives are the same for all potentials. r denotes the scaled
equilibrium distance between lattice units. The fourth-power
Hamiltonian with a single well can equally be fitted around the
minimum.

with ΩMorse =
√

2DB2/M . In dimensionless form the
energy is scaled by 2D and the Hamiltonian becomes

H

2D
= −

N∑

n=1

[
Vnn−1

(
â†

nân−1 + â†
n−1ân

)
+ h.c

]

−χ

N∑

n=1

[
(Un+1 − Un−1) â†

nân

]

+
N∑

n=1

p2
n +

N∑

n=1

1
2
{1 − exp [− (Un − Un−1)]}2 (8)

with Vnm = V exp [−α (Un − Un−1)] and where the tildes
have been dropped.

As is done in previous solectron and similar stud-
ies [23–25,41–43,49,52,53,63–70,75–83], here the lattice is
treated classically while the electron is treated quantum
mechanically (a difference that is marked by the hats
above the corresponding operators in equations (1)–(6)).
In this mixed quantum-classical regime, the exact wave
function for one-electron is:

Ψ =
N∑

n=1

Φn ({Un}, t) â†
n |0〉, (9)

where Φn is the probability amplitude for an electron to be
in lattice site n, whose explicit dependence on the relative
lattice displacements is not specified a priori, contrary to
what happens when trial wave functions are used.

The minimum energy one-electron states of the
electron-phonon system defined by equations (1)–(6)
can be determined by numerical minimization, with re-
spect to the electron variables {Φn} and to the lattice

variables {Un}, of the functional H = 〈Ψ |Ĥ |Ψ〉:

H =
∑

n

{
1
2
(1 − exp[−(Un − Un−1)])2 + p2

n

}

−
∑

n

{V exp[−α(Un −Un−1)](Φ∗
nΦn−1 + ΦnΦ∗

n−1) + h.c.}

− χ
∑

n

(Un+1 − Un−1)Φ∗
nΦn, (10)

where the probability amplitudes Φn obey the normaliza-
tion condition:

N∑

n=1

|Φn|2 = 1. (11)

We have adopted a numerical protocol, already applied
successfully [64,66,67], which is to minimize directly with
respect to the lattice variables only and for each set of
{Un} tried during the minimization procedure, solve the
eigenvalue problem for the electron and take the lower en-
ergy state every time. Since all eigenstates are normalized,
the normalization condition (11) is also obeyed.

We also study the evolution of solectron compounds by
integrating the equations of motion, which can be derived
by a variational principle, and are:

i
dΦn

dt
= −τ{exp[−α(Un+1 − Un)]Φn+1

+ exp[−α(Un − Un−1)]Φn−1}
− χ

ΩMorse
(Un+1 − Un−1)Φn

d2Un

dt2
= {1 − exp[−(Un+1 − Un)]} exp[−(Un+1 − Un)]

− {1 − exp[−(Un − Un−1)]} exp[−(Un − Un−1)]
− αV {(Φ∗

n+1Φn + Φn+1Φ
∗
n) exp[−α(Un+1 − Un)]

− h.c.} − χ(|Φn+1|2 − |Φn−1|2)
(12)

where the adiabaticity parameter τ = V/�ΩMorse deter-
mines the degree of time scale separation between the elec-
tronic and the acoustic phonon and soliton processes.

Finally, in order to characterize the degree of localiza-
tion of the electron-lattice states, we use the participation
ratio, P , defined as:

P = 1/
∑

n

|Φn|4. (13)

When the electron is localized in one site the participation
ratio is equal to unity and, when the electron is completely
delocalized, the participation ratio is equal to the number
sites N , the number of lattice sites. All the other electron-
lattice states have values of the participation ratio between
those two extremes.

3 Results

Our interest is to determine the range of parameter values
in which localized electron states are stationary. In con-
trast to other studies [96], in our finite lattice with N sites,
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both localized and delocalized states are normalizable and
a completely delocalized state is characterized by a wave
function in which the probability for the electron to be
in each site is equal for all sites, that is, for a delocalized
state |Φn|2 = 1/N . First we investigate the properties of
the ground states and the range of parameter values for
which they are localized and next we shall study local-
ized states of similarly low energies which correspond to
moving electrons and compare it to the known results on
solectron states [75–83].

3.1 One-electron ground states

Inspection of the functional H shows that, when χ = 0, the
states of the system can be parameterized by two quan-
tities, namely, V and α. As pointed out before, V affects
both the hopping of the electron between neighboring sites
and the electron-lattice interaction, while α affects solely
the electron-lattice coupling. When α = 0, the electron
state is not influenced by the lattice and the minimum
energy state is delocalized; above a threshold value of α,
the minimum energy one-electron state becomes localized.
Figure 2 shows this transition from a delocalized state to a
localized state characterized by pulse-shaped electron dis-
tribution that gets progressively thinner, coupled to the
lattice displacement, illustrated here with the site vari-
able Un, that gets progressively more pronounced as α
increases. The dependence of αcr, the threshold value of
α above which the electron states are localized, as a func-
tion of the number of sites, N , for χ = 0, is plotted in
Figure 3. It shows that there is a threshold for αcr above
which the ground state is localized which decreases as the
number of sites, N , increases. This is what is found for the
variation with χ of the one-electron ground states of the
linear polaron models (α = 0) [64], where N → ∞ leads
to the nonlinear Schrödinger equation which is known to
have localized solutions for any finite value of χ.

In Figure 4 is displayed the dependence of αcr on the
hopping amplitude V , for a fixed number of sites. It shows
that αcr decreases as the hopping parameter increases. In
fact, the variation of αcr with V for N = 100 is approxi-
mately given by the following expression:

αcr ≈ 1
4
√

V
(14)

that is, above αcr the one-electron ground states of the
solectron Hamiltonian, in a lattice with 100 sites, are local-
ized. Since we are working with the dimensionless variables
α = α0/B and V = V0/2D, translating equation (14) to
the real physical variables α0 and V0, we obtain a relation
that connects the stiffness of the Morse potential, B, its
break-up energy, D, and the electron lattice interaction
strength, α0:

α0 >
B

2

√
D

8V0
. (15)

For values of the real physical electron-lattice coupling
constant α0 above the physical threshold (15), the electron
states become more and more localized, i.e., for a given

Fig. 2. (Color online) Variation with α of (a)the associated
lattice displacements, Un, (b) the probability for an electron
to be at site n, |Φn|2, and (c) the participation ratio (13), for
a lattice with N = 100 sites, when χ = 0.

Fig. 3. (Color online) Plot of αcr (see text) as a function of the
system size N , when V = 0.05 and χ = 0. The red dotted line
corresponds to the numerical results and the green solid line
is drawn from the expression α = 0.74 + 0.06 exp(−0.0215N),
obtained by a fit of the numerical results. It seems that αcr

diverges as N decreases. However for small values of N , αcr is
bound to be smaller than 2 in order to have physical solutions.
Thus for small system sizes a value of χ �= 0 is needed to have
localized states and the value of αcr becomes irrelevant i.e. we
are in the Davydov case.
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Fig. 4. (Color online) Dependence of αcr on the hopping am-
plitude V for a lattice with N = 100 sites. The red line with
dots corresponds to the numerical results and the solid green
line is drawn from the expression 1/(4

√
V ) obtained from a

fitting to the numerical results. Since at χ = 0 the electron-
lattice interaction depends on the value of αV and not only
on α for small values of V then αcr must be large in order
to compensate. This is not the case when χ �= 0 as shown in
Figure 5.

value of V0, the width of the localized state decreases with
increasing α, as is shown in Figure 2. Save the restriction
to one-dimensional geometry, the parameter space con-
sidered here is close to values for biomolecules [11,13,15–
17,87,97–105] and for high-Tc cuprates [90,106–114]. In
either case the results are qualitatively the same. This
dependence of the width of the localized state on the
strength of the electron-lattice constant agrees with what
was observed in the Davydov-Scott model [64]. However,
the relation between V and α is opposite to what is found
in the Davydov-Scott model and in some of its exten-
sions [64,66]. The reason is that, in the Davydov-Scott
model, the electron lattice interaction appears only in the
diagonal terms, and does not influence the strength of
the electron hopping, resulting in an electron-lattice in-
teraction clearly favoring localization. On the other hand,
in the solectron Hamiltonian (1)–(6) with χ = 0, the
electron-lattice interaction is off-diagonal and influences
the strength of the electron hopping as well. Indeed, in
the linear approximation (4), valid for small lattice dis-
placements, the electron hopping depends on the product
of V0α0, so that when the electron-lattice interaction α0

increases, the hopping strength V0α0 also increases. The
general rule is that the higher the hopping strengths the
more delocalized the electron states and thus the net result
for the solectron Hamiltonian is that, when V0 increases,
α0 cannot always increase in order that the effective elec-
tron hopping strength V0α0 remains bounded.

In order to investigate separately the effects of diago-
nal and off-diagonal electron-lattice interactions, and also
to interpolate between these two regimes, we have de-
termined one-electron ground states for different values
of χ, V and α. The dependence on the electron hopping
strength, V , and on the diagonal electron-lattice interac-
tion, χ, of the critical values of α, αcr, above which the
ground states are localized, is displayed in Figure 5. This
figure depicts the way αcr depends on V parameterized
by χ thus separating the localized ground states found
above it from the delocalized ground states below. No-
tice that all variables only have values equal or greater
than zero. We find that, when χ = 0, αcr is always finite

Fig. 5. (Color online) Plot of αcr illustrating where above it
localized states can be found as a function V for a given value
of χ, here taken as a parameter.

and decreases as V increases until it reaches an asymp-
totic value. This is the pure solectron regime, in which
localized states can only arise for non-zero values of α, as
already explained above. On the other hand, when χ �= 0
and V is small, the influence of α on the ground states
is negligible. Although this is a mixed solectron-Davydov
regime, the localizing effect of diagonal electron-lattice in-
teraction dominates over the off-diagonal part of the elec-
tron Hamiltonian and αcr is zero for low values of V , and
then increases until it reaches the same saturation value.
For higher values of the hopping strength, V , the diag-
onal electron-lattice interaction is not strong enough to
generate localization and a finite contribution of the off-
diagonal electron-lattice interaction is needed. Thus, in
this case, αcr increases with increasing V until it satu-
rates.

To make a direct evaluation of the influence of the
diagonal and of the off-diagonal electron-lattice interac-
tions on the localization, we can compare the one-electron
ground states for the pure Davydov-Scott model (α = 0)
with the ground states obtained in the linear approxima-
tion of the pure solectron Hamiltonian (χ = 0 and consid-
ering only the linear term in Un equation (4), that is, the
SSH Hamiltonian), when αV in the latter is equal to χ in
the former. Figure 6 (top plot) shows how the energy of
the ground states of the pure Davydov-Scott model (green
line) compares with the energy of the pure solectron model
(red line), for the same values of χ and αV , respectively.
In the bottom plot the ratio, R = EDS

Esolectron
between the

energies displayed in the top graph is displayed showing
that, for localized ground states generated by a diago-
nal electron-lattice interaction are only marginally more
stable than those generated by an off-diagonal electron-
lattice interaction. Finally, Figure 7 shows that the lower
energy states generated by the diagonal electron-lattice in-
teraction are more localized than the SSH states, for the
same values of the electron-lattice interaction.

3.2 Dynamical stability of localized states

In the previous section we investigated the parameter
regimes in which one-electron ground states are localized.
These minimum energy states are stationary states, that
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Fig. 6. (Color online) Top plot: total energy of the ground
states of the pure Davydov-Scott model (green line) and of the
SSH model (red line) as a function of χ and αV , respectively
(see text). Bottom plot: ratio, R of the two total energies in
the top plot (see text).

Fig. 7. (Color online) Scaled participation ratio, PDS of the
ground states of the Davydov-Scott Hamiltonian with respect
to participation ration, PSSH, as a function of the correspond-
ing electron-lattice interactions (see text).

is, they have zero momentum and their time evolution is
trivial, since they keep their position and shape for ever.
Previous studies of the time evolution of the pure solec-
tron model have already demonstrated the existence of
long lasting localized states characterized by pulse-shaped
electron distributions coupled to lattice solitons that move
together with the electron (the solectron state) [75–83]. In
this section we study the time evolution of the moving lo-
calized excited states that are obtained by perturbations
of the ground states. In our calculation we will use the
parameter values α = 1.75, V = 0.1, D = 0.1 eV, and
B = 4.45 Å−1, which yields to an adiabaticity parameter
τ = 28.47 unless stated differently.

First we generate moving excited states by adding
momentum to the corresponding ground states. Figure 8
shows that, when a localized ground state obtained with
a low value of the electron hopping strength V is per-
turbed by adding a momentum, pn = Un − Un−1, to each
lattice n, a moving localized state arises, that remains
stable for at least 300 lattice cycles. Moreover, Figure 9
shows that when a higher momentum is added (in this

Fig. 8. (Color online) Time evolution of the relative lattice
displacements, Un−Un−1 (top plot) and of the electron density,
|Φn|2 (bottom plot) of the ground state for V = 0.1, α =
1.75 and χ = 0, perturbed by an initial momentum pn(t =
0) = Un −Un−1. Notice that both relative lattice displacement
and electron density follow the same trajectory and the former
appears as bell-shaped, non-topological soliton.

Fig. 9. (Color online) Time evolution of the lattice deforma-
tion, Un − Un−1 (top plot) and of the electron density, |Φn|2
(bottom plot), of the ground state for V = 0.1, α = 1.75
and χ = 0, perturbed by an initial momentum pn(t = 0) =
8(Un − Un−1).

case pn = 8(Un − Un−1) ), a similarly stable localized
dynamical state arises that travels with a speed that is
approximately five times higher. It should also be pointed
out that in our dimensionless variables (7), the velocity of
sound is vsound = 1, which means that the localized states
in Figure 9 move with supersonic velocity, as solectron
states described in earlier studies [75–83].

Another way to generate excited states is to inject an
excess electron at one lattice site and follow the pertur-
bation that it induces in the lattice. This situation was
simulated by an initial condition in which the electron
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Fig. 10. (Color online) Time evolution of the electron density,
|Φn|2 (top plot) and of the relative lattice distortion, Un−Un−1

(bottom plot) when the initial electron density is equal to that
of the ground state for V = 0.1, α = 1.75 and χ = 0, and
when the initial lattice deformations and momenta are zero.
Notice that purposely here and in subsequent figures we have
inverted the order in the plots relative to Figures 8 and 9 as
here the electron is leading the dynamics of the process as in
the original Landau polaron case.

Fig. 11. (Color online) Time evolution of the electron density,
|Φn|2 (top plot) and of the relative lattice distortion, Un−Un−1

(bottom plot) when the initial electron density is equal to that
of the ground state for V = 0.1, α = 1.75 and χ = 0, and when
the initial lattice deformations are zero and the initial lattice
momenta are pn(t = 0) = 0.8(Un − Un−1), where the Un are
the lattice deformations of the ground state.

distribution is the same as the ground state, while the lat-
tice is undistorted. Figures 10 and 11 illustrate the Landau
process [1], i.e., as time evolves the electron distribution
induces a deformation in the lattice and that this defor-
mation traps the electron. Furthermore, although for the
results displayed in Figure 10 the initial momentum of
each lattice site was zero, both the electron and the lattice

deformation move. Initially, the radiation created by the
trapping process leads to a few scattering processes but,
after some time, the movement of the electron and its as-
sociated lattice distortion through the system tends to a
steady state with an almost constant velocity, as can be
observed in Figure 10 where time-position curve tends to a
straight line beyond T = 1000, just like the solectron. In-
spection of Figures 8 and 10 shows that the velocity of the
solectron that arises from the Landau process is five times
smaller than that induced by the addition of momenta.
Additional momenta, together with the Landau process,
leads to more energy in the form of radiation which leads
to a delay in the formation of the solectron but which
also leads to faster moving electrons, as can be seen in
Figure 11. Noteworthy, is that clearly the polaron effect
is capable of exciting finite amplitude lattice excitations,
thus leading to the solectron.

3.3 Comparison with previous solectron simulations

One advantage of the Toda potential is that we know ex-
plicitly analytical travelling soliton wave solutions. One
such solution of the Hamiltonian (1)–(6), with χ = 0, has
the form [91]:

exp[Un − Un−1] = 1 +
(

sinh(κ)
cosh(κn)

)2

(16)

to which we add, as done in earlier publications [76–79],
as ansatz for the electron

Φ =
1

Norm
sinh(κ)

cosh(κn)
exp(−iδn) (17)

where Norm =
∑N

1

(
sinh(κ)

cosh(κn)

)2

and 0 < δ < π. This com-
pound state, which corresponds to a lattice soliton defor-
mation travelling together with the electron, is a solectron
state and was shown to be a stable solution of (1)–(6).
Though solitons alone (16) always travel supersonically,
solectrons i.e. compounds of interacting electron and soli-
ton, may travel at sub or supersonic velocities depending
on the electron lattice interaction and on the value of κ.
By increasing κ, and thus decreasing the soliton width, the
velocity and the energy of the solectron state increase. Pre-
vious solectron simulations [75–83] show states that travel
at much higher velocities than those presented in the pre-
vious section. For example, the solution plotted in Fig-
ure 12, for a κ = 1.15 and for V = 0.1, α = 1.75, χ = 0 and
p(n) = Un−Un−1 has a much higher energy ES than that
of the corresponding ground state which is EG = −0.2025.
For a break-up energy, D = 0.1 eV, the energy difference
ES − EG = 0.0948 requires a temperature in the range of
220 K to be thermally generated. On the other hand, the
solectron state that arises by playing with the electron
initial conditions (Fig. 10) has a total energy difference
with respect to the ground state Einj −EG = 5.49× 10−3

which requires a temperature of about 12 K to be ther-
mally generated. For smaller values of κ, i.e., for κ = 0.1,
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Fig. 12. (Color online) Time evolution of the electron density,
|Φn|2 (top plot) and of the relative lattice distortion, Un−Un−1

(bottom plot) for the soliton solution (16) with V = 0.1, α =
1.75, χ = 0, κ = 1.15 and δ = 3 with initial lattice momenta
Pn = 0.01(Un − Un−1).

Fig. 13. (Color online) Same as in Figure 12 but with κ = .1
and zero initial momenta.

the energy difference with respect to that of the solectron
in Figure 10 is ES − Einj = 1.647× 10−5 which is almost
vanishing. Its evolution, which can be seen in Figure 13, is
also very similar to that observed in Figure 10. Hence, we
can conclude that the intrinsic localized modes observed
in Section 3.2 are low energy solectrons induced by the po-
laron action of the electron upon the lattice. Incidentally
for similar parameter values, the Davydov electrosoliton
does not survive above 10 K [17,65,69,70].

4 Discussion

All states found for an electron in the presence of a “po-
larizable” lattice share the same physical origin in that

they are the result of a distortion induced by the elec-
tron on the lattice, which, in turn, affects the state of
the electron, as long ago suggested by Landau [1]. The
different designations for these states found in the liter-
ature (small polaron, large polaron, electrosoliton, soli-
tobreather, solectron) merely reflect the values of the
electron-lattice interactions and the nature (linear or non-
linear) of the lattice and/or electron systems. However, the
different designations are useful because the correspond-
ing states do have different properties such as dynamical
stability, thermodynamic stability, conductivity, etc. The
lattice system we have considered here, is known to be able
to exhibit intrinsic localized modes as traveling solitons at
sufficiently high energies. The question we addressed here
is whether adding an electron the latter is able to induce
such distortions and hence via polaron effect being able
to yield a solectron. This is the opposite question to that
so far proposed in earlier solectron studies [75–83] where
the soliton in an anharmonic Hamiltonian was shown to
be able to trap and subsequently carry away the added
electron.

We have found that, although in the case of purely
off-diagonal electron-lattice interactions, the effect of the
electron hopping strength V and of the electron-lattice in-
teraction α, must be considered together, for a vast region
of the parameter space spanned by V , α and χ, the one-
electron ground states are indeed localized states (Fig. 5).
This is in contrast to the results so far found for the
Davydov-Scott system, which is characterized by a diag-
onal electron-lattice interaction, and for which the degree
of localization of the one-electron ground states depends
only on the ratio V (DB)/χ2, where DB is the linear elas-
tic constant [64]. Also, while in the Davydov-Scott system
an increase in the electron-lattice coupling constant χ al-
ways leads to more localized ground states, in the solec-
tron case (1)–(6), with χ = 0, an increase in the corre-
sponding electron-lattice coupling constant, α, can result
in a more delocalized ground state. This is because, in the
solectron Hamiltonian, α affects both the electron-lattice
interaction and the electron hopping, with the effective
hopping strength being dependent on the product αV .

We have also investigated the evolution of the solec-
tron states that are obtained by low energy perturbations
of the one-electron ground state and have found that both
the excited states that result from an addition of initial
momenta to lattice sites and those that arise after play-
ing with electron initial conditioons lead to the forma-
tion of solectron states that are long living intrinsic lo-
calized modes, and that some of them can even travel at
supersonic velocities. The higher the energy of the excited
states, the longer it takes for a solectron to form because
of the larger amount of energy that goes into radiation
and thus, the greater the number of scattering processes
undergone by the localizing state.

The results obtained here pertain to the microcanoni-
cal ensemble since the time evolution of the excited one-
electron states conserved the total energy of the system.
Comparing the energies of these excited states to the en-
ergy of the ground state we find that, while the solectron
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states investigated in previous publications [75–83] would
require, for about the same parameter values, tempera-
tures of the order of 220 K to be thermally generated,
the solectron states investigated here only require a tem-
perature of 12 K to arise. A proper study of the thermal
stability of the solectron state must be done within the
canonical ensemble and will be discussed elsewhere. How-
ever, we feel there is already enough evidence to anticipate
that the solectron states studied here will be stable at fi-
nite temperature, hence showing their potential as charge
carriers for fast electric transport at room temperature.
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