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We have studied a system of two ionic, interpenetrating, incommensurate sublattices with chain structures.
We show that the potential which drives the commensurability between the sublattices varies as
exp(—27Md/b), where b is one lattice period, d is the distance between chains, and the M is the
commensurability order. The static distortions in the sublattices, as well as the energy spectrum and the
dynamic structure factor of phonons polarized along the chains, are calculated. We conclude that these
phonons should be cbservable in inelastic-nentron-scattering experiments.-

I. INTRODUCTION

In recent years, there has been great interest
in linear-chain compounds with segregated chains
of donors and acceptors. In a number of cases
the compounds are not stoichiometric [e.g.,

(TTF) (SCN),. 545 (tetrathiafulvalenium-thiocyan-
ide),* (TTF),, 14, (TTF)Bry_,,° and Hg, 4;AsF,
(Ref. 4)] and the periods of the donor and acceptor
chains are not simply related. The materials con-
sist of two interpenetrating incommensurate sub-
lattices. In some other cases the two sublattices
are commensurate only in high order leading to a
large supercell or equivalently a long-wavelength
superlattice. In this paper we study the energies
of such compounds, especially the energies as-
sociated with commensurate states and the dyn-
amics of these states.

As a prototype of these compounds we will con-
sider a model with a two-dimensional array of
two types of chains, A and B, with each A chain
surrounded by nearest neighbors of type B and
vice versa. A two-dimensional analog of our sys
tem is shown in Fig. 1. To a lowest approxima-
tion we can view each chain as experiencing a
rigid external periodic potential due to its neigh-
bors. We call this the external-potential approxi-
mation (EPA). The problem of a linear chain of
atoms in a periodic external potential has been
studied in the context of an adsorbed layer on a
substrate. If the chain is replaced by an elastic
continuum the problem can be solved exactly and
the solution was obtained some years ago by Frank
and Van der Merwe.® They showed that as the
period of the external potential is varied and ap-
proaches the natural period of the chain, a continu-
ous transition occurs to the commensurate state
in which the period of the chain and the external
potential are the same. The discreteness of the
chain was considered by Ying,® who concluded that
the commensurate-incommensurate transitions
should be discontinuous or first order. For a dis-
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crete chain states with higher-order commensur-
ability ‘are also possible, in which the ratio of the
periods of the chain to the external potential is a
rational number. Ying® obtained first-order re-
sults also for transitions between such higher-
order commensurate states and the incommensur-
ate state. Recently, Aubry” has proven that no
first-order transitions occur in this model and
that all commensurate-incommensurate transitions
are continuous.

QOur approach will be to compare the continuum
limit to the discrete model and to pass to the con-
tinuum limit to describe the actual phase transition
between commensurate and incommensurate states.
In the incommensurate state the position of the
center of mass of the atoms relative to the ex-
ternal potential, described by a phase variable,
is undetermined in the ground state, but in a com-
mensurate state this phase is pinned. The pinning
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FIG. 1. Two-dimensional analog of a system of two
interpenetrating sublattices.
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potential, we show, drops off exponentially with the
order of commensurability. Similarly it is the
pinning potential which enters the effective Frank-
Van der Merwe continuum model which describes
the transition to a higher-order commensurate
state. We also discuss the limit under which the
EPA can be expected to be a good approximation.

Small oscillations about the equilibrium posi-
tions lead to a phonon spectrum for the lattices.
The phonon spectrum is again described by passing
to the continuum limit where the problem reduces
to one solved analytically by Sutherland.® In the
external potential approximation each sublattice
has an independent acoustical mode in the long-
wavelength limit. In commensurate states there
is only one acoustical mode and an optical mode
with a gap whose magnitude is determined by the
pinning potential. Finally we discuss the structure
factor and show that these acoustical phonons con-
tribute to the dynamic structure factor and should
be observable by inelastic neutron scattering. Ac-
tually such independent acoustic modes have been
observed at high temperatures for the Hg and AsF,
sublattices in Hg, 4 AsF, by Hastings et al.’

In this paper we restrict ourselves to models in
which there is a single natural period on each
chain. The significance of independent natural
chain-lattice constants has been emphasized by
Phillips?® in his models of low-temperature lateral
phase transitions in compounds which undergo
Peierls transition such ass TTF-TCNQ (tetrathia-
fulvalenium-tetracyanoquinodimethanide). These
models contain fwo distinct electronic phases on
a chain, each with its own natural period. Phillips
has also considered the effect of these multiple
periodicities on conductivity and other properties.

The paper is organized as follows. In Sec. II we
introduce the model and discuss the magnitude of
the potential exerted on a chain by its neighbors.
In Sec. ITT we discuss the static arrangement of the
atoms in the EPA, especially the relation between
the continuum limit and discrete model and the
transition to commensurate states. The limitations
of the EPA are also considered. The dynamics
and phonon spectrum are the subject of Sec. IV,
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The static and dynamic structure factor is con-
sidered in Sec. V. Finally Sec. VI is a summary
of our results.

II. POTENTIAL ENERGY

We consider a crystal with a chain structure as
described in the Introduction, with two incom-
mensurate sublattices A and B which have peri-
ods a and b, respectively. The two sublattices
are taken to be oppositely charged and bound to-
gether by electrostatic forces. The periods ¢ and
b are determined by minimizing the combined in-
trachain energy, charge-transfer energy, and the
Madelung energy due to the long-range Coulomb
attraction between chains. This problem has been
considered by Torrance and Silverman.** In this
paper we study the effects of the short-range in-
teraction between chains due to the fact that the two
sublattices have different periodicities.

Because of the different periodicities, different
sites on the same chain will experience different
potentials. More specifically, let us consider one
chain of sublattice A. Let V,(n) be the potential
energy at site », produced by sublattice B. V()
is periodic with period b of sublattice B. Thus,
we can expand V,(») in harmonics as follows:

1 & R
Va(n) = i Z Uu(m)et(z'lrm/b)na , (2.1)
m= =
where U,(n) is given by
4 - Mz )
Uplm) = eriGTmney (n), (2.2)
n==Nj2

with N the number of atoms per chain of sublattice
A. Assuming only Coulomb forces

1
V,(n) = 5 2.3
a(n) Q.9 % l . ( )

nsgo Ty ,1 I ’
where 7% is the position of 7 ion on a chain whose
location is specified by the two-dimensional vector
k (see Fig. 1). Q, and @, are the charges of ions
belonging to sublattices A and B, respectively.
For simplicity we consider @, and §, as point
charges. Combining Eqs. (2.1) and (2.3) we cbtain

1

Z e” i(2rmna/b) [

n==N/2

Um) = __4QN3__Qb_ IS
ko1

where st is the origin of the k chain and d¥ is its
distance to the A chain under consideration. U(0)
is the Madelung energy and has been incorporated
in the determination of @ and b as discussed
above.

(na—1b - sg)*+af V2’

(2.4)

In evaluating U,(m), for m #0, we first sum
over # and then over I. Because [(na - 1b - s%)?
+dT2<]"” 2 decays slowly, the summation over » can
be replaced by integration. In that case Eq. (2.4)
reduces to
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We note that the contributions to U,(m) from other
chains of the sublattice A are identically zero.
U, (m) then becomes

U, m)= 8Q;Qb Zﬁ: K0<27TImIdT< > gizmmsy/o

b
(2.6)

with K, the zeroth-order Bessel function. Com-
bining Eqs. (2.1) and (2.6) leads to

2mm (na - s‘(;)) .

X
COS< b

(2.7)

In the present work we restrict ourselves to the
case that s is independent of k. since K, decays
exponentially for large values of the argument,
only that B chains that are nearest neighbors to
the A chain under consideration, will contribute.
Also the m =+1 harmonics will dominate. Thus,

V (n) =% U, cos[(27/b)(an - s)], (2.8)
with
U,=(8Q,Q, /b) 2, K, (2nd/bY, (2.8a)

where z, is the number of nearest-neighbor B
chains at a distance d from the A chain. For
crystals with d/b=1, it is appropriate to use the
asymptotic behavior of K,, which gives

U,=4Q,Q,2, (bd)V2e 2™¥% : (2.9)

An order -of -magnitude estimate for the amplitude
U, can be obtained by assuming =3 A, d=4 f\,
a/b=0.8, z,=4, and Q,Q,=-¢%a/b. We then get
U,=-1.2X10"% ¢V, This estimate would be modi-
fied if we consider that the charges are distributed
in space and there are not simply point charges.

If instead of focusing on a chain of sublattice A,
we examine a chain of sublattice B, calculations
similar to those carried out before give

U,=(8Q,Q, /a)z,K,(21d/a). (2.10)
The asymptotic behavior of U, is given by
U,=4Q,Q,2,(ad)V2e 2740 (2.11)

Combining Eqgs. (2.8) and (2.11) we obtain the ratio
of the first harmonics belonging to chains of A and
B sublattices

U, /U,|=(a/b)¥2exp[2nd(1/a - 1/b)].  (2.12)

The presence of the difference 1/a ~ 1/b in the ex-
ponent of (2.12) indicates that the harmonic with

" the largest amplitude is produced on the chain that

has the shortest period. The most signficant fea-
ture of U, and U, is that they decay exponentially
with the distance between nearest-neighbor chains
belonging to different sublattices.

We note that the magnitudes of the potentials U,
and U, are quite small and the corresponding driv-
ing forces to commensurability will be weak. This
is a consequence of the linear chain structure and
the assumption of only Coulomb forces between
the chains. This result will be modified if covalent
bonding between chains were present and in that
case incommensurate structures are not likely to
be stable.

II. GROUND STATE

From our calculations of Sec. II we found that
each sublattice is under the influence of an ex-
ternal periodic potential created by the other sub-
lattice. Each chain will have a natural period
along the chain axis; the natural period is defined
as the period of the chain in the absence of a spa-
tially varying potential from its neighbors. The
natural periods of sublattices A and B are denoted
by a and b, respectively. We also assume that a
and b are incommensurate and a< b.

The presence of the potentials V;, i=a, b will
modify the periods of the sublattices. For a<p
we get from (2.12) that |U,|>|U,|. The latter
inequality means that the lattice which will ex-
perience the strongest external potential will be
sublattice A. For this reason we choose to divide
our analysis into two stages: in the first stage,
one sublattice in an external polential, we assume
that sublattice B is rigid with period equal to its
natural value » and study the effect on sublattice
A of the potential due to B. In the second-stage
two-sublattice problem both lattices A and B are
allowed to distort.

A. One sublattice in an external potential

We begin by studying only ore chain of sublattice
A. The total potential energy of the chain can be
written as

. N/2
N8a=5ua (zn+1—zn“a)2
n==N/2
U N2 <27TZ >]
+ 5+ _E {l—cos b” , (3.1)
n==Nl2

where z, denotes the position of the nth atom and
we take U,>0. At zero temperature, the equi-

_librium positions of the atoms can be found by

minimizing §,. This problem is identical to that



studied by Frank and Van der Merwe® for the case
of an adsorbed layer on a substrate. The equi-
librium position of the nth atom is given by

Zne1 =2y +20 = (10, /o b) sin[(27/0) 2, ] .
(3.2)
Making the transformation
z2,=nb +(b/7) ¢, +3b , (3.3)
Eq. (3.2) reduces to
Bna1 = 20, + Gy = (12U, /114 5%) sin(26,) .
(3.4)

Frank and Van der Merwe studied Eq. (3.4) in the
" continuum limit where ¢,.; -2¢,+¢,., is re-
placed by d2¢/dn®. The continuum-limit approach
is accurate if 7°U, /., b° is small. For our case
where we have typical values of U,~10"2 eV,
{,~10* dyn/cm, and b=~3 A, we obtain U, /u, b
=~1,8X107%, Thus it is justified to go to the con-
tinuum limit. Then Eq. (3.4) reduces to

d2¢(") = 7T2Uu
an® u,,bE

This is the sine-Gordon equation which can be
solved exactly and gives that the equilibrium posi-
tion z, of the nth atom is®

. ={nb , for U,>US=%7%p (a-b)?
n
nb +(b/7) ¢(ny+3b, for U,<US.

sin(2¢) . (3.5)

(3.6)

¢(n) can be obtained from

¢ do _ <2772U,, >
Jc; A-Fsioz "\ BEp,p®/ (3.‘7)

with B, an integration constant determined by the
minimization of the total energy. B, is in the range
(0, 1) and has the behavior limy, ,,8,=0 and

limy, ,y¢B,=1. The physical picture is that for
U,> U¢ the lattice is in registry with the external
potential. At U,=U¢ dislocations appear and the
period of the lattice changes continuously ap-
proaching a when U,~0. Dislocations are sep-
arated by a number of atoms R, given by®

R =£3 (“abz )1/2 w/2 de
¢ 7o\ 2U, (1= pZsin?g)' *

(3.8a)
Near the critical value U§, the number of atoms in

a dislocation is given by®

7e=Ba (L, b%/2U, V2 . (3.8b)

The potential energy per atom relative to the
commensurate state is given by®
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8.= 5~ {20,020, /78"

X [2E(B,) =(1-B3)K(B,)] ~ 1, b(b = a)},
(3.9)

with E(B,) and K(B,) the complete elliptic inte-
grals of first and second kind, respectively. The
asymptotic behavior of 8, near U,=0 and U,=U%
will be useful to our subsequent calculations. Us-
ing the asymptotic formulas for K(8,) and E(3,)
near 3,=0 and B,=1 and minimizing §,, when
U,~Uj, B, is the solution of

1-U,/US

P R g (810

- while for U, < U¢, B, can be derived from

Bo=3m(U, /U2 -583 . (3.11)
Approximate solutions of Egs. (3.10) and (3.11) are
1-U0,/U¢ U

2. . Ya
Pa1+2 T3 ey e =1

Bul U‘l)]jz- U“<<1
Sa\ms) ot

(3.12)

For arbitrary values of U, /U¢%, B, can be obtained
by numerical minimization of §, and the results
are plotted in Fig. 2. Also shown are the solutions
of Egs. (3.10) and (3.11).

We analyze ¢(#) in more detail. ¢(z) can be
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FIG. 2. B, as a function of U,/US. The solid line
gives results obtained by numerical minimization of the
potential energy [Eq. (3.9)]; the dashed line gives the
solution of Eq. (3.10) and the dot-dashed line gives the
solution of Eq. (3.11).
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written as
o(n)=am[-n(2n2U, /B2p,b2)Y2]. (3.13)

Using the nome expansion of the elliptic integral?
we obtain that for U,< Uj the position of the nth
atom is given by

i - 2

= 1 g0 <27rm > b
sz=:1 %’TW sin Ra n)+ 5 (3.14)
where the nome is given by
q.=exp[-7K(B;)/K(B,)] , (3.15)

with g, =(1-82)Y2, For n integer Eq. (3.15) be-
comes

. had m
z,,=7\an+—2ﬂi Z 1 4% sin(zﬂm )\an> b

a=t om l+gm b 27
(3.16a)

with
Ae=b(1=1/R,) . (3.16b)

We note that the external potential modifies the
position of the atom\s. The modified chain is not
periodic anymore; instead it has an average period
.. The deviations from the average position are
described in terms of harmonics whose wave vec-
tors are equal to the reciprocal lattice vectors of

2

.
0= e""(' {3 [160%/Us- T, Jn[1605/T5-U,)
a 2
™ Uy T
6 T’ for 7 <1,

For example, if U,/U¢=0.985, then ¢,=0.3. This
demonstrates that for all U, /U¢ in (0, 1) except for
a very narrow range close to 1, ¢, is considerably
smaller than unity, and therefore only a smail
number of harmonics in Eq. (3.16) is sufficient to
describe z,. We can understand this physically as
follows: a small number of harmonics can de-
scribe z, only if R, is not considerably larger than
7,. The energy required to produce an extra dis-
location for U,~U¢ can be obtained from Eq. (3.9)
and is given by

1/2 ez
€=u,blb-d [(gg > —1+4<%> e-"RaI"'a] )
a a

(3.18)

The equilibrium condition is € =0. Since the re-
pulsion between dislocations decays exponentially,
the ratio R, /7, determined by € =0 in (3.18) is of

]E), for U% ~]

10
=
06|
o° L
0.4l
02
A T T D
) 0.2 0.4 06 08 10
Ya
Ua

~ FIG. 3. Nome g, as a function of U, /U .

the B chain, The amplitude of the harmonics is a
function of the expansion parameter ¢,, which in
turn depends on 8,. Since 3, can be expressed in
terms of U, /US, we can thus obtain g, as a func-
tion of U, /U¢ as shown in Fig. 3. From this fig-
ure we see that g, increases very rapidly near
U,/U%=1. Using the asymptotic formulas for
elliptic integrals and Eq. (3.12) we obtain the
asymptotic behavior

[

(3.17)

r

order of unity except for U, /US~1. A good esti-
mate of the upper bound of the region where we can
use few harmonics to describe z, is R,=27,, which
occurs for U, /U%=0.91,

Until this point we have used the continuum ap-
proximation, but the chain is formed from dis-
crete atoms. It is of interest to compare the dis-
crete and continuum cases. For example, we can
expand the position of the atoms in a Fourier ser-
ies also for the discrete case and obtain®

J—— b, m U, sin(27na/b) -

2" 4 p,b* sin’(ma/b) - (319)

In the continuum limit a similar expansion is given
in (3.14) and this gives

b mb U, sin(2rna/b)

2y =1’Lha+ E“‘”TW (3.20)
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The leading coefficients in the expansion differ
only by a numerical factor and in fact in the limit
b- a the expansion coefficients approach each
other,

One important difference between the discrete
and continuum cases is the possibility of higher-
order commensurability in the former case. If
Ma=Lb, where L and M are relative prime in-
tegers, then a small U, will drive the system to
a state with average period A, such that MX,=Lb.
The case M =1 is similar to the 1:1 commensurate
state and we will not discuss it further. In order
to describe the M:L commensurate state for M>1,
in principle one should keep M harmonics in the
atomic position, but a qualitative description of
the behavior can be obtained by keeping only the
first harmonic. With this restriction the most
general form of z, is

—

U, <& 27 _ U, [2 2t
-5 3 cos<Tz,,>— 5 {cos FT+2¢ +—— sin

n=1

+cos|:21—2¢+—2£ sin

3 b

2, =00, + 3D +(b/7) ¢ +1 sin(27nr, /b +2¢") .
(3.21)

¢ defines the position of the fundamental period
relative to external potential, ¢’ the position of
the harmonic relative to the fundamental period,
and ¢ is the amplitude of the harmonic. The poten-
tial energy per atom for the M:L commensurate
state, for M =3 is given by

8,= 31 Ay —a)? +pu, t2 sin? <ﬂ;“ ) +%

v, 1§ (E’.’_ >
-3t Zcos 5 2z, ). (3.22)

n=1

The last term on the right-hand side can be simply
evaluated for the case of low-order commensur-
ability, e.g., for the 3:1 case is

(Zrsag)

; <.23_" _ 2¢')] +TOos <2¢ + —2311 sin2¢')]} . (3.23)

Ying® considered this case also but his answer differs from ours.
For a general order of commensurability the last term on the right-hand side of Eq. (3.22) can be evalu-
ated by expanding in a Bessel function series (for details see Appendix A), leading to

2
U 2nt

2

As indicated previously our interest is mainly in
the weak-coupling limit and in this limit the first
term on the right-hand side of (3.24) is much

larger than the second for M =3. Therefore, the
difference ¢ — ¢’ is fixed by this term to be

2(¢ — ¢’) =0 (mod27) . (3.25)

Thus there is a strong restoring force keeping
primary harmonics to be in phase with the ex-
ternal potential. By contrast, the energy is in-
dependent of the value of ¢ for the incommensur-
ate state and for a general commensurate state
the restoring force is ~#¥"! for changes in ¢,
with ¢ determined in Appendix A. Thus the poten-
tial which pins the phase for the case M =3 is
~U, (U, /1t 4b%) " and in general will be small.
This calculation has included only the first har-
monic of the potential and the first harmonic of
the atomic displacement on the A chain. It is
straightforward to see that higher harmonics of
the potential which are submultiples of M will
also contribute a pinning potential of the same
order. In general there will be several contribu-

+ ——E-JM-lv(—b"> cos[2M ¢’ +2(¢ - ¢")] +O (Jun ( Z;rt )) . (3.29)

tions to pinning potential all of the same order of
magnitude ~U, (U, /1, b*)* " * or equivalently
~exp(-27Md/b). Thus the pinning potential for
higher-order commensurate states will be very
small.

The case 2:L, with L odd, is a special one.
Here the potential energy per atom is given by

8,= 314\, —a)? +2u, 2 sin® 2¢

Yo e inag)sin( 2L nasr)
r5t-g sin(2¢) sin A sin(2¢’)) .
(3.26)
Using the variable
2 =2t sin(2¢’) , (3.27)
Eq. (3.26) becomes
1 2,1 2 Ua
8,= 3l Mg =0a)+ 31,2 +5*
- Ze sin(2¢)sin<lbz->. (3.28)
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The ground state of the system is given by (¢,, 2,),
where '

bo= i ’ (3.29a)
and z, is the solution of
SRS ——”Z°) 3.29
2, 5. cos<b . (3.29b)

Expanding §, in terms of the deviation of ¢ and z
from their equilibrium positions we obtain

1 1 U . (T2
8a=-2-ua()\a-a)2+ Euaz?ﬁ 2“ [1-—sm<—b°—>}

+i[ LU, (ﬂ.z_o_ﬂ
7Pt Topr S

M2,
b

(2 —24)? +T, sin( ) (6 —bg)?. (3.30)
From Eq. (3.30) we see that in the 2:L case it is

¢ - ¢, and z -z, which are the normal coordinates,
- with z -z, a strongly pinned coordinate and ¢ — ¢,

a weakly pinned one.

So far we have only considered the commensurate
state. Since the pinning potential is weak for a
higher-order commensurate state, this suggests
we use a continuum model and consider states
where ¢,= ¢}, but ¢, is a slowly varying function of
n. The potential energy for M =3 then becomes

1 U, b2 n=N/2

1
8= Vit 7 2, (Pn—n )
n==N/2
1 n=N/2 X
v ,Z ViR cos(2Mo,) , (3.31)
n==Nl2

where, as we showed above, the pinning potential
VEin =constU, (U, /u,b>)" . (3.32)

If we pass to the continuum limit, this leads at
once to a Frank-Van der Merwe® problem with a
sine-Gordon equation of the form

d2¢= ﬂz Vpin
dn®  2M p,b°

sin(2 M) . (3.33)
The transition to higher-order commensurate
states is similar to the 1:1 transition and the re-
sults can be taken over with suitable choice of
coupling constants, etc. This approach is con-
sistent with the exact mathematical proof given
by Aubry’ that such higher-order transitions are
continuous. This approach will lead to a phase
diagram in U, -b/a space similar to Ying’s® in
outline but with all commensurate-incommensur-
ate transitions continuous.

Another difference between the discrete and
continuum cases is the periodic potential known
as the Peierls potential’® which acts on disloca-
tions in a discrete lattice. We have neglected

this potential and, at least close to higher-order
commensurate transitions, the Peierls potential
which varies exponentially in the ratio of disloca-
tion width to the lattice parameter will be very
small,

B. Two-sublattice problem

"In the two sublattice problem both chains are al-
lowed to distort. With A, and A, we denote the final
average periods of sublattices A and B, respec-
tively. Since the natural period a<p, this implies
as A, sSA,<b. The potential energy created by a
chain will depend on its average period. In prin-
ciple it will also depend on the harmonic deviations
from the average period. Let us, for instance,
examine the harmonic deviations of a chain belong-
ing to sublattice B. The period of these deviations
will be A,. Therefore the potential produced by
them on sublattice A, will have the same period
with A and the effect of the harmonic deviations
will be to renormalize the mass and the force
constant of the A sublattice. In our subsequent
calculations we shall ignore these effects of har-
monic deviations. The range where such an ap-
proximation is valid will be discussed later.

The potential energies of the chains belonging
to A and B sublattices, respectively, are given by

1
Nga=_2"p'a Z (zn—zn-l "a)2
n .

+ U; E[l—cos(i—j&) ] )

n

1
N'(gb’: —é—p.,, Z (2’;l —Z,’,_l—b)z
n

+ —g—" nE [1 - cos(i—j—z;) ] .

U, and U, will depend on the periods A, and A,,
respectively. Their expression is given by (2.8a)
and (2.10), with ¢ and b replaced by X, and X, .
The equilibrium positions of the atoms can be ob-
tained in a self-consistent way by minimizing §,
and §,. The equations obtained from the mini-
mization are solved in the continuum limit as in
the case of the one-sublattice problem. In this
latter problem we have studied one chain in an
external potential with period larger than the per-
iod of the chain. In our present situation, how-
ever, the external potential acting on sublattice B
has period A,< b. We can treat this case in a simi-
lar way and the results are

(3.34)

Rb=(2/7T)Bb(“-b)\ﬁ/zUb)llzK(Bb) ’ (3.352)
U5 =47, O - 807, (3.350)
=X (1+1/R,), (3.35¢)



and

22, «— 1 qr 2Tm by
r a D b 3 —a_
Zn=An+ p "?:1 —m 1+q§’" s1n< x hbn>+ 5
(3.35d)

with {2/} the equilibrium positions of the atoms of
sublattice B, and g, is defined in a manner similar
to Eq. (8.15). The expressions for sublattice A
are given in Sec. III A if we replace b by A,. Thus

A=2(1-1/R,) . (3.36)

The periods A, and A, are the solutions of the sys-
tem of Eqgs. (3.35¢) and (3.36).

Let us now examine the range of validity of our
original assumption to ignore the effects of the
harmonic deviations from the average periods.
For our assumption to be valid, the parameters
q, and g, must be considerably smaller than unity
so that the harmonic deviations be small. As was
demonstrated in the one sublattice problem, the
requirement ¢q,, ¢,<1 is not a severe one and
therefore our solution of the two-sublattice prob-
lem covers all but a very small section of the in-
commensurate regime., A situation, however,
exists when our analysis is valid even close to the
transition. This occurs when the elastic constants
of the two sublattices differ substantially. In that
case we can consider the sublattice with the larg-
est elastic constant as rigid and the two-sublattice
problem reduces to a one-sublattice problem. Also
for the case of high-order commensurate states,
the driving potentials are small, thus the devi-
ations of atoms from their average positions will
be small. Consequently the high-order commen-
surate states can adequately be described by the
EPA.

IV. EXCITATION SPECTRUM

In the present section we study the phonon ex-
citation spectrum of the lattices under consider-
ation. From Egs. (3.22), (3.24), and (3.25) we
obtain that for M/ -« the energy of the system is
independent of the relative phase ¢ of the two sub-
lattices. Consequently, for incommensurate lat-
tices and U< U, so that the positions of the atoms
are effectively described by one harmonic only,
uniform motion of one sublattice relative to the
other along the direction of the chains does not
cost any energy. This implies that phonons with
polarization along the axis of the chain will differ
substantially from the phonons of usual crystals.
For polarization perpendicular to the chain we will
find the usual branches of optical and acoustical
phonons and we shall not consider them.

As we have shown in previous analysis for¢;<<1,
i=a, b, we can treat the crystal as consisting of
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two independent sublattices each under the influence
of an external periodic potential created by the
other sublattice. We study in detail the phonon
spectrum of sublattice A. The potential energy of
the A sublattice for motion polarized along the
direction of the chains is

1
Nga= "Z—U‘a Z(Zn,l _Zn+1,1 _a)z
n,1
1 2
+7N zl: (zn,l -Zn.‘z+1)

+ 35t E[l - cos(i—:-z,,,ﬂ . (4.1)

nl

=

We consider an array of chains all in phase with
each other and p is the shear modulus for dis-
placements of the chains relative to each other.
The equation of motion is then given by

d?z
nl
Mg _dt_z___“‘a(zn+1,l -2z, +Z,,_1'l)

U, . (2%
—H(Zn,z¢1"zzn,z+zn,z-1)=“ y < sm(r znl) .
b )

(4.2)
Making the transformation
Zn, 1 =n)\b +(7\.b/7T)f"’l + %}‘b »
Eq. (4.2) transforms to
dZ
M, d_tle_u"(f"”" =2f0, 1+ fu-1,1)
U, .
—P-(fn,lﬂ—zfn,t +fn,z-1)= 2 ¢ s1n(2f,,,,) .
a
(4.3)

In the continuum limit Eq. (4.3) becomes

a%f 0%f 8%f _ 71U,
Ma 537 ~Hagpz—H 3777 Y;

sin(2f) . (4.4)

It is easy to generalize Eq. (4.4) to the three-
dimensional case, in which we have
8°%f 9% 3% 9% _ U,

Magyr ~HaguZ ~H1 gy TR 5= 52

sin(2f) ,

(4.5)

with the z axis parallel to the direction of the
chains. :

We now consider small oscillations around the
static solution, that is,

F(n, 8)=¢(ny) +¥(R, 1) ,

where ¢ is the solution of Eq. (3.5). Equation (4.5)
then reduces to
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9% 92 920 92¥
Mo 572 Mg angl—Uq Y P onZ

_2r’U,
Ay

T(1=2sin%p) . (4.6)

We look for solutions of the form
¥ =expli(k, a,n, +k,a,n, - wE)]Gng) , (4.7

where a, and a, are the periods along the x and y
directions, respectively. Substituting ¥ as.given
by (4.7) into Eq. (4.6) we obtain

26350 (40 2) e
1 a”p 1 ) _ 2 =0
@t o W\ gy, o) —2sine |6 =0,

(4.8)

with w?=w? = (1/m, ) (L, k205 +1,k2a2) and w,
=(fq/m,)¥?. Making the transformation

2=(212U, /p A3 B2) 2 ny
Eq. (4.8) reduces to

a’G [2< Moty w§> . 2]

dz? *Pa 1+27r2U,, Z)?)— - 289G =0. *.9)
Equation (4.9) has been studied by Sutherland.®
This equation can be reduced to Lame’s equation
and is exactly soluble and its eigenfunctions are
given by

G(z, ap) =[H(z +a,)/6(2)] e #%(%0) , (4.10)

with H, ©, Z, Jacobian eta, theta, and zeta func-
tions with parameter 8,. w, is determined by
1+83 en®(ay /B,) =B (1+wi/Q%) , (4.102)
and the requirement that Z(a,) be purely imagin-
ary. Q%=(27%U,/p 22)w? and cn(ay,/B,) is a Jaco-
bian elliptic function with parameter 8,. The wave
vector k, along the chain will be determined by®
erifada = g=#Z(w), Gutherland® found that the pho-
non spectrum consists of two branches. In the
lower branch, a,=K +iy and the energy is given by

sn’(y/By) _ e wi
o o (1 gh)

while in the upper branch a,=¢y and the energy is

1-p282 (4.113)

B2 —R2 < _9;_)
Pty P er)

sri(y/B{,) and dn(y/B,) are the Jacobian elliptic
functions with parameter g;. The lower branch

represents the collective modes of the lattice dis-
locations and has energies in the range 0 <w?

(4.11b)

J

— 193(7"'2/21{a)

. . d
G(z,K,+i(K,+6)) = 5.(12/2K exp[zé—ag-ln«%(
4 a

1.0

08 . wh/Q¢

0.6 -

é‘é’ r wy/Qe¢
04
0.2 -
] L L [ | 1 L 1
(0] 0.2 0.4 0.6 0.8 1.0

Ua
Ug

FIG. 4. The energies, wj of the upper and w7 of the
lower edge of the excitation gap, in units of Q,, are
plotted as a function of U,/US.

<(B!2/B2) Q> The upper branch corresponds to
renormalized phonons and has energies w?
>(1/82)Q%. The energy gap is A =[(1-8,)/8,]%.
The energy of the lower edge of the gap is w]
=[(1-pB2)"2/g,]Q and of the upper edge ) =(1/8,)Q.
In Fig. 4 we plot wj and w] as a function of U, /U¢
in units of ©,, the value of @ at U,=U¢[Q,

= 027U /i 7)Y .

We study the long-wavelength limit of the spec-
trum in detail. The bottom of the lower branch
corresponds to y =K(f,). We consider small de-
viations around this value. For y=K(p,) -0 we
obtain to first order in 6 the following relations:

iZ[K,+i(K,+0)]= 2;:,, 8 <1+ 2KZK{, "%)
H(z +a,) xé'i(ﬂlzKa)z83<27TI§a >

oo o ()]
o) =0 <%> ’ (4.12)

where 9, and 9, are theta functions; K, =K(B,),
K'=K(.), E,=E(3,), and E,=E(f"). K and E are
complete elliptic integrals of first and second
kind, respectively. The eigenfunction G will then
be given by

I E!
ex i62<1+—n———-—“—>]. 4.13
>] p[ 2K.K, K, *.19
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FIG. 5. v,/v, is plotted as a function of U, /U§, for
the case A,=b and for different values of the ratio a/b.
The solid line represents a/b =0.8; the dashed line a/b
=0.9.

The wave vector of excitation is

e (22 (1 T B )
3N\ A B; 2K, K, K, /~
(4.14a)

From Eq. (4.11a) we find that to first order in &
Wy =B 0w, (27T, /A BEYVE . (4.14b)

Consequently, the sound velocity for propagation
along the chains of sublattice A is given by
_dw _

v = = Aaﬁzwo
«= Gk, - 1+72K.K,-E./K. °

We note that for 8, approaching zero limg _,,v,=v,
(=aw,) is the sound velocity of an independent
chain. The sound velocity along the A chains as a
function of U, /U¢ under the assumption that B
lattice is rigid (A, =b) is shown in Fig. 5. Note v,
depends only weakly on b/a through the factor A,.
Calculations similar to those outlined above yield
a sound velocity

= Ay By Wo
1+n/2K,K}, -E} /K} ’

with w)=(p, /m,)"?, for sublattice B. From our
analysis it is obvious that for ¢,, ¢, <1 we have
two different sound velocities for propagation
parallel to the direction of the chains. This an-
alysis assumes infinite chains and ignores the
effects of long-range Coulomb interaction and for
these reasons is not applicable in the true long-
range wavelength limit. This problem requires

(4.15)

Uy

further study.
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The amplitude of oscillation of the nth atom is
given by the absolute value of the eigenfunction G
at this position. Using the expansion in terms of
the nome ¢, [see Eq. (3.15)] for the theta func-
tions,'® we obtain, for long wavelengths

a

b

4r
+442 cos( X

b

)
n |+

xn>

|Gl =1 +442 +4q, cos(zir e

(4.16)

Thus the amplitude of oscillations of atoms be-
longing to A chains exhibits periodic variation
with period A, . Similarly atoms of B chains will
oscillate with amplitudes that vary periodically
with period A, .

Ying,® in his study of a submonolayer film ad-
sorbed on a solid surface, has calculated the
phonon-dispersion relation via a second-order
perturbation expansion. His calculation was done
for a discrete lattice under the influence of a rigid
periodic external potential with period 5. After
correcting algebraic errors, we can derive the
sound velocity, which in our notation is given by

2o Xy [(1oaf 2T Lrcositmy/p) ¥
v, a | LV b ’

16 U¢ sin*(mx, /b)
where A, in the discrete case, is given, to lowest
approximation in U, by

32u¢! sin'(wa/p) ’

A,=a-m7b [(1 - -%—)2
(4.18)

where US= $7%u,(a —-b)?%. Results for calculations
of A, /b and v, /v, for a/b=0.9 are shown in Figs.
6 and 7. For comparison we also include in these
figures the results of the continuum model. We

(4.17)

U, ]2 sin(2ma/b)

1.00
0.98 |-
2la L /
<|® 094 p
7
’,/
0.90 -
1 ] 1 1
(o] 0.2 0.4 06 08 1.0
Ug
ug

FIG. 6. A,/b as a function of U,/U¢. The solid line
is the result of perturbation expansion for a discrete
lattice [Eq. (4.18)]; the dashed line represents the re-
sult of the continuum model [Eq. (3.16b)].
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FIG. 7. v,/v, as a function of U, /US. The solid line
is the result of perturbation expansion for a discrete
lattice [Eq. (4.17)]; the dashed line is the result of the
continuum model [Eq. (4.15)], for the case A,=b.

note that the exact result in the continuum limit is
in good agreement with the second-order pertur-
bation theory in the discrete model except for
U,=U;. Near the critical potential the renormali-
zation in v, is large and thus the results of the
perturbation expansion are not reliable.

In our study of the excitation spectrum using the
continuum approximation, we found that the spec-
trum has no gap at 2, =0 when the final periods A,
and A, are incommensurate. In the long-wavelength
limit this leads to two different phonon modes on
the A and B lattices, respectively. However, as
discussed, our analysis neglects long-range Cou-
lomb forces and also the Peierls potential'® due
to the discreteness of the lattice. Both of these
approximations require further study in this limit.

We turn now to the case where A, and 2, are com-
mensurate. For 1:1 registry the phonon spectrum
has a gap A =w, (272U, /u A2)Y? at k,=0. As we
discuss in Sec. III, besides the 1:1 commensur-
ability, higher-order commensurate states, e.g.,
M:L exist. In that case the potential energy of the
system is given by Eq. (3.31), and the equilibrium
condition is

o=m/2M . (4.19)

Then considering small oscillations around the
equilibrium position, we get that the phonon ex-
citation spectrum of the A sublattice has a gap
equal to

A =(VEm 232 .

Using Eqs. (2.9) and (3.32) we obtain

(4.20)

A, (g /my )2 exp(-mdM /N, ) .

A, for the simple cases of 2:1 and 3:1 commensur-
ability is calculated in Appendix B, the results
being

Ai:1=(ua~/ma)1/2 "zUa/V»abz ,
and
AF = (g /m )P (12U, /1 b7 )2 . (4.22D)

With regard to the B sublattice, in the general
case,

Abm(ua/hb)llz exp(-mdL/A,) . (4.23)

Since MA,=LX,, A, is of the same order of mag-
nitude with A,. In the actual case of the two in-
terpenetrating sublattices there is only one acou-
stic mode and an optical mode with an energy
gap which decays exponentially with the commen-
surability order. We note that Lee, Rice, and
Anderson?® in their study of the electron gas with
the Fermi vector commensurate to the lattice,
proved that the mode involving rigid motion of the
CDW against an external periodic potential has an
excitation gap A Uy (Ueys /)2, where t is the
bandwidth and M the commensurability order, a
result similar to ours.

(4.21)

(4.22a)

V. STRUCTURE FACTORS

The intensities of x-ray and neutron scattering
will be determined by the static and dynamic struc-
ture factor. In this section we study the structure
factor for each sublattice treating the effect of the
other sublattice as a rigid external potential. For
this purpose we need to know the equilibrium posi-
tions of the atoms, the amplitude of oscillations of
the atoms, and the dispersion relation. All these
quantities have been calculated previously in the
continuum approximation. In our subsequent cal-
culations of the structure factors we assume that
the formulas which give the equilibrium positions
of the atoms as well as their amplitude of oscil-
lations are those of the continuum model, with the
restriction that #, the atom index, be discrete.
We also consider that the dispersion relation is
that of the continuum model, with a cutoff in the
phonon spectrum at the Debye frequency.

The scattering cross section is proportional to
the structure factor, the latter being the Fourier
transform of 8(%, t)

8(%, t) ___Z eikt (xT~ x']r)<e-;:<‘ uT(o)e+ix-u1?(t)> ,
17

(5.1)

{ ) denotes thermal average, ® =-l;i —EJ- is the mo-
mentum transfer, {X1} the equilibrium positions
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of the atoms, and {u7(¢)} the deviations from
equilibrium at time ¢. We wish to study the effect
that phonons with polarization along the direction
of the chains will have on the structure factor.
Let {uf(t)} be the displacements along the chain
axis. Inthat case u§(¢) can be expanded as

102 (o)

x[\I,-) -tw@igy +\I,.E(T)eiw(-§)ta1]
(5.2)
with ¥ (1) =A exp[#(k, a, 1, +k,a,1,)]G, (15), where

A is the normalization constant. The parameters
a, and a, have been defined in Sec. IV [Eq. (4.7)].

-

Combining Eqs. (5.1) and (5.2) leads to

8(%, 1) = Ee’fi!c (¥T-%7 ) (k3/2)07 (0) 40 ()1
17
X (e~ ksl (O-uT (D1 (5.3)

For small oscillations around the equilibrium
position we can consider the motion as harmonic,
so that

(exp-iKy[u1(0) —ut()]h
=exp}~(k3 /2)([w1(0) —us(£)}. (5.4)

The quantities ([1(0) —«5(¢)]*) and [«1(0), u5(2)]
can be calculated straightforwardly, and the final
form of S(k, ¢) is given by

8%, £) =32 ¢/ -5 exp (- 50 Z (k)[¢T:(T)¢T<(T)+¢%<§)¢i(3)1(2<n@+1))

13

x<1+ 2ZK:N E w(E) i(]‘)‘Pﬁ(l)e"“’&)‘«n»)+1)

%
7iKs
* 2m N %

where (1) is the average number of phonons in
state k and N the number of crystal sites.

A. Debye-Waller factor

The contribution W,, to the Debye-Waller factor
of the main Bragg peaks of the sublattice, from
phonons polarized along the direction of the chains
is given by the position-independent part of the ex-
pression

T 2 S DD o Dee

2(ng) +1) . (5.6)

The spatial modulated parts of Eq. (5.6) modify
the satellite intensities. In the long-wavelength
limit we have

A DY = e 601

o~ {1 +8¢q cos (2”“
)"b

+164° cos (4:7\“
b

)
13>] . (5.7)

The amplitude of oscillations is independent of %

in the long-wavelength limit, and we shall assume
that this continues to hold for all k although some k
dependence may be present near the gap. Then

o DD e @) (5.5)

4:inK:N ; w(ll*() PR prDEE +1)

1))

~W, \:1 +8¢ cos (ZM“ l3> +164> cos<4ﬂ
Ay Ay

where the Debye-Waller factor

_ kKl 1
2w, = SN > oD (2(n7) +1) . (5.8)
In the long-wavelength limit w(T{) can be written as
W (k) =0} k3 + V3RS + 033, (5.9)

where v; is the sound velocity in the ith direction.
Then W, can be calculated straightforwardly. For
uncorrelated chains v, =v,=0, leading to W, -,
This implies that uncorrelated chains will have
short-range order at finite temperatures. In this
particular case our approach needs modification,
and we shall not consider it here.

B. Elastic scattering

The structure factor corresponding to elastic
scattering is

s (1) o| T o
1

X exp {—Squ cos (ZZA" l3>
b

-16¢°W, cos<4;r

)]

(5.10)
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X7 is approximately given by

-> - A~ . 1 -
XTNXT +&, %l[q sm(zz\" 13) +?q2 s1n<47m

(5.11)

with {3’(%} the positions of the average periodic lattice, and &, the unit vector along the z direction.
Using Eq. (5.11) and the generating function for Bessel functions we obtain

Z e'* *1 1 exp \:—8qu cos<2;m"
=N E

-
G,a1a2d3u4

l3> -164°W, cos(

2\, q
Ja1<K3 1rb

4m,
X 'l3>]

Xy 4° , )
)sz<lc3 bﬂq >Ja3(i8qW1)Ja4(216q2W1)i(a3+a4)

2 4 '
X (k3 (o= ay) + 32y = 0) =G5 ) 8, = 1) 8k, =G,) - (5.12)
b b

The first-order satellites will appear at k, =G,
:|:271/)t,, . We consider the following cases:

(i) G;=0. In that case k,=+2m/x,. The inten-
sity of the satellites relative to an ordinary Bragg
reflection is

18370~ 42 (1+2W,)%. (5.13)

We note that both satellites have the same inten-
sity. This is in agreement with the symmetry
requirement that the intensities remain 1nvar1ant
under the transformation k;—~-k;.

(ii) G5>0. Here k;=|G4| +27/2, and I'53' is
given by

1S g?(2, |G, /7 (2+4W )] . (5.14)

From Eq. (5.14) we get that the intensity of the
two satellites in either sites of G, is not the same.
This asymmetry comes from two sources: first,
the static periodic modulation of the position of
the atoms, and second from the fact that atoms
oscillate with different amplitudes, the space de-
pendence of the amplitudes being periodic with
period that of the external potential. The asym-
metry is stronger for large W,, that is, when .
is small. Small values of ¥, mean that we are
close to the temperature for which the chains be-
come uncorrelated.

(iii)- G4<0. In that case k;= (|G| £27/x,) and

reslag?[ 1G] (v, /m) £(2 +4W,)P . (5.15)
From Eqgs. (5.14) and (5.15) we see that satellite

J

72 e ?¥p 1
SP o~ 3
i~ I, N 1+164° ; (k)

“1“2

T

spots at +(|G,|+27/2,) have the same intensity as
required by symmetry. The same is true for the
satellites at +(|G4| - 21/x, ).

A general remark for the satellite intensity at
+2m/), is that the latter is proportional to ¢°. A
similar analysis for satellites at +4w/A, shows
their intensity to be proportional to ¢

C. Inelastic scattering

We will study the inelastic scattering structure
factor near the Bragg reflections which correspond
to phonon emission, the analysis for the case of
phonon absorption being similar. Evaluation of
the inelastic structure factor for every kisa
complicated process and will not be carried out in
the present work. Instead we chose to examine
the contribution to the structure factor from the
region of long wavelengths as well as from the gap
edges.

1. Long-wavelength limit

In this limit the contribution to the phonon amp-
litude G of the term exp[iddln9,(nz/2K,)/dz] [see
Eq. (4.13)] is unimportant, Also to calculate the
structure factor up to second order in g, we need
only the first harmonic of G. Thus

G={1+4¢*+4q cos[(2mr, /A,) I, ] }ei*s Mals

and the contribution to the structure factor is
given by

2Kg N , ,
E Ja1<~qT3—"—> J o, (18aW 1) i%2

XZ gi (k- i)-x» i @M/ N p)ig o= iag(2Mh,/ A p)lg

X [1+4g? + 2q(et@™a/ 2 )3 4¢™ 1M/ X p)l3)]

Ze;‘“(i"((ni) +1) . (5.16)

Since we are interested for the main Bragg reflections only, we have to consider the following four com-
binations as regards @, and a,: @;=@,=0; a,=a,=+1; @,=0,a,=+1; a,=0, ¢;=+1. Then we obtain,
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that the contribution to the structure factor from long wavelengths for both one-phonon emission and ab-

sorption is given by

Sk =e"*"D NV}

ki 1+2¢%[4 — (koA /7)) +16WE - 16W,]
2

m N 1+164°

x5 1
@

w(k)

where V¥ is the volume of the reciprocal unit cell.
This expression applies only to phonons with long
wavelengths along the chain axis. For polarization

along the chains we have w( k, =0, By =(27/7,)n)=0.

Similarly for the phonon spectrum of the B lattice
w(k, =0,k =(27/2,)n) =0. We note that the phonon
frequency for the A sublattice vanishes at differ-
ent points of the reciprocal lattice than the fre-
quency of the B sublattice.

2. Gap edges

The wave vector at the gap is k3 =7/A, —=7/X,.
For such a wave vector the wave function, to first
approximation in ¢, is

VT =[—2ﬁ:—;—q—)]~172— [1 +2q cos(z;T:“ Zs>]

x(e*s Matsrem ks Nals) @it e It g dglp)

with the plus (minus) sign corresponding to the
lower (upper) edge of the gap. The contribution
from %, =m/A, — /A, can be calculated in a way
similar to that used in the long-wavelength limit.
The result is the following:

nK 1

8 =" WD NV¥ ——3__ __—_ _
in ¢ Im,N (1+29)

XD ——115—5(K3:!:k3—G3)
A w.(%)
k..

X [5(7& -T{_L - _G..L)e-iw*&)t ((”ﬁ) +1)
+8(%, +k, ~G,)etor®rnpy],
(5.18)

where w, corresponds to upper edge and w. to the '
lower edge of the gap. For El =0 we obtain that
the structure factor at the gap edges is propor-
tional to

2772/U§ )1/2 1 Wy

G =
8- (k. 0)x< PoA2 1+2q, w-

1 Bz UL \v2 U
= —— = =g. a
1+2q, 1-8; U, Us

and

[6(k -k ~B)e oMt (engy +1) +6(k +K ) et ®rnp) ],

(5.17)
2r2pe \V2 1w
G(y, = a o
8% (k. o)m<uuh§ ) 1-2q, w,
1 Us \V? U
i () elm). e
a a

where 8¢ and g. correspond to lower edge and 8
and g, to upper edge. Formulas (5.19) give a good
description of the behavior of the structure factor
for El =0, provided that U, /U$=<0.8 since in this
region ¢,<0.16, and therefore higher-order cor-
rections in ¢,, which are not included in (5.19),
are unimportant, The variation of g, with U, /U¢
for ﬁl =0 and under the assumption that B is rigid
(A, =b = constant) is shown in Fig. 8. From this
figure we see that g, remains practically unchanged
while g. increases as U, approaches U;. For

%, # 0 the variation in g, will become smaller as
Ei increases. Our results show that the structure
factor at the gap edges are appreciable magnitude
and thus the gap in the phonon spectrum should be
observable in neutron-scattering experiments.

VI. SUMMARY AND CONCLUSIONS

In this work we studied the static and dynamic
behavior of a crystal consisting of two ionic, in-

o) ] 1 1 ]
0 0.2 0.4 0.6 0.8 1.0
Ua/U§
FIG. 8. g* and g~, defined in the text [Eq. (5.22)],
as a function of U, /US.
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terpenetrating sublattices. Each sublattice is
under the influence of an external potential created
by the other sublattice. Evaluation of the potential
showed that it decays exponentially with the dis-
tance between nearest-neighbor chains belonging
to different sublattices. Also, the sublattice with
the biggest period produces the biggest potential.

We treated the problem within the EPA, i.e., we
allowed each chain to distort independently due to
the presence of an external periodic potential from
the other chains. The study of a single chain in an
external periodic potential was considered for dis-
crete atoms and also by passing to the elastic-
continuum limit, The latter problem is identical
to that solved by Frank and Van der Merwe® in
their study of epitaxial layers. We further anal-
yzed their solution by expanding it in terms of
harmonics. The behavior of the expansion as a
function of the potential is such, that in the whole
region U< Ui We need only a few harmonics to
describe the atomic positions z,, except for a very
narrow region close to U,; where a large number
of harmonics is needed. A discrete chain of atoms
can undergo transition to states of higher-order
commensurability and we show that the driving
potential decays exponentially with the order of
commensurability and that the transition
to such states can be approximately described by
passing to an appropriate continuum limit which
can then be solved exactly.

In the general case where both sublattices are
allowed to distort, the rapid convergence of the
harmonic expansion enabled us to treat the problem
as that of two independent sublattices, each under
the influence of an external potential. Then, solv-
ing self-consistently we obtained expressions for
the final average periods of the sublattices.

We next examined the excitation spectrum of
phonons polarized along the direction of the chains.
If we consider each chain within the EPA and pass
to the continuum limit then the problem reduces
to one solved analytically by Sutherland.® The
solution reveals a linear dispersion at long wave-
lengths and a gap at a finite wave vector. We cal-
culated the sound velocity along the direction of
the chains and found that the sound velocity for
propagation along the A chains is different to that
along the B chains. The exact result in the con-
tinuum limit is in good agreement with second-
order perturbation theory in the discrete model
except for U=U.; . In a commensurate state there
is only one acoustical mode and an optical mode
with energy gap which decays exponentially with
the order of commensurability.

Finally we analyzed the structure factor and de-
rived the weight factors of these acoustical pho-
nons in the dynamic structure factor. We con-
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cluded that these phonons should be observable in
inelastic-neutron-scattering experiments.

The theoretical results derived in this paper
are expected to be applicable to materials such as
TTF halides and Hg, 33 ASF . A detailed account
of these latter applications will be the subject of a
separate publication.

APPENDIX A

We are interested to calculate the quantity §,
defined by Eq. (3.22). Making use of the mathe-
matical identities'®

2mt 2T, ,ﬂ
cos[b sm( 3 n+2¢
2wt 27t

- () 5 ()

><cos[23(2 L

sin[—zg—tsi (27; n + 2¢>]

n +2¢'>] , (A1)

—2Zst+1< )s1n[(2s+1)( L n+2¢'>},
(A2)
we obtain
—&im@#

Xcos[2M ¢’ +2(¢ —¢')]+0O (JM“ <%>) ’

(A3)

where z, is given by Eq. (3.21). Then the pdtential
energy per atom is given by

1 . of T U
&,= gﬂa()\a —a)+p, t? smz(—2£> +-2—“

Y J1<2b1rt> cos[2(¢ - ¢")]

5
+ g JM-1<2;”) cos[2M ¢’ +2(¢ - ¢')].
(A4)
The ground state is characterized by
d) - q), =0 (mOde) ’ (As)

=n/2M ,

and by ¢, which in the weak-coupling limit can be
obtained, to M —1 order in U, /ub? from the equa-
tion
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d 27t >
t= 4, smz(m\ /by dt Jl( ’ (46)

To first order in U, /p,b% tis given by

U,

t= 4y, b sin*(mr, /b) °

(A7)

APPENDIX B

Consider a chain under the influence of an ex-
ternal periodic potential. Suppose the period a
of the undistorted chain, and the period b of the
external potential satisfy the relation Ma=Lb,
with M and L relative prime integers. We cal-
culate the gap in the excitation spectrum of the
‘chain for the special cases: (a) M =2, L=1 and
(b) M =3, L=1,

A. 2:1 Commensurate state

The configuration of this state is shown in Fig.
9. We define

Z,-2;=3b-2. (B1)
Then
Zg-2,=3b+2, (B2)

and the potential energy of the system is

8,= {uaz +U, [1-sin<—";—>]}. (B3)

The value of z at the equilibrium position is given
by the equation

2o=(1U, /21 ,b) cos(nz,/b) . (B4)

For small displacements from the equilibrium
position, the potential energy is

&.=5 (ua(2+51—£2)2
{1 sm{zbﬂ (——29- b1 = 52 >]
Xcos[b <£1+£2>]}), (B5)

with &, , &, the displacements of the first and sec-
ond atom of the supercell, respectively. Then the

FIG. 9. Configuration of the 2:1 commensurate state.

FIG. 10. Configuration of the 3:1 commensurate state.

linearized equations of motion are

2
2m, R + bU s1n(z )R=0, (B6a)

2
—;—ma'f'+[2ua+ ﬂbU sm(f")]'r:O , (B6b)

with » =&, — £, and R=3(%, +£,). The solution of
Eq. (B6a) gives that the gap in the lowest branch
of the phonon spectrum, to first order inU,, is
given by

Ar=(g/m V2 TPU, /1 b . (BT

We can also obtain the same result starting from
Eq. (3.30).

B. 3:1 Commensurate state

The configuration of this state is shown in Fig.
10. We define

2,-2,=3b-2 (B8)
and

2,-2,=3b-2 . (B9)
Thus,

2,-23=3b+22 . (B10)

The value of z at the equilibrium position, ob-
tained by minimization of the potential energy,
is the solution of

_ ", . (21 271z°>
Z,= 3.5 s1n<3 -3 . (B11)

For small oscillations around the equilibrium
position the equations of motion are

o 2 2 2
mg &, + [2+ uﬂlg COS(—.;L— 1I’Zo>]£1_£2_§3

(B12)

oy =y + (2+——L) £y - £,=0 , (B13)

(B14)
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with &,, &,, £, the displacements from the equili-
brium positions for the first, second, and third
atom of the supercell, respectively. From the
equation of motion we obtain that the gap in the

lowest branch of the spectrum, to first order in
U,, is given by

A=y /m )2 (rPU, /i, b2)¥2. (B15)
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