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Brownian motion of a domain wall and the diffusion constants
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We have studied interactions between a domain wall and phonons in a one-dimensional-model system of a
structurally unstable lattice with a double-well local potential and nearest-neighbor coupling. We find that a
nonlinear effect in the interacting phonon amplitudes gives rise to a Brownian-like motion of isolated domain
walls at low temperatures as well as higher harmonic generation of transmiitted and reflected phonons. When
there is a domain wall at rest, it was known that the linearized equation of motion has three types of
independent solutions: “translation mode,” “amplitude oscillation” of. the domain wall, and propagating
“phonons.” In the second-order approximation, these modes interact. An incoming phonon produces a
translation of the wall, giving rise to its Brownian motion. The magnitude of the translation is computed
together with the amplitude and phase shift of the higher harmonics. We estimate the diffusion constant of
walls, using the fluctuation-dissipation theorem and the thermal average over the phonons, to be D = 0.516
ol *(kpT/piwl)’, where 1 is the lattice spacing and a, is the frequency of small oscillation of the ion (with

mass m) around u,, a minimum point of an isolated double-well potential.

I. INTRODUCTION

In recent years, considerable progress has been
made in the study of nhonlinear equations in various
fields of physics, Of particular importance are
nonlinear equations which admit large-amplitude
solitary-wave solutions. The usual perturbation
calculations, which postulate small-amplitude de-
viations, are inadequate to obtain such solutions.
One example of solitary-wave solution is the do-
main wall which was discussed by Krumhansl and
one of the present authors (JRS)! (hereafter KS).
They studied thermodynamics and some dynamic
properties of a one-dimensional-model system
whose displacement field Hamiltonian is strongly
anharmonic, and is representative of those used to
study displacive phase transitions. It is the model
system of a structurally unstable lattice, having a
double-well local potential and nearest-neighbor
coupling. A domain-wall excitation is character-
ized by the following distribution of ions at each
lattice point. Over nearly all the semi-infinite re-
gion of the left-hand side of the domain wall, the
ions are uniformly at the potential minimum of the
same side of the lattice point. Nearly all ions on
the right-hand side of the wall occupy the minimum
of the other side. The transition takes place
through a domain wall of a finite thickness. The
wall can move with a constant velocity which is less
than the velocity c, of low-amplitude sound waves
(phonons). At low temperature, the thermodynam-
ic function was evaluated in two ways: exactly by
the functional integral methods and phenomenolog-
ically by regarding both phonons and domain walls
as elementary excitations. The agreement of the
results of the two evaluations confirmed the idea
that phonons and domain-wall excitations play an
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important role. In addition to this static property,
a number of dynamic properties could depend
strongly on the presence of domain walls. The dy-
namic correlation function is one of them. A pos-
sible relation between the development of a “cen-
tral peak” in the dynamic correlation function and
the distribution of domain wall was pointed out. It
was later shown by Bishop, Domany, and Krum-
hans]? that the appearance of phonons and domain
walls as elementary excitations survives the pass-
age from classical to quantum mechanics.

_ Molecular dynamics computer simulations have
been carried out for this problem. Koehler, Bis-
hop, Krumhansl, and Schrieffer® showed the mo-
tion of the linear chain as a series of snapshots in
time for various temperatures. The results showed
pronounced domain structure at low temperature—
a feature emphasized in the analysis of KS. They
further found that there is a phonon dressing of do-
main walls. Domain-wall potential energy E,
determined with the help of correlation length,
turned out to be smaller than the bare value, esti-
mated by KS, at low temperature. It was also ob-
served that the domain walls do not keep moving
freely between collisions with other walls. Rather,
isolated walls appear to undergo Brownian-like mo-
tion.

Aubry* also performed molecular dynamics cal-
culations to obtain the dynamic correlation function
of the one-dimensional system. He pointed out the
possiblity that the domain walls participate in de-
veloping the central peak. Simulations of a two-
dimensional system were done by Schneider and
Stoll.® They found clustering phenomenon to be
very important in this case. This clustering phe-
nomenon is equivalent to the appearance of two-
dimensional domain structure.
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The same model has been investigated by ele-
mentary-particle physicists. It is called a ¢* mod-
el in one-plus-one dimension. The domain-wall
solution describes the Fourier transform of the
form factor of an elementary particle. It was
shown that,® when there is a domain wall at rest,
the equation of motion linearized with respect to
the deviation from the domain-wall solution has
three types of independent solutions: a “transla-
tion mode,” and “amplitude oscillation” of the do-
main wall, and propagating “phonons.” The trans-
lation mode is a Goldstone mode’ which arises due
to the breaking of translation symmetry by the
presence of the domain wall. The amplitude-os-
cillation mode gives rise to a modification of the
form of the domain wall. It costs some energy and
thus corresponds to an excited state in the langu-
age of elementary-particle physics. The phonon
modes are the continuum solutions which except in
the vicinity of the domain wall resemble the linear-
ized solutions of the original equation in the ab-
sence of domain walls. By examining the asymp-
totic form of the solutions for x—z+«, one finds
that the phonons suffer only a phase shift when pas-
sing through the domain wall. In this sense, the
phonons do not interact with the domain wall. This
is the reason why Koehler et al.® suggested that the
observed diffusive wall motion might be a result
of effects nonlinear in the phonon amplitudes, as
well as possible discrete-lattice effects.

The purpose of this study is to show that the non-
linear effect, in fact, can give rise to the Brown-
ian-like motion of the domain walls. When a wave
packet of phonons, with typical frequency w, is in-
cident on a domain wall, the nonlinear effect gen-
erates two harmonics: one with almost vanishing
frequency and the other with 2w. The former ex-
cites the translation mode, shifting the domain
wall a finite distance. The wall moves as if the
effective interaction with the incoming phonon is
attractive. Since phonons make collisions with the
wall randomly, it behaves as a Brownian particle.
The other component with the frequency 2w is par-
tially transmitted and partially reflected with a
phase shift.

The diffusive wall motion is characterized by a
diffusion constant. It can be estimated using the
fluctuation-dissipation theorem. If we denote the
position of the domain wall at time ¢ by 6(¢), the
diffusion constant D is given by®

D={[5(1) ")/ 2t, (1.1)

for the one-dimensional system. Here the angular
brackets mean an average over the distribution of
phonons. The time ¢ should be long in comparison
with the “mean- free time” of the collisions. Since
we are interested only in the lowest order of non-

linear contribution to 6(¢f), we may ignore nonlin-
ear terms in the phonon-distribution function which
contribute to higher-order corrections to the dif-
fusion constant. This is a good approximation when
the number of excited phonons is small at low tem-
perature. The diffusion constant, thus obtained,
turns out to be proportional to 72, indicating that
the diffusive wall motion is a second-order effect.
In Sec. II, we review the one-dimensional model
of KS, the linearization of the equation of motion
when there is a domain wall, and the three types
of the solutions. In Sec. III, nonlinear collisions
of a phonon with a domain wall are investigated.
The shift of the domain wall, the coefficients of
transmission and reflection of the higher harmon-
ics and their phase shift are calculated as a func-
tion of the wave number of the incoming phonon.
In Sec. IV, the statistical mechanics of phonons in
the presence of a domain wall is developed. Using
the fluctuation-dissipation theorem, it is applied
to obtain the diffusion constant. Finally,in Sec. V,
we discuss the obtained results and some re-
maining problems.

II. MODEL AND LINEARIZED SOLUTIONS

The Hamiltonian proposed by KS has a continuum
representation

_ fax[p(x)? A B mc2 f(du 2]
H..f—-l—[zm +—2-u(x)2+—4-u(x)4+ 20(397) s

(2.1)

in the displacive case. Here [ is the lattice spac-
ing and x locates an ion with mass m. The fields
u(x) and p(x) are the displacement and momentum
of the displacing ion at x with respect to some
heavy ion or reference lattice. A and B are para-
meters which characterize the local potential. KS
discussed the case of a structurally unstable lat-
tice, taking A=- |A| and B> 0. The local poten-
tial is a double-well potential with minima at

u=3u,=+(|A|/B)*2. (2.2)

The classical equation of motion for the displace-
ment field #(x) which follows from (2.1) is

md*u/9t?+Au+Bu® ~mc20%u/8x% =0, (2.3)
This has a domain-wall solution

u=u, taﬁh[(x—vt)/\/fg], (2.4)
with

2=m(c2 -7/ |A

Suppose a domain wall is located at x=0 and not
moving. Deviation from the domain-wall solution
would be small at low temperatures, If we put

. (2.5)
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u(x, 1) =u tanh(x/V2E) + ¥(x, 1), (2.6)

the deviation ¢ satisfies the equation
9% c2a% [ 2 (3_(53) x
32 82 T1¥0~\ 2 cosh FZEO) P

)], w0

where £2=mc%/|A| and w?=2|A|/m. It has been
shown® that the eigenvalue problem

- 2o/ dx® + w2 — (3wd/2)cosh®(x/V2E,) o = w?¢

(2.8)
has eigenvalues and eigenfunctions:
w?=0, @,(x)=cosh®(x/V2%), (2.92)
2=§— 2 =si h(———x ) h'z_x_-
W= 305, @,(x)=sin 3L, cos 7% )’
(2.9b)
wr=wi+cigP=w?, (w,>0), (2.9¢)

90 =3 tanhZ(ﬁ"go)

-3V (X V1 —24222).
3 qugotanh(mn)- 2°82)

These three solutions have simple physical in-
terpretations. When ¢,(x) is added to the domain-
wall solution, one finds that the sum

ug tanh(x/ V2 £;) + B, (%) =u, tanh(x/V 2, +8o/uo)

corresponds to a domain wall which is translated
by an amount §=—v2£,8,/u, Thus the w?*=0 solu-
tion yields the “translation mode” of the domain
wall. It is a Goldstone mode” which arises due to
the breaking of symmetry by the presence of the
domain wall. When ¢,(x) is added to the domain-
wall solution, the wall does not move, but its form
undergoes a variation with time. We may call it an
“amplitude-oscillation mode” of the domain wall.
The third solution ¢ (x) constitues the continuum
mode. Except in the vicinity of the domain wall, it
is a propagating plane wave whose spectrum is
_identical with that of small oscillations of ions
around the bottom of one of the walls in the ab-
sence of domain walls. Therefore, these solutions
correspond to the “phonons.” They are not reflec-
ted by the domain wall but suffer only a phase
shift A(q),

et (= (2 - Q% -3iQ)/(2 - Q%+ 3iQ),
(2.10)
A(g)=2tan™'[3Q/(Q% - 2)],

where @ =v2q&,.

Because the solutions ¢,(x) (i=0,1,q) are eigen-
functions of the self-adjoint eigenvalue problem
(2.8), they form a complete set which spans the
space of functions of x. The orthogonality rela-
tions are

fm @3(x) dx =% V2, (2.11a)

S oxxax=32,

-0

(2.11b)

[ oxto,. () ar=21+@) 4+ @0 =),

(2.11c)
while the completeness relation has the form

3
avag, Poeal¥)+ @%gg @1 (0, (x")

[T AG W) 519

- 21(1+ Q%) (4+ Q%)

The relations (2.11¢) and (2.12) are proved in
Appendix A.

Let us suppose that, at time #=%,<«<0, a wave
packet of phonon is at x <0 moving in the direction
of the domain wall. It gives the initial condition
for :

1 .
Wx, ) =1 Zuﬁaqsm(qx —wt+6,), (2.13)
q

when t~t, Here w,>0 and a, is nohvanishing only
at ¢>0. L is the length of the system. The quant-
ity a, gives the amplitude of the incoming phonon
which we assume to be small in comparison with
unity. Since a, would be a localized function
around a typical wave number g, the initial form
(2.13) can be rewritten.

P(x,t)=Imexp [i(gx - Dt +0,) If(x = vt —x,), (2.14a)
where

U,

10=% 5~ aexlilg -], (2.140)

and @_ and 8, are the values of w, and 6, at ¢=7.
The quantity v, is the group velocity

v,=(dw,/dq) .z =C37/ @ (2.15)
The quantity x, is defined by

%=~ (d0,/dq) . - (2.16)
It specifies the initial position of the wave packet
at x,+ v l,.

The first-order approximation of the equation of
motion for ¥ (2.7) is
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8%, c3o%y,

37 ax2 + [w? - $w? cosh?(x/V2£) [,

(2.17)
We can immediately write down the solution which
satisfies the initial condition (2.13)

b, (x, ) =£— > {a b () expli(-w t+06,)]

- ¢p¥(x) explilw,t -8},  (2.18)

where the function ¢, is defined by
$,(0)=9 (1)/(2 - Q%+ 3iQ). (2.19)

After transmitting through the domain wall, the
function ¢, takes the form at x>0 and >0

uz .
¥, (%, t)——-f Z a,sin[gx —wt+60 +A(g)]
Q

=Im exp{i[gx -0t +8,+ A@)]}

Xl mvgt =% = 5), (2.20)
where
_ fda(g)\  _6V2£,(2+Q@7)
s —<dq > {4+55-z+(;4 . (2.21)

Here we have used a notation
Q=27 (2.22)
The shift Ax, is illustrated in Fig. 1.

III. NONLINEAR PROCESSES

When the amplitude of the incident phonon a, is
small in comparison with unity, the deviation from
the domain-wall solution can be written in a form
of power series in a,

P, ) =9 (2, ) + Py, E) 4 +ovs (3.1)

where the function @, is bilinear in «,’s. Substitu-
ting into the equation of motion (2.7), we equate the
bilinear terms on both sides to obtain
azd)z 29 ‘pg 2 __3 .2 h? ﬁ
8t2 -=Cy axz + [wo - 2Wy cos (x/ go)]wz

= — (8Bu,/m) tanh(x/vV2¢,) ¥2. (3.2)

J

B 0= dwetionyx,w),

x(x,w)=—4? E aa

4.0
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FIG. 1. Shift of the phonon wave packet due to the inter-
action with a domain wall as a function of the wave num-
ber g. Solid curve is the shift of the incident packet
Ax; and the dashed curve that of the higher harmonics
Ax,. The abscissa is @ =V2 g&,.

We expand 9, in terms of the ¢,

by(x, 1) =8 o(t)<po(x) +8 1(t)¢1(x) + % z Bk(t)%(x)-
k

(3.3)

Substitution into (3.2) and use of the orthonormal-
ity of the ¢’s give

8, _
T T‘g‘f dxtanh (w/—g )%% (3.4a)
a8, - 9Bu,
e + 5w 81 'ﬁ_/:wdxtanh(\/—go)‘h%;
(3.4b)

daB 3Bu,
it OB TR B

f dxtanh (Tz‘g_) oXY2, (8.4c)

where K=v2kE,.

These equations should be integrated so that the
B’s and dB/dt’s are zero at t=t,, since the initial
condition is completely satisfied by §,. Instead of
the above condition, we introduce adiabatic hypo-
thesis, taking {,— —« and assuming that the non-
linear interaction on the right-hand sides of Eqs.
(3.4a)~(3.4c) have gradually increased from zero
as if there is an additional factor exp €f, €>0. To
simplify the integration, we introduce the Fourier
transform of ¢?

(3.5a)

10w —w,—w, )p B, exp[i(6,+6,.)]

+0(w+w, +w, ) pxok exp[-i(6,+ 6,.)]
= 25(w - w, +w, ) P*. exp[i(6,—6,.)]}. (3.5b)
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Then, integration of (3.4) gives

3"“):@9%%: f : f : dx dw tmh@%—g—)wox

x exp[—iwt/ (w+1i€)?],

l(t)-zjl_gu mE, ./:.,, -/., dxdwtanhéz-g—o) @ X

x exp{ - iwt/[(w +i€)? - $wi]},

(3.6b)

(3.6a)

9Bu?

DOMAIN WALL AND THE... 3901

B,(#) =3Buy/m(1+K?)(4+K?)

f f dx dwtanh (Ti?) o¥X

x exp{ - iwt/[(w + i€)? - W3]}
(3.6¢)

Substituting the expression (3.5b) of  into (3.6a),
we can carry out the w integration with the help of
the 6 functions to obtain

o) = - TgTpme T 2 a e f dxtanh ( )%(x) [4, ()9 ,(x) exp < i(wq(:‘ w:“)’t+ f(i) + eq.))

The integrand of the ¢ and ¢’ integrals is nonsin-
gular except for the last term in the parentheses at
w,=w,.. The contribution of these nonsingular
terms corresponds to a forced oscillation of the
translation mode by the incident phonon, The fre-
quency w,+w,. is not the eigenfrequency of the
translation mode. The forced oscillation would re-
lax quickly as soon as the incident wave packet
passes. On the other hand, the singularity of the
integral does give rise to the generation of the
translation mode to which we shall confine our dis-
cussions hereafter.

After some calculations, which are given in
Appendix B, we can show

f dxtanh (\/"25 )(PO(PVG(/)G.

TTZ(QZ Q'?)2E [1+(Q2+Q’z)/4] (3.8)
22 s1nh[1r(Q+ Q")/2] R

where Q' =v2q'£,. At the singular point ¢’ ~¢, the
x integral in (3.7) takes the form

. * x "
ql}!l“ll » dxtanh (75—%)%%:1)«‘.

ﬁ- - 002 2 2
Q-T2 (39)

It is important to note that the singularity is not of
second order but of first order, since the numera-
tor (3.9) vanishes linearly there. Contribution of
the region in the vicinity of the singularity can be
evaluated as follows (at #>>0):

H(Wo+ wge )t —i(0+ Gq:))
(W +wgo —i€)?

+ OXx)p*. (x) exp(

— 26 ()3 () exp( M= Lardl e iC0s o 2. @

(W, = w, +1€)?

L

9iBuj d
3= g 2, @t () P62+ @)
e’

—i(Wq = wq )t +3(8, —0,+) >
% exp((4+5QZ+Q“)(wq - W, +1€)

QBu dg \*Q%£,(2+ Q)
Z (d ) 44+5Q%+@Q*

_ 9 a2w?(2+Q?)
TV2gL Z w3(4+5Q%+Q%)
q

a3(2+Q?)
T14+Q%

2§0L 2

(3.10)

The quantity 8, is related to the shift of the domain
wall 6, which is given by

V2E 8, _ 94 2
5= uio =M o9 1(+‘2§) (3.11)

The domain wall moves in the negative direction
by a finite distance. The discussion so far can be
reiterated for the case of a phonon coming in from
the positive x side of the domain wall. The shift of
the wall is again given by (3.11) with the opposite
sign. It moves in the positive direction by the saine
distance. The interaction between the domain wall
and the incoming phonon is effectively attractive.
The motion of the domain wall should look like a
random walk in very low temperature where the
phonons collide with the wall in a random way. If
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FIG. 2. Magnitude of the translation of the domain wall
|6 | as a function of the wave number of the incident pho-
nong. The abscissa is @=V2 g&,.

the phonon is almost coherent, we may put

az=a%6(g -9). ‘ (3.12)

Equation (3.11) then becomes
5= = (9u2a?/8m)(2+Q%)/(1+@?), (3.13)

5
8,(t)= 3Bup

X exp(

which is shown in Fig. 2.

Substitution of the expression (3.5b) for x into
(3.6b) gives B,(t) which is composed of three terms.
One of them involves ¢ ,¢,., another ¢¥p*., and
the last ¢ ,¢%*,. The denominator of the first two
takes the form (w,+w,, +7€)? - jw? which does not
vanish since w, > w,. The denominator of the last
term (w, -w,. +%€)? -~ jw? does not either, if the
incident phonon wave packet has enough coherence
so that the distribution of the function o, is well
localized. The wave numbers g and ¢’ should be
close to each other in the localized region and
|w,-w,. | is less than 3V3w, Therefore, the mo-
tion of the amplitude oscillation is the forced os-
cillation by the incoming phonon, since the inte-
grand of (3.6b) is nonsingular. It would relax very
rapidly.

Substituting (3.5b) into (3.6c), we again obtain
three terms for B,(t) which involve ¢ ¢ .., ¢*p*,,
and ¢ ¢¥ , respectively. The above argument can
be applied to the last term. Contribution by the
singularity of the integrand is due to the first two
terms which can be written

® x
Tom(A+ K4+ KL® Re; "‘«“’a'f_w dxtanh(m)%m%

(@t wq )+ (8o 9q'))' (3.14)

(Wt w,» +i€° — w3

We may denote the last term of §,, given by (3.3), by ¥2#, since it will be shown to be related to
higher harmonics. With the help of (3.14), it takes the form

(x, f) = % f : kB, (1)9 (%)

_ __8Bug
T 4mmL?

Re Ziaqdq:f dkF (=k,q,q")¢4(x)
aq’ -

X exp{ —i(w,+ w,. )t +(6,+06,.) + [ Alq) + A(q’)]}/[(lvjrKZ)(4+K2)]1/2

X[(we+ w, . +i€)? = wi], (3.15)

where F(k,q,q’) is defined by

i [ dxtanh(x/V3E) 0,0.0..

F(k;q’ql)=

[(1+K?)(4+ K*)(1+Q%)(4+ Q) (1+ Q) (4+ Q") /"

(3.16)

The integration is carried out in the Appendix C to show that F(k,q,q’) is real and

« X . P
f_ dx tanh (Ti_g;) PpPePy = V2mik, (6(P3+ P,P,-P,)5(P)+ SIAh(7P/3) (8+5P,+ 3P, ~+P5 - 3PP+ %Pzpz

-3P*+3P,P- 2P, PP LP;- %P, P, P
- $Ps PP+ ZP P*+ 2P, P* - %P")) ,

(3.17a)
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where P is the principal part and the various quan-
tities are defined by
P=Q+Q'+K, P,=Q"+Q"+K", (n=2,3,4,5).
(3.17b)
Singularities in the % integral of (3.15) are at
k=x(k+i€), k=(1/co)[(w +w,.)? - ]2,
(3.18)

We shall first discuss the transmitted wave at
the region with a large positive x. The % integral
in (3.15) can be closed by a contour of a large
semicircle on the upper half of complex 2 plane.
The residue at the pole « +7¢ gives the only con-
tribution to the integral which takes the form

3Bu’
ph, [o]
) (x,t)__._—-—-——z—g4 L

X—> +e m
aa,,
X —9 9 - ’
Rez p F(-,9,9')
QQ
X expliky — i(w,+ w,. )t +1(6,+ 6,.)

+3i[A(k)+ Ag) + Alg") ]}
(3.19)

The phase function is expanded at the point g =¢’
=g. The wave number k can be approximated by

k=R+ /o g-7+q' -7), (3.202)

when can be derived with the help of (3.18). Here
K and v, are defined by

7= (lcy) (mf, - wg) YR b= (dw,/dq), 5. (3.200)
The transmitted wave (3.19) finally takes the form
V(% 1), , » —1(g) Reexp ({kx — 2wt + 26,
+[za(®) +a@)]})

X [f((vq/v,()x =Vt =%~ Ax,) ]2:

(3.21)
where
t(q)= - (3/4u,£3R)F (=%, 7,7), (3.22a)
Ax, = (308%,) = (v,/20,)[dA(K)/dK], g - (3.22b)

The constant B was replaced by mc2/u2t2, using
(2.2) and a relation below (2.7). After a lengthy
calculation, making use of (3.17a) and a relation
K?=4Q2+12, we obtain

e _ 4V2mE (4+QP)°
~i f axtanh(e/VEt) oy o= =~ SIA[(@ = 18]’

(3.23)

00 ]
-0.1
& -02
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O 05 10 15 20 25 30 35 40 45
Q

FIG. 3. Amplitude of the transmitted higher harmonics
t(g). The abscissa is @=V2 gG&,.

where
K= ﬁﬁ&o. (3.24)

The amplitude of the transmitted wave #(g) is found
to be

t(_)— 3 (Qz+4)3/2 )
O =y, sinh[1(@ —2K)] K(QZ+1)(4Q2+13)7?

(3.25)

The function #(7) is illustrated in Fig. 3. The
transmitted wave is shifted forward by the amount

Ax,=3V2E[(2+Q2%)/(4+5Q02+Q%)
+2Q(2+K?/K(4+5K*+KY)],

(3.26)
which is shown in Fig. 1.

The reflected wave at the region with a large
negative x can be obtained by the %2 integral in
(3.15) with an additional contour of a large semi-
circle on the lower half of the complex % plane.

The residue at the other pole —k—ie gives the con- |
tribution. Iterating the discussion above, we find

P2(x, £), . .a—7(7)Re exp(i{ — Kx - 2@, + 20,

+[z8(®) + @)1 .
X [f(" ('Uq/vx)x - th - Xy = sz)]z,
(3.27)

0.05
004
003
0.02
0.01

uor (g)

1 1 1 1 L 1 L
00 01020304 050607080910

Q

FIG. 4. Amplitude of the reflected higher harmonics
7(7). The abscissa is @ =V2 g&,.
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with the amplitude of the reflected wave

@ = 37 (@2+4)%/2
M) = L Sh[1(@+ 2B K@+ 1) (42 +13)7/% *

(3.28)

It is illustrated in Fig. 4.

IV. STATISTICAL MECHANICS AND DIFFUSION
CONSTANT

We have studied in Sec. III the elementary pro-
cess of collision between a domain wall and a wave
packet of phonon, which is nonlinear in the ampli-
tude of the phonon. It gives rise to a motion of the
domain wall. It should be one of the motives of the
Brownian- like motion. However, the result of the
simulation® shows that the wave trains of phonons
are so long and overlapping that the concept of a
wave packet hardly applies even at the low tem-
perature T=Fk ,TB/A®=0.117. It is necessary to
generalize the discussion of the elementary pro-
cesses to the case that the phonon has an arbitrary
distribution.

We are interested in the lowest-order effect of
the nonlinear processes, thatis, the effect to
second order in the phonon amplitude. This means
that it is unnecessary to take into account nonlin-
ear effect in the phonon distribution. The latter
contributes a term, to the diffusion constant,
which is of the same order as that due to higher-
order elementary processes. In this sense, our
discussion is valid only at low temperature.

The displacement and momentum fields u(x) and
p(x) are expanded in terms of the ¢,

u(x) =u,tanh (T;g:)

+ (Z\%g—o)l ! 25.10<p0(x) + (5%25';) Y qu @y(x)

4, Px(%)
* ; L1 +K2)Z4+ K?) /2

px) = (@%E-u)mpo%(xh (E'\/-%g-)”zpl(pl(x)

(4.1a)

(4.1b)

¥ ; RL( +p1§f)k(<21{2)]1/2 '

Since these fields are real, the coefficients satis-
fy the relations

a§=4dos 4F=4q1, 9F=q>

p§=Doy DP¥=D1 DPE=Dop-

Introducing the real and imaginary parts of g,
and p, by

(4.2)

q,= qu"'iqhz ) pk=pu+ipkz ’

we can show that the transformauon of va_mables
in a functional integral

(D0y)se e, P(x,), ulxy), . ..
- (poapu oo

is canonical and

yu(x,))

pk_upkz,- e ooy qyee e pysQpae - )

N
H dp(xi)du(xi) = (Ax)-Ndpodpl,dqodq],

i=1
k>0 & k2 k1 k2 )

The proof of (4.3) is given in Appendix D.
Substitution of (4.1a) and (4.1b) into Hamiltonian
(2.1) gives

Heo dxA? (

2B +EDP+2 7 po"‘px"'z ’Phlz)

k>0

3wg
—27(-—4—(11*' wi!qk}z) , (4.4)
250

where higher-order terms in the q; are neglected,
since the nonlinear effect in the phonon distribu-
tion is irrelevant. The constant E ,, is a domain
wall potential energy introduced by KS. Relation .
(4.4) is derived in Appendix E.

Corresponding to (2.13), initial condition for the
fields, ¥(x) and p(x), att=£,, can be written

Yx, )= (57%‘5)/4 01(0)

qk‘pk(x)

* Z RLA+K*)(@E+K) 2’ (4.52)
plx, 1) =mi(x,1,)
-(3755) Puonto
« (4.5b)

* ; P LA+ KD @ KD

Distribution of the p; and ¢; is determined by
Hamiltonian (4.4). In comparison with (4.1a) and
(4.1b), we have chosen that g,=p,=0 since the do-
main wall is at the origin and not moving initially,
We can write the first-order solution of (2.17) as

() ren )
+af¥ exp <i€w°t)] @, (x)

b3 [a, exp(—iw,t) + a¥, exp(zwkt)]cp,,(x)
L@ +K2)(4 +KA) 2

(4.6)

since the function ¥, is real. The initial condi-
tions (4.5a) and (4.5) are satisfied if we require
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q,=a,+a¥,, p,=miw,(a¥-a,), @1
q,=a,+af, p,= %ﬁmiwo(a’{ —-a,).

Here were some trivial factors exp(iw,t,) and

3905

© X
Fo(k,k')=[—i f dxtanh %%%,]

x [(1+ K?)(4+ K*) (L +K"?) (4+ K?) /2,

exp(+3iV 3wyf,) which were removed by a proper (4.8a)
redefinition of the a;.
The second-order equation (3.2) is solved making Folk)= fwdx tanh (—é——') -
use of the expansion (3.3). The unknown B(f) sat- e £
isfies (3.4a) where the function ¢; on the right-hand ' 2\1-1/2
side is now given by (4.6). Introducing the nota- X [(1+K2) (4+K7)] ’ (4.8b)
tions we can rewrite (3.4a),
J
dzﬁo____ __?f_%__ z E F, (R, k") (a,e ikt + axe'r?) (a,.e” "'} + o ,etwrt)
dtz Bﬁuoﬁg L v o\ ) -~k ] <k
. 6\/_5 1/2 . .
* (EOL ) ZFox(k)[ale HB00t/2y ayet U0t e mk""afheiwh']) : (4.9)
r
Use is made of the fact that
© x

f dx tanh _ﬁﬁ—o Y,92=0. (4.10)

We will again use the adiabatic hypothesis in order to integrate (4.9). If we put
t t ;
<I>(w,t)=f dtlj ldtze"“"’«’*”z:—%)%—:—;-ﬁ-)-, (4.11)

“the integration of (4.9) gives

9c? ;
Bolt) = — (m){% Z Foll, k") [a,a, &(w,+w,.t) +2a,0%, & (0, — W,.1) + a%,a%, &(w,+w,.t)*]

kR’

\/’“ 1/2 V3
+ <§—0—§) Zk Fy (k) [alakgp( 32‘4’0

\/—iw% Wy t) *]}

+afa*,® (

V3¢ V3 *
+ w,t) +a,a%® (——329—"- Wy, t) +ata,® -—-;—?—-9- Wy, t

(4.12)

Thermal average of various quantities are easily evaluated with the help of Hamiltonian (4.4). Since
@)= @ - 43)=0, (Pp=0, (lg,| =21k, T/mw}, and (|p,|*)=2mik,T, the relations in (4.7) lead to

(a,a,)=0, (afa,)=(kgT/mw})d,, , @})=0, (ata,)=2k;T/3muw}.

(4.13)

Thermal average of the translation of the domain wall vanishes;

(6 (t)>= —ﬁ€o<Bo(t)>/uo =0 )

(4.14)

since it is the sum of the term F (-, %) which vanishes as (3.8) shows. Fluctuation of the translation

(62(t)) turns out to be

6@)*= (9w‘2’lkﬂT)2 > (F°(k’k'))2[ld>(w,.+ W, ) |2+

2
8muiL WyWy,

R’

o ) 5 () o

|q>(wk"‘ wklyt) l?]

w,,t) ® (—‘[—3—239_ Wg t)

2

N (4.15)

z]'
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As discussed in Sec. I, the diffusive wall motion
is characterized by a diffusion constant D. Ac-
cording to the fluctuation-dissipation theorem, the
knowledge of the fluctuation (5(¢)%) gives us the
magnitude of the diffusion constant by relation
(L.1): '

D={5(t)*/2t,

when { is long in comparison with the mean free
time. We are therefore interested in a component
of (5(£)?) which increases linearly with time. In
other words, a component of (5()%) which diverges
linearly with € - 0 is important. With the help of
(4.11), we have

|®(w,t) 12=(w?+ €2)2. (4.16)

It is now evident that among the four terms in
(4.15) the term with |®(w,- w,.,?) |? has a possi-

bility to give such a contribution. It can be trans-
formed as

000 (g )

= ”dkdk{[Fkk’)]+[Fo(k —k')%}
xfo f

w2l [(w,~w,.)?+€*F

(4.17)

Since F,(k,k’) vanishes as (k- &’)% at k~ &/, as
(3.8) shows, this term in the numerator of the in-
tegrand can be neglected. On the other hand, we
obtain with the help of (3.8) and (4.8a),

V2K - K"K?(2 +K?)

o (OWEERIRTN? [ K*2+K?? (W, —w,)?
©®%)= (“—"—‘4}5,,ng ) fo b T B + Kok [ f Wy T — s F

_(QlkBT )2 1/“‘°dw,z(2w,z_wo)2 81

2V Tl wy a4w2—3w20)2 I

The definite integral is evaluated to give a con-
stant

© dx(2x% - 1)2 ki -
. aE—er- (27J‘)I“(2+‘/—) =7 ~0.160.
The diffusion constant turns out to be
B _ /s (py2 e
p=L02- 0 >/ (zf_mdte ')
=z¢(5(t)%)

81 kT )2
—0.160Ew0l <m

R,T \?
=0.516w0l2 (W%—(;g) . (4.20)

It is worth remarking that we have obtained the
diffusion constant making use of the same mecha-
nism as the finite translation of the domain wall
was derived in the discussion of Sec. III. The
singularity of energy denominator is somewhat
suppressed by the vanishing numerator. It led to
the finite domain-wall translation in Sec. III. It
gives in this section the fluctuation of the transla-
tion which is proportional to &

V. DISCUSSION

We have studied interaction between a phonon
wave packet and domain wall. The second-order
process in the amplitude of the incoming phonon

N = ~pr
Fo(k, -k VI , atk~k
(4.18)
Substitution into (4.17) gives
T\21 [=dx(@2x%-1)?
mu%w%) Efl @232 (4.19)

—

gives rise to a translation of the domain wall, the
effective interaction being attractive. The distance
of the translation is rather insensitive to the wave
number of the phonon. It decreases as the wave
number increases. The value at the limit of short
wavelength is one half of that of the limit of long
wavelength. The order of magnitude of the trans-
lation is |6|~u2a? as given in (3.13). With the
help of (2.13) and (3.12), we can find

ol 4,2
[ dx=ta (5.1)
which gives
[6]~ [ v2dx -
-/.; ?- (5'2)

In order to estimate the translation, we may calcu-
late the produce of mean-square deviation of ions
and the width of the packet. Its ratio with «2 gives |5 |
The higher harmonic generation is another inter-
esting phenomenon. This does not happen in a sit-
uation with no domain walls. It is essential that
the wave number of phonons may not be conserved
during the generation process because of the pre-
sence of the domain wall. Suppose we try to ob-
serve the transmitted waves at x>0. We will ob-
serve two signals. The stronger one is that of the
incident phonon. It reaches x at a time (x —x,
- Ax,)/v, which is earlier by the amount Ax,/v,
than in a system without the domain wall. The
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weaker signal is due to the higher harmonic. Its
“total intensity” [, (§2")2dx is of the order of
[=¥tdx/u? as shown with the help of (3.21), (3.25),
and (2.20). It arrives at x when {=x/v,~ (x,+ Ax,)/
v, Since Ax,>Ax,, the stronger signal is observed
first if the distance x is so close that x<EK(Ax,

- Ax,)/(K -2Q). The weaker signal travels ahead
if x>K (Ax, - Ax,)/(K - 2Q), since its group velocity
v, is faster than v .

We can observe also the reflected wave at ¥<0.
In this case, there is only one signal due to the
higher harmonic. It arrives at —]x[ when {= |x| /v,
- (%,+ 8%,)/v,. The amplitude of the reflected sig-
nal will be much reduced compared to that of the
transmitted wave as Fig. 4 shows.

It might be rather difficult to observe these phe-
nomena in an actual physical system. One may be
able to prepare an ideal quasi-one-dimensional
system. But it would be hard to control the con-
figuration of ions so as to form one domain wall.
On the other hand, it would be easy to simulate the
elementary processes in the molecular-dynamics
calculation. It may allow us to evaluate the rela-
tive importance of the nonlinear process and the
possible discrete-lattice effects in the diffusive-
wall motion.

We have next studied interaction between a do-
main wall and a phonon field with an arbitrary dis-
tribution. The probability distribution is given by’
statistical mechanics in terms of a Hamiltonian
which is bilinear in the phonon field when there is
a domain wall. Use of the fluctuation-dissipation
theorem gives us the diffusion constant at low tem-
perature. It has turned out to be proportional to
T2, This temperature dependence is a result of
the nonlinear process. Since the translation of the
domain wall is proportional to the square of the
phonon field, fluctuation of the translation is given
by a quadruplet. Its thermal average by Hamilton-
ian (4.4) is, therefore, proportional to (I%,T)>%.

The ratio between the diffusion constant and (I%,T)?
has the dimension of (length)™ (time)® (mass)™. In
our formulation, we have introduced four constants
m, A, B, and c,. They are equivalently described
by m, w,, &, and #,. Thus it is clear that D
should be proportional to wi*»™2. In order to un-
derstand why the diffusion constant does not depend
on the wall thickness £,, we consider the depen-
dence on %,. It is important to note that the eigen-
value problem (2.8) does not involve u, as a para-
meter. Neither does the Hamiltonian (4.4). There-
fore, the first-order solution (4.6) does not depend
on u,. Equation (3.2) shows that the second-order
solution is proportional to Bu,c<u;!, leading to the
relation B,(¢) «<ug'. The translation of the wall 5 is
thus proportional to ;2. Finally, the diffusion
constant turns out to be inversely proportional to

u}. The independence on the wall thickness is
characteristic to the second-order nonlinear ef-
fect as the temperature dependence which is T2,

Measurement of the diffusion constant should be
more feasible than the elementary process since
we do not need an ideal configuration of one domain
wall and the constant is related to a dissipation
process. The difficulty we have to meet is to ob-
tain a good one-dimensional sample. The tempera-
ture and wall thickness dependence of the diffusion
constant should be the most interesting properties
to be measured. It is also important to obtain
quantitative information on the magnitude of the
diffusion constant with the help of molecular-dyna-
mics computer simulation. It will clearly show if
the nonlinear effect, discussed here, is really the
most dominant mechanism which gives rise to the
Brownian-like motion of domain walls.

Much remains to be done even when the nonline-
ar effect would turn out to be the dominant me-
chanism. Correction due to quantum effects in
dynamics and statistics would have to be discussed
at low temperature. It would be important to de-
rive a Langevin equation for the motion of domain
walls. It would give us information about the ran-
dom force acting on the domain wall. We should be
able to derive the fluctuation-dissipation theorem
of the second kind which is a relation between the
diffusion constant and fluctuation of the random
force.” The phonon dressing of domain walls, dis-
covered by the simulation work,? should also be an
interesting problem. It should have a close rela-
tionship with the nonlinear process discussed in
this paper.

We would finally like to point out a new feature
of our discussions. Unlike the usual Brownian par-
ticles, our domain walls and phonons are made of
the common constituents —the ions. The difference
is only in the manner of motion of the constituents.
This situation is more universal in solid-state
physics than that corresponding to the usual Brow-
nian particles. Magnetic domain walls and spin
waves are another example. One can find other
examples in so-called soliton phenomena of vari-
ous problems. Our work shows a possibility of
investigating the interactions between the soliton
and its surroundings when both are composed of
the same constituents. Namely, we can use “nor-
mal modes” when there is a soliton, in which the
Goldstone mode plays an important role. It is very
likely that the method developed in this work has a
wide range of application,
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APPENDIX A: ORTHONORMALITY RELATION (2.11c¢)
AND COMPLETENESS RELATION (2.12)

With the help of the definition of ¢ (x), (2.9c),
we have

f " 909, (x) dx = VEE,[91,(4) + OPL,(3) - 3@+ 3Q7% - 9QQ" + 6)I,(2) + 3P(QQ’ — DI,(1)]

+2V2¢, f”dy [(Q%Q/% - 2Q% - 2Q"® + 9QQ’ + 4) cosPy + 3P(QQ’ + 2) sinPy], (A1)
0

where P=Q’ - Q. We define the quantities 7,(z) by

1,@n)=2 f dy cosPy(tanh?'y _ 1),
° (A2)

1,2n+1)=2 fwdy sinPy(tanh?"*'y _ 1).
0

Integrating by parts, we can obtain a recursion
formula

1,@n)=1,(2n - 2) = 2/(2n -1)

-[P/@n-1)],(2n -1), (A3)

1,@n+1)=1,(2n — 1)+ (P/2n)I,(2n).
This is solved to give

1,2)=-2-PI,1),

1,3)=-P+(1 - > P)L,1),

L@)=-3+ 1P+ (- 3P+ L P)L,(1),

I (5)--—P+—P3+ 1-2P+ 2 PYL(1),
(Ad4)
1,(6) = ——+ —P2 e »
+(-EP+3 $P - 5 PIL(1),
L(M=-$P+ LP- Lp°
+(1-F PP+ S P - POL(1).
The integral I,(1) is given by®
2 o0
1) =1—’<_1+-/:> dy cosPy sech2y>
2 m
=L veenyry ur= (A5)

P sinh(z7P)

dq P x)pE(x’)

Substitution of (A5) into (A4) gives
I1,(2) = - Pm/sinh(z7P) ,
1,3)=-2/P+ (1- LP*)n/sinh(:7P)

L,(4)= (2P + L P*)n/sinh(37P)
1,6)=-2/P+ (1 -2 P*+ L P")/sinh(17P), (A6)
1,(6)= (& P+ L P°— L P*)n/sinh(17P),

I(1)=-2/P+(1- LP- —=P*

- =5 P°)1/sinh(37P).

The integrals of the trigonometric functions are

fdycosPy hmf dy e™® cosPy =16(P).
€—>0+

(AT)
fdysmPy lim

€—>0+ 0

dy e*YsinPy=P/P,

where P is the principal part.

Substituting (A5)- (A7) into (A1), we find the
right-hand side cancels each other except the in-
tegral of cosPy which gives ‘

[ ax o309, =20(1+ @) 4+ )00 - 0.

(A8)

With the help of (2.9¢), the third term on the
left-hand side of (2.12) can be rewritten

_3mi+0 )(4+Q) ‘Zize‘“*‘* ’[1+(1+Qz)"(4+Q2)'1(3iQ3[tanh<7—;?o> - tanh(—é—goﬂ

—Q2[3 tanhz(\/zi;o) +3 tanh?® (Tg?) - 9tanh(72—%> tanh(T;I?o) + 3]

+ 3iQ{tanh <-\/—12€£—0) [3 tanhz( 5

) - 1] tanh (fg) [3 tanh? (&) - 1]}

+9 tanh? (—\%&;) tanh? (—f;ﬁ-é_o) — 3tanh? (%%) — 3tanh? (7—’215—() - 3)] .
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If x>x/, (x<x’), the g integral along a large semicircle on the upper (lower) half of the complex ¢ plane
can be added to form a closed contour. The poles, at g=i/V2&,, V2i/t,, (-i/V2¢,,-V2i/&;) make contribu-
tion to give :

f.:%’%’))%%%”(x""“zé&o exp( - ﬁlao =
{tanh3 ( Jg-§0>tanh2( Jg&)

- tanh(—;,g—g) tanh(%g;) :ttanh(ﬁz;) tanh (%E)[tanh(ég—o) - mnh(ﬁg—)]}

- 44%50 exp<-lg lx - x7 t>{1 + tanhz(—f—gg) tanh? (\/_%E_o) + tamz(ﬁg—o)
+ tanh? ( é£0> -4 tanh(v—_;—g() tanh (}2—5()
AT R E AW ER)|
= 806 - ) - 7. PolEIO) - STFE A, (a9)

APPENDIX B: DERIVATION OF EQ. (3.8)
With the help of the definition of ¢ (¥) (2.9¢c), we can rewrite the integral (3.8)
j’ dx tanh(x /V2£))9,@ (@ o0 =V2E,i {P[9I,(6) - (12+ 3QQ"),(4) +(3+3QQ")I,(2)]
- 91,(7)+ (15+3Q%+3Q*%+ 9QQ')I,(5)

- (7+4Q7+4Q7+9QQ' +@Q™)(3) +(1+ @)1+ Q") (1)}, (B1)
where P=Q +Q’. Substituting (A4) and (A5), we obtain
© _mi(Q* - Q)L [ 1+(Q%+Q"?) /4]
f - dx tanh(x/V2E)QoP P o0 = 2\/'fsinhf1r(Q +Q")/2] : (B2)

APPENDIX C: DERIVATION OF EQ. (3.17a)

Calculation is lengthy but straightforward. We shall write here an intermediate expression for
the integral (3.17a)

f. dx tanh (x/V2E)040 (P g0 = V2EGi{2TI(T) = 27TL,(6) + (=2T+E P, - ¥ P?)I,(5)

+9(2P - 1 P,P +3 P°)I(4)

+(9+3P,+3 P2+ 3P, +2P? -2 P°P, +}P*)1,(3)

+3(=P=P,P+P, -3 PP3+P,P,+3 PP~ P)(2)

~[1+P,+3 P2~ 3P, +}P*+1 P,P - § P,)*]1,(1)}
+2V2E)i(8+5P, +2P, - §P2 -+ P2 - 9P?

-$P?P,+3P, +4PP.P, L P.P® — 1P2P?+ 1 P,P* - 4 P%) /o " dy sin Py

+6VZ4i(Py+ PPy~ Py) [ “dycosPy.
o
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APPENDIX D: PROOF OF EQ. (4.3)

We introduce a lattice space in order to carry
out the functional integral in a thermal average
over the phonons. The length of the system L is
divided into N parts by the points (x,,%,,...,%,)
which are distributed uniformly with the distance
Ax; L=NAx. The distance Ax would physically be
identical with I, but mathematically we may as-
sume that Ax is independent of /. In this lattice

J

X dp,dp,dq,dq, Hdpkldpkquklquz .
E>0

space, the completeness relation (2.12) reads
3Ax 3Ax
4{2‘&0 ¢0(x1)(p0(xi) + 2\/’?50 ¢1(xi)<p1(xj)

O x)oXx,)
t NGyt @

Tranformation of integration variables generally
gives a relation

u(xl) cas

ﬁ"f’ (e () =7 <""‘1’ 1""~’> J( u(xN>>
=1 POP]_ oo pklpkz." Qi *°** Qudps °°°

(D2)

Both Jacobians have the same value since the transformation (4.1a)is identical with (4.1b) except for a con-

stant term u,tanh(x)/v2%,). It is easy to find that

'

J u(xl) eee u(xN) -

qoql cee qqukz LY

Reg,(x,) ~Imp,(x,)

3 1/2 ( 3 \i/2 ’
(7o) oot m) 2t e R IRy

Reg k(xz) —Im¢k(x2)

3 1/2 3 1/2
(w‘zo) "’°(x2)(2ﬁso) @) TR+ B [T+ G+ kT

With the help of the completeness relation (D1), we obtain

AT 0 0 ..
Jeoggtmasosea | O (Ax)T 0 eee ]y (D3)
0 0 (Ar)t ..
—

APPENDIX E: DERIVATION OF EQ. (4.4)

With the help of the expansion of p(x) (4.1b), it
is easily seen

ecd 2 1
/. L= (bﬁ+1>f+ 2 kalz), (E1)

where the orthogonality relations (2.11a)-(2.11c)
are used with

218(k - k') =L, . (E2)

Neglecting higher-order terms in the ¢;, we can
similarly obtain
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o o . 1/
f dxu(x)? = f dx{uﬁtanh2<f—%£)+2uotanh(-\/%—£ [(-2-7%?) ‘0.0,
-c0 -o0 0 0 0

f " dx u(x)* = f : dx{ug tanh* ( ‘/%‘fo)

99

Q:‘ [2L(1+K2)(4+K2)]1/2]}+qg+qi+k>o |l2:]*, (E3)

3 tane (2 Y[(—2) "2 o
+4ud tanh? (ﬁ&o)[(%/'?io) 0P+ Zk: [2L(1 +K§)(Z+K2)]”2]

3 \t/2 3 1/2 9P ]2}
+6”2tanh2(¢_§ 4&50) """"’*(2\/550) 4Ot L Rra R e § 0 B

o du 2 _ © u2 x _\/-2"“
fm dx(a> —f_w de—z-gg-) sech? (_\/750 )+T0 sec

+( 3 )1/2qod(po+( 3 )1/2
4/2¢, dx 2V2¢,

Substitution of (E3)-(E5) into the Hamiltonian (2.1)
shows that the linear terms with respect to ¢, and
q, cancel each other, since

(3 A)2u, tanh (\/—%go) +(3B)4uj tanh® ({;go )

_mc} Vau,
2 Eoodx echz(‘/—‘E , (E6)

where the last term is obtained by a partial inte-
gration. The cross terms in the quadratic form
also vanish. For example, the g,g, term has a co-

efficient proportional to
i x MG [ 4900 30
(%B)Gugf_w dx tanhz(ﬁg‘:)%(pk +2—./_0 dng =
14l [ - ( x )
=5 3/_“dxtanh NoT DD
d2
-€2f dx e ¢] (E7)

X

which vanishes with the help of the relation
d%,/dx® = -,/ &+ (3¢,/ &) tanh?(x /2§,) . (E8)

This relation gives the coefficient of ¢2 term
do, )2
0
R T
2 =2\/"2' & |A
0 3 .

(4B)6u? f dxtanhz(

(E9)

-0

(X _ 3 _\/*qdg 9,49 ]
hz(m,) [(zﬁeo) Tt o B L R A YT

ade,, S __049
ax +‘,,\:[2L(1R+K§)(4+K?)]""’]2}' =)

L

Similarly, the coefficient of ¢,q, term is propor-
tional to

(¥B)6ug . dxtanhz(rg )wpk

meg d 4, dg,

3 dx dx
———[-[ f dxtanhz(\/-—g )gol(pk
—£§fwdx‘f;—f&¢k], (E10)

which vanishes with the help of the relation
2@, /dx?= 5@, /282 + (3/E2)tanh?(x/V 2£,) @, .

(E11)

Thus we also have the coefficient of ¢5 term

(AB)6u2 wdxta.nhz( ad )<p2
* 0'/“ ﬁ&o '

2 3
+7-yi(i) dx(%) =§'A|f dxgaf
2 -0 4 -0

(E12)

The coefficient of ¢,9,, term is proportional to
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d(P d(P o
3 [ dxtanh? , (._k) (_L>
f A (ﬁg >§0k(p’e * go'/‘m dx/ \ dx

= V3£, {451 ,(6) + 45PI 5(5) — [54+ 45KK "'+ 18(K*+ K ) [ o(4) — [39P + 18PKK "+ 3(K®+ K"*)|1 (3)
+[21+12(K%+ K'?) + 24KK '+ 3(K? + K"*)KK ' + 1.251K2K’2]IP(2)
+[12P+3(K°+K"®)+ 6PKK '+ PK°K 1 (1)}
+2V2£,[12 - 21KK' - 6(K?+ K ")+ 3(K® + K"*)KK ' + 12_5K2K’2] /:dxcost

+2V2¢,(18P — 12PKK" + $ PK*K ") f dx sinPx - 2V 2nE,[8KK ' + 2KK'(K*+ K"+ LK°K*[6(P) ,  (E13)
']

where P=K+K'.
Substituting (A5)-(A7) into (E13) and using (E2), we obtain

« do de
3 dxtanh"’( ad ) 0.+ ( ,,> (__ki)=L(1z+17K2+5K4+£K6)5_,. (E14)
'/-=° V2, o o'/"’“ dx/ \dx 2 2 Rt

The constant term in the Hamiltonian is

S (oot () o mugtanit (£ )+ 288 st (V] [ () (45). (22)
- vz, TR VAR =\1/h2 /R4

eodxAZ

=Epp- (E15)
- 4lB
where E,, is the domain-wall potential energy introduced by KS. Substituting the various rela-
tions obtained above into (2.1), we finally find
© dxA®? 1
o~ —— +Epp+ )(p2+p2+ p 2)
S Bort (o) (821 Xl
A |A 5|4l |A] 5~ 12+ 17K+ K+ 3K
(@)oo ) () ey i
21 et 41 20 <7 21+K2)(4+K?)
- d ‘i E 30 2 2l |2 (E16)
- x-—-— DP+"""' Po'*'Pl"'E ka 7 _ql+z wilgx|?) -
4IB 4 2>0
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