                     Ground State and Phonon Excitations in Aperiodic Composites

                                                              L.A. BRUSSAARD, A. FASO LINO and T. JANSSEN

        Institute of Theoretical Physics, Katholieke Universiteit Nij megen, Nij megen,

The Netherlands

Abstract

The phase diagram in parameter space of the Double Chain Model for the exi s -

tence of the phason gap is calculated. Results for different interchain potentials

are compared. The modulation function and the phason mode are stu d ied.

1.  Introduction

Incommensurate composites belong to the class of aperiodic crystals. They co n -

sist of at least two interpenetrating crystalline subsystems. In one or more cry s -

tallographic directions the periodicities of these subsystems are incommens u -

rate, i.e. the ratio of the periodicities is not a rational number.

                              An example is the incommensurate inclusion compound C

n

H

2n+2

/urea. The

urea molecules (the hosts) form a hexagonal lattice, with the alkane molecules

(the guests) situated in the channels of this lattice. Theoretically, these inco m -

mensurate systems show the existence of a sliding or phason mode for not too

strong interchain coupling. However, experiments

1-3
 are still not conclusive on

the existence of this mode in a l kane/urea systems.

                              The recently introduced Double Chain Model

4
 provides a suitable model to

investigate inclusion composites. It takes into account the discreteness of the

real crystal. It consists of two mutually incommensurate chains that interact

with each other. The model generalizes the Frenkel-Kontorova model, replacing

the rigid potential by a second deformable chain.

2.  Double Chain Model

Figure 1 visualizes the Double Chain Model. The intrachain interaction is ha r -

monic, the interchain interaction between the chains is Lennard-J ones like. In

previous work

                                                                                         4
                                                                                               a Gaussian potential was used as the interchain potential. The

potential energy of the model is written as:

where k

                                                 1

                                                       and k

                                                                                           2

                                                                                                 are the force constants of the intrachain potentials,
a
 and
b
 the

equilibrium distances, x

i

 and y

j

 the positions of the i -th ( j -th) molecules of the

first and second chain respectively. The masses of the molecules are taken

unity. Note that the model is one-dimensional. The molecules are allowed to

move only along the chain axes.

å

                                                å å

-

F

+

-

-

+

-

                                                                                           -

                     =

-

                                                                                                                   -

j
i
j
i

                                                       i j
j
j
k

                                                                                                                i

                                                                                  i

                                    k
y
x
k
y
y

                                                                                                        x

                                                                           x

      E

,

12

2

1
2

2

                                                                                                                        1
                                      2

)

(

2

)

(

)

                                                                    (

2

                                        1
b
a

(1)

                              Numerical simulations use approximants to a real incommensurate system.

They are made by considering a large unit cell containing p  molecules in one

chain and q  molecules in the other chain. In the calculations, the ratio p / q  a p -

proximates the golden mean.

                              The interchain  potential was chosen to be a Lennard-J ones potential. This

potential is long range, in contrast to the earlier used Gaussian potential that acts

within one unit cell.

3. Phase diagram

The dispersion relations lead to two different cases. If the interchain coupling is

weak compared to the intrachain couplings, two zero frequency modes in

G
 are

degenerated in the incommensurate case. One corresponds to the acoustic mode,

the other to the phason or sliding mode. In the latter mode the two chains move

in opposite directions. As the interchain potential increases, the degeneracy

breaks, and a phason gap appears. This gap is defined as the difference between

the freque n cies of the phason and acoustic mode.

                              The breaking of degeneracy is a phase transition from an analytic to a

nonanalytic region. The force constants determine in which region the system

is. However, one of them, k

12

, acts as a scaling parameter, whereas the other two

determine the shape of the transition line. Figure 2 shows the phase diagram of

an approximant, which has 55 molecules in one chain and 34 in the other. In the

case of the Lennard-J ones potential the transition line is asymmetric and is not

convex. It turned out that other ratios p / q , with 47

£
p

£
59 and q =34, gave more

and less symmetric diagrams

6
. The commensurate ratio 51/34 did not show a

transition line. Consequently, the approximant is not a special case, i.e. it is not

an extremum b e yond which no other transition lines for other ratios are found.

                              In previous work

4
 a Gaussian potential was used instead of the Lennard-

J ones potential. Figure 2 shows the phase diagram in this case. The transition

line is symmetric and does not have the bump. However, this Gaussian and the

Lennard-J ones like potential differ much in range and strength. Therefore, a n -

other Gaussian was used, which has a well as deep as that of the Lennard-J ones

Figure 1: The Double Chain Model. The intrachain potentials are harmonic, the

interchain potential Lennard-J ones like. The distance d  is fixed, the periods in

chain 1 and 2 are

                                                                                                            a
                                                                                                                        and
b
 respectively.

potential. Figure 2 shows the resulting diagram for this potential. The transition

line is still very symmetric and though the bump is there, it is very small. The

range of this Gaussian potential still is very short, compared to that of the Le n -

nard-J ones potential. So, the bump and the asymmetr y correlate with the long

range intera c tion of the Lennard-J ones potential.

4. Modulation f unctions and phason mode

Minimizing the potential energy (1) gives the ground state configuration. In

analogy to the Frenkel-Kontorova model, modulation functions can be intr o -

duced to study the ground state. The period of the modulation function of the

first chain equals the period of the second chain and vice versa. For weak inte r -

chain interaction compared to the intrachain interactions, these functions are

analytic. As the interchain potential increases, at the same threshold as the d e -

generacy of the two lowest eigenvalues breaks, the analyticity of the modulation

functions breaks. So, here also a phase transition is found.

                              If the modulations  functions are analytic, the phason mode has zero fr e -

quency. The derivative of the modulation function

5
 gives the eigenvector of the

dynamical matrix corresponding to the phason. Figure 3 shows an example of a

modulation function and the eigenvector of the phason mode for small k

12

. The

eigenvector is indeed the derivative of the modulation function. In the nonan a -

lytic domain the eigenvector is no longer the derivative. Still the displacements

given by the eigenvector are big near the gaps.

Figure 2. Phase diagrams of the model with different interchain potentials. The

crosses correspond to the Lennard-J ones like potential, the stars to the previous

used gaussian potential and the plusses to a stronger (and thus longer ranged)

gaussian potential.

5. Conclusions

The phase diagram for the model with a Lennard-J ones potential is asymmetric

and has a bump in contrast to that given by the short range potentials. The shape

of the transition line depends on two force constants (the third is a scaling fa c -

tor) and the ratio p / q .

                              In future work the one-dimensional model will be extended to higher d i -

mensions. Incorporating the actual values of the model parameters makes it po s -

sible to make a better comparison with experimental results.

Acknowledgements  This work is supported by Stichting Fundamenteel Onde r -

zoek der Materie  with financial support of the Nederlandse Organisatie voor

Wetenschappelijk Onderzoek.

Ref erences

1.  D. Schmicker, S. van Smaalen, C. Haas and K.D.M. Harris, Phys. Rev. B

                             49  (17), 11572 (1994)

2.  D. Schmicker, S. van Smaalen, J.L. de Boer, C. Haas and K.D.M. Harris,

                             Phys. Rev. Lett. 74  (5), 734 (1995)

3.  J . Ollivier, C. Ecolivet, S. Beaufils and T. Breczewski, Europhys. Lett. 43

                             (5), 546 (1998)

4.  O. Radulescu and T. Janssen, Phys. Rev. B 60  (18), 12737 (1999)

5.  T. Janssen, Ferroelectrics 236 , 157 (2000)

6.  L.A.Brussaard, A. Fasolino and T. J anssen, to be published.

         Figure 3: The open circles indicate the modulation function of one of the chains,

         the triangles the eigenvector of the phason.