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Abstract. The purpose of this work is to investigate the electronic structure of two-dimensional
structurally disordered solids by means of a method based on multiple-scattering theory. The
theoretical technique is applied to some two-dimensional models which can be varied from the
limit of a perfect to a completely disordered structure. The models are continuous structural
networks with different-fold coordinations of atoms in planar structures. The spectral density
is determined through a self-consistent approach. Using the spectral density, the convergence
of the technique is analysed through calculations of the density of electronic states, and the
variation of the density of electronic states with respect to varying disorder in the structure is
determined. In particular, the convergence of the technique for the calculation of the density
of electronic states as a function of the size of the matrix representation used is confirmed and
it is shown that the degree of disorder in two-dimensional systems significantly influences the
density of electronic states.

1. Introduction

Although significant progress has been made in both theoretical and experimental aspects
of disordered systems, many problems remain [1-7]. Progress in the study of these
systems, in particular structurally disordered systems, has been relatively slow and delayed
in comparison with that of ordered (crystalline) materials. Two principal reasons for this
delay are the complexity of the mathematical problems naturally arising in the study
of such systems [8]. In part, the increasing interest in disordered systems reflects the
continuing growth in the technological importance of materials such as alloys, amorphous
semiconductors, liquid metals, and glasses and their application in photovoltaic cells, thin-
film devices, and so on.

For disordered systems, the conventional concepts (Bloch's theorem, quasi-
momentumk, unit cell, Brillouin zone, symmetry, and wave numbers) are no longer valid,
and familiar constructs such as the dispersion relation are no longer defined. Because
there is such a difference between excitations in ordered and disordered systems one finds
that methods which have proved quite adequate for ordered crystals generally yield little
information on disordered systems. For this reason, a variety of new methods have inevitably
been devised and used. One example is the development of sophisticated perturbation
techniques in many-body theory, in particular the use of Green functions and the total
scattering matrix.

In this paper we shall consider only the density of electronic states (DOS). The
manifestation of disorder in the electronic states can appear in various forms: states may
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occur inside the band gaps of the ordered system [9], bands broaden as the band edges shift,
singularities smear out if there is no long-range order, and tails may appear in the DOS. It
is also clear that short-range order (SRO) plays an important role in determining the DOS,
e.g. fluctuations in SRO, such as bond angle distortions, lead to tailing of states into the
gap at the band edges. The coherent potential approximation has not proved effective for
structural disorder, and it is desirable to have an approach which does not depend on finite
boundary conditions.

In this work we shall investigate the behaviour of two-dimensional disordered systems
based on some simple models. Two-dimensional systems can be realized in layered
compounds, such as graphite intercalation compounds, in which the atomic layers are
widely separated and weakly interacting. In experimental studies, the inversion layers
used in the quantized Hall effect provide an example of two-dimensional systems important
in technology as do metal-oxide—semiconductor space charge layers and semiconductor
heterostructures [10, 11].

We shall calculate the DOS for different two-dimensional structurally disordered models,
for example with various numbers of near neighbours. The calculation is based on a method
due to Beeby and Hayes [12] which uses multiple-scattering theory and can be used to
calculate the electronic structure of any disordered system. Since the technique is new in
application to two-dimensional disordered systems, the reliability of the method will first be
demonstrated by considering its convergence. Then the variation of the DOS with varying
structural disorder will be calculated for some well known two-dimensional models. This
works also serves to underpin the three-dimensional studies [12—-14], for which it is difficult
to explore convergence properties.

In section 2 the formal theory underlying the calculations will be outlined and the
essential equations given specifically for the case of two-dimensional systems. This is
extended and illustrated in section 3 with the introduction of a suitable notation for
describing the disorder. It is shown in section 4 how the problem may be reduced to
a numerically tractable form. In sectioc a suitable model potential is introduced and
numerical procedures developed. The DOS calculations are then presented in section 6,
demonstrating that the method converges and that useful results can be obtained. The paper
ends with a brief discussion.

2. The formal theory

The BH method, based on multiple-scattering theory for non-overlapping muffin-tin
potentials, will be outlined in this section. It was applied [13, 14] to tetrahedrally bonded
disordered systems in three dimensions, which has given confidence for application to other
systems, in particular, for systems which possess short-range order (SRO).

The mathematical procedures of multiple-scattering theory for two-dimensional
disordered systems were developed in [15] and follow those for three dimensions [16].
The DOS can be calculated from the imaginary part of the total scattering matrix as the
integral over energy of the spectral density [16],

p(k, E) = —(wQ0) H(E — k*) 72 Im(T(K)) @
where E is the electron energyk is the electron momentum, ard, is the volume of

the system. The average in this equation is over a suitable statistical ensemble which
represents the disordered systefik), the total scattering matrix, can be expanded for a
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two-dimensional disordered system in the series
T(k) =27 Y (=" explitm — m")0:]{t(k, k) + Y tk, )G (i, k)t (e, k)
mm’ b(#a)
+ >tk OGOt )G (e, L, k) + - 2
b(a),c(#b)
where k = EY2, and the elements of eadhand G are matrices labelled by angular
momentum indices: andm’. The r-matrix transforms are defined by

1 ; o
b (P P) = o / Tu(pr) € (e, v') Jy (p'r') €% dir dr. 3)
T
If the potential is circularly symmetrict,,,, = t,,8,.,v, and sot is diagonal in angular
momentum. The elements of the mat@xcan be shown to be [15]
Gy ==Y (=" " Iy (kR Ky (WR) €05 (4)

We shall confine ourselves to the energy raige: 0 for which u = (—E)Y? is real. R is
the distance between the two atoms and the bond direction is denotgd Byen

IM(T(k)) = 27 Im Y ()"~ expliem — m")6 [t (k. i12)/ 1 (i1t 110)]
X< Z F(pu, k)> to (s 1) [t (g, ) [ 2 (T, 10)] (5)

mm’
whereF* contains all those multiple-atom scattering paths in which the electron starts at
atoma and is defined by [12]

FO=1+) tG”+ ) G™G" + .- =1+ ) tG"F. (6)

F* depends implicitly on the positions of all the neighbouring atoms and modifies the free
electron propagator to take into account all scattering sequences. These defining equations
will be applied in the next section to the specific physical systems of interest.

3. Application to two-dimensional disordered systems

To demonstrate the application of the technique to two-dimensional disordered systems, we
shall begin by defining the self-consistent functieh given by equation (6) for a general
model in terms of some variables describing each atomic environment. The averages over
the disordered structures will then be performed for this model and the resultant matrix
equations solved to give calculated DOS.

We illustrates the procedure initially by using a continuous structural network with
threefold coordination of atoms in a planar structure related to the honeycomb lattice, and
the bond lengths between two atoms being treated as always the same. This corresponds
to neglecting variations in the motion of electrons between pairs of atoms, often referred
to as hopping. The disorder manifests itself in the bond angles, giving a structure with
rings of various sizes. The disorder in such a system can be described in a statistical way
by defining a distribution function on the bond angles which approximates the discrete
distribution of bond angles arising from the actual ring statistics. To describe each atom
and its environment, we define a set of coordinate axes in which the associated atomic
environment has some orientation specified by angles. The propagator mbdifi@rthen
be written as a function of all the angles required to specify the system. However in more
complicated structurally disordered models the variable parameters could be extended by
including other variables such as bond lengths or the number and species of neighbours.
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The local axis that we have chosen for atom a, illustrated in figure 1, is directed to
a nearest-neighbour atom b in the plane. The deviation of this local axis from the
coordinate axis is labelled, on the model. We assume that the first scattering is taking
place at atom (or ion) a, and after scattering there the electron may propagate to a nearest
neighbour atom, such as atom b, and scatter there. This sequence of scattering goes on
throughout the system as specified by equation (6). The contribution to the density of states
of these sequences from atom a depends on the positions of the other potentials, such as the
atom b, relative to a, and the dominant part for< 0 is related to the nearest-neighbour
atoms. Therefore, for a particular atom, the functiooan be approximately described by
treating it as a function only of its local set of angles. Averaging over the spread of distant
angles but keeping the local angles fixed, the scattering function corresponding to atom a
can be written in terms of its near neighbour, atom b, as

(F'% =1+ ) t{G"F), 7

where the subscript on the averages indicates that the angles at a are fixed. Note that this
implies that the positions of the nearest neighbours, b, of a are fixed.

1—0at+0b=01
d1+02+93=27
b2=m+02a—Pb—03

Figure 1. A simple model with threefold coordinated structure.

We shall approximate eadr” by a Fourier series involving the local angles only so
that

00
=4 (Qa’ 92, 03) — Z Am e(im19(,+im292+i111393) (8)
m;=—00
and
00
=g ((pb7 ¢2’ ¢3) — Z Am e(im'1¢b+im/2¢z+im/3¢3) (9)
m;=—00

using the notation of figure 1. The subscripton A represents the vectowf, m,, m3) and

it is essential to note that these angular indices are distinct from those of equations (2)—(5),
which are implicit inF, A, andG. Them; are integers i.e.,Gt1, &2, .... The propagator

G in equation (7) is given by equation (4) with the magnitude ofR, — R, taken to be

the same for all bondsG** depends only on the nearest-neighbour distribution, which is
invariant in equation (7) s&* is outside the structural average. Then the only function
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on the right hand-side of equation (7) related to the disorder associated with atom a is the
function F?, which is required to be averaged over the angles

To implement the averaging, a probability functi#ne; ), for the angles around atom a,
as in figure 1, can be introduced in terms of some parameters describing the system under
consideration. In this work a Gaussian form will be takég,) = N e @-27/n** This
function describes the probability of finding a particleetweery; and6; + do;, where N
is the normalization coefficien; is the coordination number (e.g for a triangular lattice
n = 6, square lattices = 4), andw is a parameter representing the degree of disorder.
can be varied from 0.0 too, i.e from complete order to a circularly symmetric distribution
which corresponds to complete disorder.

To average equation (9) one is required to multiply the equation by the probability
functions P(¢;), and to integrate over the angles, ¢,, etc. This gives

(Fby = ZAm eim,le”r(mll, my, ...; ). (10)

HereI'(m}, mj .. .; o) will be called the structural factor and incorporates the terms related
to the rotational angles and disorder parameters. This equation is quite general and becomes,
for example, for the model in figure 1, in which= 3,

F(m/l, m/Zv m/s; w) = —imm} e—i2n(m’1+m/2+m’3)/3
2 / / I\2
o® [ (my +m5 +m3) 2 2 2
xexp-- [3 — (mf +mz +m3) | (11)

Finally, equation (7) becomes

’ ’ . ’ "
Am1m2m3 = 8}711,08mz.08m3,01 - E tG vm”Amim’zmér(mly my, My, 60)3(1’)11 +m’ —v— ml)
vmymymam”

X(8m2,05m3,0 + 8m1,m28m3,0 + Sml,mzaml,nn) (12)

where G,y = (—i)""*"J,(kR)K,,»(wR) and the two types of index are linked because
m” = m' —m, as in equation (4). The three terms in the final brackets originate from the
three neighbours. Thus the coefficiehtsatisfies a matrix equation and givEsthrough
equation (8). Not all of the columns &,, are required because the spectral density is
independent of the direction &f for a system which has no preferred axis. Therefore, the
direction of k can be set to the direction in the laboratory coordinate frame.

We write equation (12) in matrix form to evaluate its eigenvalues and eigenvectors for
calculating the spectral density. Then

A=e+MA (13)

whereA can be visualized as a column vector and each element of the column is labelled
by indicesm, m,, m3 from the expansion introduced in equation (8). All the quantities in
equation (13) have elements which are matrices. For convenience the indices are dropped
and the structural factors are incorporated in the ma#ixM is a complex (througlG)

and asymmetric matrix with analogous indices expressing the coupling among the elements
of A. Physically its eigenvalues must be real and this can be confirmed computationally.
It will be shown in the next section that it is possible to transfdviio a symmetric real
matrix. The solution of equation (13) can be found in terms of the eigenvalyesnd left

and right eigenvectormiT andu;, of M:

A= Z ’U,l(l — Ai)_luiT e (14)



986 A KYYildiz ard J L Beeby

wheree is a column vector with elements which are equal to one wies- 0 and zero
otherwise.p(k, E) depends on the imaginary part Afgo and is non-zero only for values
of k and E such that\; = 1, giving

o 1 1 Sm (k) S (k) ] S (ipe)
[ramm=-C ot S | | s M 9
where

IMm Agoo = —7 ) _[w:Jooo8 (E — Ei(k))(04:/0E) " (w] - e). (16)

The functions is related to the scattering potential and must be derived from the chosen
potential. This will be discussed in section 5. Before proceeding with such a calculation,
the matrix equation (12) needs to be put into a more readily solvable form, symmetric form.

4. Matrix reduction to computable and symmetric form

In this section we shall transform equation (12) into a computable and symmetric form
before solving it numerically. To do this let us define a new vector by

Aml = Z F(ml’ ma, m3; CL))Aml,mz.mg' (17)

mams

This then satisfies the equation

Am1 = 8m1A01 - ymlt Z va” _)mll 8(””3_ + m” -V - ml)Am’l (18)
vm" m)
where
Ymy = L'(m1, 0, 0; @) + I'(m1, mq, O; 0) + I'(m1, mq, mq; o) (19)

is real and positive. Onca is formed the values ok can be recovered using equations (17)
and (12). In order to make the matrix on the right-hand side symmetric a further
transformation

Quny = (=" Any ) Vn/Y0) (20)
gives
Qs = Sny.0L =ty D (=" gy R Ko (R (=) Y1 (21)
my,m”

where the matrix is Hermitian ifn” # 0 but becomes real if only the s-wave case,

m =m’ =0, is considered. The imaginary part®fy, from (12) and (17) is just Inho/yo

and so becomes Iy (—i)" /o using (20). The required result, replacing (15), is of exactly
the same form but the eigenvalues and eigenvectors now refer to the symmetric matrix on
the right-hand side of (21).

5. Density of states calculations for different structures

In this section the numerical procedures just described will be applied to some specific
examples. A circularly symmetric potential will be used and it will be assumed that only
s-wave scattering is significant. In the general case, as has been noted taridrthe
coefficientsG, and hence, are all matrices in the angular momentum representation. For
a circularly symmetric potential the matrixis diagonal in angular momentum, bGt is
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not, describing propagation from one atom site to another and giving rise to effects such
as s—p hybridization. By considering only s-wave scattering only those terms for which
m,m’ = (0, 0) arise. Thus the expression fat,,,» in equation (1) becomes

G = —(=1)"Jy (kR) Ko(uR) 3 0. (22)

Hence the momentum dependence of the matrix is dud,to,,(kR) and the energy
dependence takes the form

U(E) = to(ip, i) Ko(uR). (23)
Finally, we have a matrix equation for the vectdr which is now a simple vector;

le = ‘Sml_o — Z N Vmiy/ Vm/lJm’lfml (kR)KO(lLR)(_)miQm'l
my
=80+ U(E) Y Hynyomy (k)R- (24)
mi
This is the general expression that we shall use to evaluate the eigenvalues and eigenvectors,
from which we will find the electronic band structure and calculate the DOS.
Before presenting the detailed results it is useful to consider the approximation of taking
the circularly symmetric average, ie large in P(®;), which means that we retain only
the termv = 0. Then equation (24) has the solution

Qo = (1 — U(E)Hoo(k)) ™. (25)

Taking the case of = 3, y,,, = 2cog2m//3) & /%41, y5 = 3 andHoo = —3Jo(kR).
The imaginary part of the solution is then

Im Qo = —78(E — E(k)H(k)(dU/IE) L. (26)

For a narrow s band anfi « 0 the energy dependence is given byE) = W/(E —

E,) [12], where E, is the bound state energy of a single muffin-tin potential &#d

is a parameter related to the band width. The general limits on the band can simply
be found from a perfect hexagonal lattice or the so-called honeycomb lattice for which
n = 3. It is known in general that the energy in the tight-binding approximation is given
as Ey = Eo+ W|x €¥E| which can be expanded in a power series riear 0 and from
which the band width can be predicted. The bottom of the band isinead with energy

E = Eo— 3W. The top of the band occurs near the corners of the Brillion zone (BZ) with
energyE = Eq + 3W.

When an explicit potential is used, the functiarn&) ands(ix) used in equation (15)
must be evaluated. An example of this calculation will now be presented. We shall consider
a square well potential of circular form and radiys. Because of the muffin-tin requirement
rew < R/2. Thusv(r) = Vi, < 0 forr < ry, andv(r) =0 if r > r,. The radial solution
of the Schodinger equation for a two-dimensional potential can be written as

Ro(r) = BJo(Er) r < gy (27a)
and
Ro(r) = CJo(iur) + DYo(ijur) > Few (270)

where¢ = /—(E — V,,,) andu = +/—E. The energy range of interest¥%, < E < 0 so

that bothé and . are real. For convenience we have taIkéVlZ?n = 1. Y,(z) is a Bessel
function of the second kind (or Weber’s function). In addition to these two equations, the
radial wave function can also be defined in a different form as in [15] and [16]. When
integrated, this equation yields for> ry,,

so(r)/ Vsw(r) = —(w/2) Io(ur) — Ko(ur)so(in) (28)
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wherely(ur) and Ko(ur) are modified Bessel functions [17]. SinRg(r) o< s, (r)/ Vi (1),
one can obtain the coefficien, C, and D by using the boundary conditions, giving

B = —(7'[/2)[]0(/1,}”“”) + (Z/W)SO(iM)KO(Mrsw)]
C = —(r/2)[1 + isolip)]

D = (/2)s0(ipk). (29)
Hence, using these coefficientg(r) for r < ry, is
so(r) = —(/2) Vsul[ lo(rsw) + (2/m)s0(in) Ko(prsw)]l/ Jo(Ersu)] Jo(Er). (30)

The functionsso(ix) andsq(k) are then
SO(i,u') = (n/z)rswIO(Mrsw)[Hvll(/vl/rsw)JO(Ersw) + EJl(grsw)IO(:u'rsw)]/{JO(srsw)

_rszO(Mrsw)[Mll(Mrsw)JO(érsw) + %_Jl(%_rsw)IO(/'Lrsw)]} (31)
and
VswBFsu
SO(k) = m[le(krsw)JO(Ersw) - Ejl(grsw)JO(krsw)]' (32)

Finally, the relation betwees(ix) andsg(k) can be given as
SO(k) _ sz |: k]l(krsw)JO(%-rsw) - é-ll(grsw)JO(krsw) j|
so(in) k2 — &2 | pli(ursw) Jo(6rsw) + § Ji(Ersw) Io(pursw) |

In conclusion, having determined all the terms of the spectral density, we have arrived
at an explicit form of (15):

(33)

_ szw kJ1(krsy)Jo(Ergy) — & J1(Ersw) Jo(kryy) 2
,O(k, E) - 2\2( -2 2)2
(E — k9)2(k* — §2)= | pwha(prsw) Jo(6rsw) + & J1(Ersw) lo(prsw)

x Y 8(E — Ei(k)[hi(k)9U /9 E] u; - €]? (34)

wherel; (k)U(E) = 1 for E = E(k). Here we also need to specify the band width, of
electron states by using the scattering matg&,u, i) of the potential.

We would prefer to take, as far as possible, appropriate values for the atomic parameters,
such as the strength of the potential and the bond length, even though we investigate the
electronic structure of a model rather than a particular material. However, most published
calculations use the tight-binding limit, which is only reached for real two-dimensional
potentials by making them rather deep. Accordingly, in the following calculations we
shall take the potential radius = 0.5 (au) and the bond length between two potentials
R = 2.0 (au), which results in a ground state energyHf = —30 (au). In this case,
the atoms or ions are far apart from each other and so these assumptions lead to a very
narrow band of allowed states around the atomic ground state engggyAn alternative
approach [15] for model calculations is to usedelta-function-likepotential for which
equation (33) becomes

so(k)  Jo(kr)

S (35)
so(ip)  Io(ur)
leading to a much simpler form for equation (34):
1 Jo(kr) 7 ' ‘ TIT
pk.E) = o [ IOW)} > O(E — Ei(k)[hi()9U /I E)] Hu; - €]*. (36)

As an initial illustration of the results, consider the limiting case of circular averaging.
Equation (26) then gives one eigenvalue for e&chThe eigenvalues and the DOS are
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plotted in figure 2. At the bottom of the band the DOS is free-electron-like, i.e., for two
dimensions constant, nearer the bound state energy the DOS is dominated by a series
of peaks which originate from thé values wheredE/0k = 0. A slight broadening

has been used in the figure to give a better qualitative indication of the structure of the
DOS.
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Figure 2. The DOS for the circularly symmetric average.
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Figure 3. The DOS for a honeycomb perfect lattice model; disor@er= 0.
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Figure 4. The convergence of the DOS for disordered structuses=(0.1) with respect to
the matrix sizes: (aV x N = 31x31; (b)) N x N =51x51; (c) N x N = 101 x 101,
(d) N x N =301x 301; ()N x N =401x 401.

6. Results

In this section some illustrative results of the application of the procedure will be presented.
Before considering the case of disorder, it is useful to confirm that the approach works for
the perfectly ordered case, for which the theory should be equally correct. Accordingly,
we have first calculated the perfect lattice case by taking the disorder paramet€x0,

to compare the curves to results which are expected and already well known. It can be
seen in figure 3 that the DOS curves corresponding to a perfect honeycomb lattice structure
agree well with the theoretical expectation (see, for example, [18]). Similar agreement is
found for other lattice structures. The structure on this curve results from the size of the
matrix used and would disappear if sufficient eigenvalues (i.e. sufficiently large matrices)
were taken.

To investigate this convergence we have performed a series of calculations with
increasing matrix size, in other words taking more eigenvalues and eigenvectors. This
corresponds to using more accurate representations of the desired structure. In this analysis
we have chosen a particular disorder valwe= 0.1 (rad), for which we have evaluated
the eigenvectors and eigenvalues for various sizes of the matrix. The smallest matrix used
was 31x 31 and the largest 40% 401. The results are presented in figure 4, again for
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Figure 5. The DOS for honeycomb-lattice-like structural disorde):((a) @ = 0.0; (b) w = 0.1;
(€)w=0.2; (d)w=04; (e)w=0.7.

the honeycomb structure. It can be seen that there is little change beyond 101

and no change beyond 364301. This confirms an unproved expectation in BH that the
method would converge; it was not possible to treat sufficiently large matrices to confirm
this directly in the three-dimensional case.

The effect of varying disorder is shown in figure 5, using 301 eigenvalues. The top of
the band is lowered in energy, as can be predicted from the wavefunctions for such states,
which change sign between neighbouring atoms in the perfect lattice. This phase matching
cannot be achieved in the disordered case. Similar arguments support the movement of
states from the bottom of the band towards the bound state energy. A free-electron-like
DOS of lower magnitude remains at the extreme bottom of the band. Some of the structure
in these curves undoubtedly arises from the simplicity of the structural model used. Notice
that even at large disorder the middle of the band is not significantly filled in.

A similar set of curves for four near neighbours is shown in figure 6. The same effects
are seen at the bottom of the band and for large disorder the curve has a strong similarity to
that for three near neighbours. Once the neighbouring atoms are spread uniformly around
the central atom their number is little more that a multiplier on the bandwidth. For six near
neighbours and large disorder the DOS is again similar. However, in this case the top of
the band has risen in energy compared to the perfect lattice because it is easier to satisfy
the phase changes between neighbours in the disordered than in the ordered case.
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Figure 6. The DOS for square-lattice-like structural disordej:((a) » = 0.0; (b) @ = 0.1; (c)
0=02;(d)w=04; (e)w=0.7.

Finally, it is possible to perform the calculations for five near neighbours. The ordered
case cannot exist so DOS calculated for that case is spurious, but at larger disorders the
structures can be imagined and the DOS again resembles in shape that for three neighbours.
The interesting case of quasicrystals has been discussed elsewhere using a variant of the
method of this paper [15].

7. Discussion

The electronic structures of structurally disordered models in two dimensions have been
investigated. The convergence of the technique as a function of matrix size has been
demonstrated for a chosen disorder valiwe={ 0.1). It was found that the DOS remained
consistent above the matrix size of 181101 which was easily solvable and that a full
calculation required a few a hours of workstation speed computer time.

The variation of the DOS with respect to the disorder paramefehés been observed.
Our results for these cases showed good agreement with theoretical expectation and so we
have some evidence for the accuracy of our method. It was argued by Haydock [18] that
a better approximation for perfect lattices makes the band edges sharper and improves the
DOS in the bands. This has been observed in our calculations. On the other hand, in the
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disordered cases it was found that the variation of the DOS significantly changed when the
value of disorderd¢) exceeded 0.25 rad. As this value increased to 1.0 rad the weight in the
DOS shifted towards the edges of the bands. We suspect that the shift may be related to the
localization of electrons. However, for small disorder values(0.25) we have seen that

the DOS spread towards the gap, and that the sharp edges were reduced in amplitude. It was
argued by Choy [19] that the absence of odd-membered rings allows the DOS to be an even
function of E, or the absence of even-membered rings allows the DOS to be an odd function
of E. We have, in particular, investigated this argument and have concluded that our results
are consistent with it, remembering that the structural disorder allows even-membered and
odd-membered rings to coexist.

It would be possible to extend this study by going beyond nearest neighbours and
introducing more structural information. However, it is not wholly realistic to assume that
the number of neighbours stays constant as the disorder increases and a preferred extension
of the approach is to allow the number of near neighbours to vary from atom to atom.
Preliminary results suggest that such alloy-like calculations will be possible, allowing more
progress towards realistic potentials in which electrons move in two-dimensional systems.

References

[1] van Rossm M C W andNieuwenhuizen Th M 199#hys. RevB 49 13377
[2] Rusek M and Orlowski A 199%hys. RevE 51 R2763
[3] Unal B and Alkan B 1995). Phys.: Condens. Mattef 3591
[4] Fernandes de Mello D 199Solid State Commur@4 703
[5] Kaveh M 1990Analogies in Optics and Microelectroniesl W Van Haeringen and D Lenstra (Dordrecht:
Kluwer) pp 21-34
[6] van Albada M P, Lagendijk A and van der MaM B 1990 Analogies in Optics and Microelectronics
ed W Van Haeringgen and D Lenstra (Dordrecht: Kluwer) pp 85-103
[7] Schreiber and Ottemeier M 199R Phys.: Condens. Mattef 1959
[8] Dean P 197ZRev. Mod. Phys44 127
[9] Elliot S R 1990Physics of Amorphous MateriaBnd edn (New York: Longman-Wiley)
[10] Physics Through the 1990s: Condensed Matter Phykd&6 (Washington: National Academy Press)
[11] Stratford K 1993PhD ThesisUniversity of Leicester Department of Physics
[12] Beely J L and Hays T M 1985Phys. RevB 32 6464 to be referred to as BH
[13] Beely J L and Hays T M 1993Phys. RevB 48 17 732
[14] Beely J L and Hays T M 1994Phys. RevB49 14128
[15] Yildiz A K and Beely J L 1996Phil. Mag. 74 387
Yildiz A K 1995 PhD ThesisUniversity of Leicester
[16] Beely J L 1964Proc. R. SocA 267518
[17] Abramowitz M and Stegun A (ed) 198%andbook of Mathematical Functions: With Formulas, Graphs and
Mathematical TablegNew York: Dover) pp 361
[18] Haydock R 1982 Excitations in disordered systerdsMe F Thorpe ASI Series PhysicB78) (New York:
Plenum) pp 43-57
[19] Choy T C 1985Phys. Rev. Let5 2915



