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We discuss the nonlinear excitations and the motion of kink in hydrogen-bonded chain
with asymmetric double-well potential, in presence of an external force and damping
using a new two-component soliton model. We obtain the kink soliton solution using the
phase-plane method, we study soliton velocity and find the expression of the mobility
of the kink soliton.
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1. INTRODUCTION

The hydrogen bridge exists in many solid state systems and biological molec-
ular chains. It has two types, namely symmetric, X-H- - -X, asymmetric, X—H- - -Y,
where —indicates a covalent bond, and - - - indicates a hydrogen bond. For example,
the hydrogen bridge in an ice crystal is symmetric, in which proton exists in a
symmetric potential with double minima. The conduction mechanism of a soliton
have been investigated by a number of author in hydrogen-bonded chain with
symmetric double-well potential (Cheng, 2000; Pang and Muller-Kirsten, 2000;
Xu, 1992). However, for a-helical proteins and an acctanilide crystal, the hydro-
gen bridge is asymmetric, in which protons exist in an asymmetric potential with
double minima (Xu, 1995). The bell-shape soliton model for proton transport in a
hydrogen-bonded chain with an asymmetric double-well potential was suggested
by Gordon (1988). The motion of a bell shape soliton pair in a hydrogen-bonded
chain with an asymmetric double-well potential has been investigated by Xu and
Huang (1995). In this paper, we investigate the nonlinear excitation in a hydrogen-
bonded chain with an asymmetric double-well potential, in the presence of an
external force and damping, based on the a new two-component soliton model. In
Section 2, we present the Hamiltonian of the system and derive the equations of

! Department of Physics, Hubei University, Wuhan 430062, PR. China; e-mail: yuanfa_cheng@
people.com.cn.

377
0020-7748/06/0200-0377/0 © 2006 Springer Science+Business Media, Inc.



378 Cheng

motion. In Section 3, we give the kink soliton solution. In Section 4, we investigate
soliton velocity and get the expression for the mobility of the kink soliton.

2. MODEL AND THE HAMILTONIAN OF THE SYSTEM

We can consider that the hydrogen-bonded chain is composed of pro-
ton sublattice and a heavy ion sublattice. For example, the acctanilide chain
(CH3CONHCgHs), is composed of a proton sublattice (H"), and heavy ion sub-
lattice (CH3CONCgHs™),. We take a new two-component model in a hydrogen-
bonded chain with asymmetric double-well potential and assume that the coupling
between the proton sublattice and the heavy ion sublattice is a linear interaction
(Xu and Huang, 1995). The Hamiltonian of the system may be written as a sum
of three terms

H = H, + Hy + Hin (1
where
Lo, Loy 1
Hp = Z % i + Emwoui — Ema)luiuiﬂ + V(u,) (2)
and
[P B
V(u;) = EA”i — 53”5 + ZCu[ 3)
Ho= Y| =07 + 280 — i) @)
—[2m ™ 20 T
Hi =Y mx(pis1 — pi)iz1 — u;) ©)

1

where Hj, is the Hamiltonian of the proton sublattice, m the mass of the proton,
u; and P; = mu; are the proton displacements and momenta respectively, the
quantity %mw%uiuiﬂ shows the correlation interaction between neighbouring
protons caused by the dipole—dipole interactions, wy and w; are diagonal and
non-diagonal elements of the dynamical matrix of the proton respectively (Cheng,
2002). V(u;) is an asymmetric potential with double minima. A, B and C are
positive (Gordon, 1988). Hj is the Hamiltonian of the heavy ionic sublattice
with low-frequency harmonic vibration, M the mass of the heavy ion, p; and
pi = M p; are the displacement of the heavy ion from its equilibrium position and
its conjugate momentum respectively, co = I(8/M)'/? is the velocity of sound
in the heavy ionic sublattice, and / the lattice constant. Hj, is the interaction
Hamiltonian between the protonic and the heavy ionic sublattices, y is the coupling
constant between the two sublattices (Xu, 1996). In the continuum approximation
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with the long-wavelength limit (Pang and Muller-Kirsten, 2000), this Hamiltonian
can be replaced by a continuum representation

*®d 1 1 1 1
H = / Tx”:zmutz + —ma)(z)u2 — Emw%u (u + lu, + Elzuxx>

2
1 1 1 1 1
+ <§Au2 — §Bu3 + ZCu“) + <§ ,O,2 + 5,3#,0?) +mxl2,oxux:|}
(6)
The Euler—Lagrange equations of motion corresponding to Eq. (6) are

m(uy — Vityy) — mxl*pe + oau — Bu> + Cu® =0 7

M (pre = c3pax) = mxPusx =0 ®)

where
1
a=A+m(w;— o), vf = Zﬂw% ©)

vy is the characteristic velocity of the proton.

3. THE EQUATIONS OF MOTION AND THEIR SOLITON SOLUTION

In the presence of external force and damping, because of the fact that respond
of the heavy ions to the force and damping are very much less than for the protons,
the force and damping terms are only introduced in the equation of motion for the
protons (Peyrard et al., 1987). The equations of motion (7) and (8) are replaced
by the following equations
dV'(u)

=

m(u,, — vlzuxx) — m)(lz,ox,C +mlu; + 0 (10)

M (i = €3pex) = mxlPiuxe =0 (11

where I" is the damping coefficient for the proton. In the external electric field E
each proton has an additional potential energy —e Eu:

V'(u) = lauz — lBu3 + lCu4 —eEu (12)
2 3 4
here e is the protonic charge.
Using the variable transformation & =x —vt, u = u(§), p = bu(§),
Egs. (10) and (11) become
dV'(u)
du

[m(vl2 — vz) —i—mxlzb]ugg + mlvug — 0 (13)

myl?

h— — A
M(c§ —v?)

(14)
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Using the phase-plane method (Gordon, 1987), we shall obtain soliton solu-
tion. For this reason, we introduce the following notation

du_
ds

Equation (13) can be written as

y (15)

[m(vl2 — vz) +mxl2b]y5 +mlvy —Cu —u)(u—u)(u —u3z)=0 (16)

where
B (o)1 2 39C s ¢ (17)
uyG = — — B — -
' 3c B> 3
B 30C w—90
u2=§<1+ I—FCOS 3 ) (18)
B 142/1 3aC 7w +0 19)
U3 = — — —— COS
T3¢ B2 3
1 —9aC/2B% +27C%E/2B?
6 = arccos ( «C/ + cE/ ) 20)
(1 —3aC/B2)3/?

here u;, u, and ujz are the roots of the equation dV'(u)/du = Ouy, u correspond
to minima of the potential V'(u), us corresponds to the top of potential barrier of
the double-minimum potential.

Therefore, soliton solution which we seek corresponds to a trajectory in the
(u, y) phase plane of the system of Egs. (15) and (16). From (15) and (16) we
obtain a differential equation for solution trajectory as

d
[m(vl2 — U2) + mxlzb]yd—y +mlvy —Clu —u)(u —u)(u —u3) =0 (21)
u
Equation (21) can be satisfied by a trajectory of the form
y =D —u)(u—u) (22)

The substituting Eq. (22) into (21), we have
B NG
\/Z[m(vlz — v2) + mxlzb]

Inserting Eq. (22) into (15) and integrating (15), we obtain kink soliton
solution

D (23)

P e B DU (24)
2 2 2W,
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where W, is the width of the soliton
\/Z[m (vi — v?) + mxI?b]
B VC(uy — ur)

Solution (24) is a topological excitation being a kink soliton. Because the
charge density depends directly on §, = —du/dx (Xu and Huang, 1995). Equation
(24) show that the motion of this kink describes the propagation of the charge along
the hydrogen-bonded chain and realize the mobility of the kink soliton.

Wi

(25)

4. VELOCITY AND MOBILITY

The substitution of (22) into (21) gives kink soliton velocity along hydrogen-
bonded chain
B\/2[m (v} — v?) + myi2b] 30C 7 +6
v = 1-— 5 cos (26)
mI+/C B 3
From (26) we obtain soliton velocity
[1+mx2b/mv2]"? v, o
v =
[1+mI2C/2BX(1 — 3aC/B?)cos? ZH2]"/?
In case the weak coupling and v < g, we have coupling factor m x12b/ mvl2 <1,
Eq. (27) is written as

—1/2
mI2C
v=u |1+ (28)

2B%(1 — 3aC/B?)cos? 14

Using the expansion

d
= — — E = - E 29
U=vlg=0 t+ dE|,_, U|E=0 + 1 (29)
and when E = 0, we get

_ By io2C (30)

17 5c B?
B ! ! 4aC 31)

U= —|1- - —

T 2C B2
uz =0 (32)

0 1
cos T = (33)
3 le=o 2./1 = 3eC
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From Egs. (20), (28), (29) and (33) we get

omr2c'?
Ulp_o = U1 [1 + 7 } (34)
and the mobility of the kink soliton
—6mC? Vel
= 2 ]2 32 (35)
a(B? +2CT2m)3/
Considering a symmetric double-well potential (Gordon, 1987)
1 1
V) = —EALR + ZBu“ (36)
comparing Egs. (36) and (12) and using « - —A, B=0, E=0, C — B,
Eq. (35) becomes
_3Vie( B\ @7
=7ar \om

Equation (36) is the mobility of kink soliton with symmetric double-well
potential in hydrogen-bonded chain. This result agrees with that given by Gordon
(1987).

5. CONCLUSIONS

In conclusion, we have studied the nonlinear excitations and the motion
of a kink soliton in hydrogen-bonded chains with an asymmetric double-well
potential, in presence of an external force and damping using a new two-component
soliton model. Solution (24) is a topological excitation being a kink soliton. It
describes the propagation of the charge along the hydrogen-bonded chains. We also
investigate soliton velocity and obtain the expression for the mobility of the kink
soliton.
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