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ABSTRACT,

This thesis consists of two completely separate parts:
In part I some problems related to phonons in amorphous
solids are considered, whilst Part II is devoted to the
study of excitons in Cuprous Oxide (Cuzo).

Part I.- A theoretical model, suitable to treat
vibrations in tetrahedrally coordinated amorphous systems
is developed and permits the study of a number of situa-
tions of current interest. Three of these situations are
studied in detail:

1) The local response of hydrogen in amorphous silicon
when a single silicon is attached to one, two or three
hydrogens. The differences between these three configu-
rations are discussed and a direct connection with experi-
mental results is suggested.

2) The interesting case of an amorphous alloy, where
both, topological and substitutional disorder are present.
This is treated within the spirit of the Coherent Potential
Approximation. The particular alloy chosen (Si-Ge) is
readily tractable because ofthe similar bond characteristics
of both components, which allows the neglect of force con-
stant changes.

3) The Raman spectrum of AX2 glasses. The model adopted
permits the investigation of the local response at the defect
sites for a number of defects. In order to explain the defect
lines observed in the experiments, four plausible defect
configurations are considered: a missing A-X bond, a X-A
double bond, an A-A bond, and a square ring (two tetrahedra
sharing an edge).

A simple model to calculate the Raman response in amor-
phous solids is also outlined. ‘

Part II.- The valence band of Cuzo is studied in detail
to account for the deviations from the hydrogenic law of the
exciton spectrum, The appearance of the two series of ex-
citons is explained in terms of a spin-orbit splitting of

the valence band in the centre of the Brillouin Zone,



using a Tight-Binding Approximation. The de~~riations of
the lowest exciton levels from their expected values are
seen to arise from an admixture of the two components of
the split -off valence band due to direct Coulomb and
exchange interactions. The Hamiltonian used corresponds
to the so called "Spherical Approximation" and the results

obtained are in remarkable agreement with the experiments.
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PART I

O N AMORPHOUS SOLIDS



INTRODUCTION,

Amorphous materials have attracted an enormous
amount of attention in the recent years (Ziman (1979).
This is mainly because of their potential and actual appli-
cations in the technology of many useful devices. Their
properties differ considerably from their crystalline
counterparts and the physics involved is not very well
understood.

The difficulties in the understanding of these sys-
tems arise from the lack of translational symmetry, that
prevents the use of fundamental simplifications that make
crystalline solids readily tractable. Thus, one has to
deal with a very complex many-body system.

Among the interesting features that one can study
in topologically disordered solids are the lattice vibra-
tions, which are related to very important physical prop-
‘erties, such as the specific heat, superconductivity,
melting and ferroelectricity.

It is clear from the theoretical point of view, when
dealing with phonons, that the starting point is to in-
vestigate the spatial configuration at equilibrium, The
continuous random network of Zachariasen(1932) provides a
useful model to describe a wide range of glasses, and in
particular, the tetrahedrally coordinated ones, such as
Si, Ge, Si0O,, GeO,, ZnCl,, etc.

The Born Model-Hamiltonian (Born(1914)) has proved
to be an excellent approximation to the interatomic po-
tential in these glasses. Taking these two models for the
configuration and coupling of the atoms, a direct way of
solving the problem is to consider a random cluster of
atoms, as large as possible, and to diagonalize numerical~
ly the Heisenberg equations of motion. A review of these

numerical techniques is found in Dean(1972). A random clus-
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ter of about 330 atoms in SiO, is solved in Bell et al.
(1968) and the remarkably successfwl results could be
found in Bell & Dean (1970).

Although these numerical methods are of great value,
they do not provide an insight into the fundamental physics
of the systems. In order to avoid losing the thread in
cumbersome calculations, one has to imagine very simplified
models that could be handled analytically, although, be-
cause of their very nature, a direct comparison with ex-
periment is severely restricted,

Attemps to take advantage of the good knowledge
about phonons in crystals and then, to use perturbation
theory to describe them in amorphous solids are unsuc-
cessful, because it is not clear how an amorphous ma-
terial may be regarded as a highly disordered crystal.
Therefore, new approaches that do not rely upon trans-
lational symmetry‘are needed.

Among these, the Bethe lattice (Domb(1960)), based
on the Bethe-Peierls Approximation (Bethe(1935); Peierls
(1936)), provides a useful model to simulate systems with-
out translational symmetry. The Bethe lattice is a regular-
ly coordinated network without closed loops (a tree),
which allows decoupling of the equations of motion and
their exact solution (see for instance Thorpe & Weaire
(1971)). The mathematical simplicity obtained with a Bethe
lattice model compensates its numerous non-physical fea-
tures, provided one selects properly the physically sig-
nificant results from the others,

This model is adopted in this thesis to study several
interesting problems related with the vibrations in tetra-
hedrally coordinated amorphous solids. The quantity of
interest will be the density of vibrational states (DOS),
because it is closely related to many physical properties
of the solids. However, it must be pointed out that in

some situations, namely a typical scattering problem, a



(3)

knowledge of the phonon eigenvectors is also required.

In Chapter I the model is discussed in general. The
conveniences and drawbacks of the use of a Bethe lattice
are pointed out, and various ways of obtaining the
displacement-displacement Green's function in closed form
are also explained.

With the Green's functions formalism it is possible
to investigate not only the DOS, but most of the experi-
mental quantities which are related to correlation func-
tions. In the last section of Chapter I is included a
simple model to investigate the Raman response of a tetra-
hedrally coordinated amorphous material, The simplicity
of the mathematics involved in the use of a Bethe lattice
yields results that would otherwise be unattainable.

Hvdrogenated amorphous silicon (a-Si:H) is a material
that has created a great deal of interest at the present
time, mainly in experimental research. It also pro-
vides fertile soil for theoretical research. In Chapter II
the local DOS in the neighbourhood of a hydrogen site is
investigated for different configurations, i.e. when one,
two or three hydrogens are attached to a single Si atom,
The characteristics of the spectra are examined for each
configuration, and a direct comparison with inelastic
neutron scattering experiments is shoWn to be possible,

The model adopted here is particularly suitable for
studying the DOS of an amorphous alloy. In Chapter III a
Si-Ge amorphous alloy is treated using the Coherent Poten-
tial Approximation (CPA). The results are compared with
other calculations and with experimental data.

Raman scattering measurements in SiO, and GeO;
glasses (Galeener & Lucovsky(1976)) show sharp peaks that
are attributed to defects. The Bethe lattice model is gen-
eralized to AX, glasses in Chapter IV in order to study
local DOS for a number of possible defects. The problem

of calculating the Raman response in AX, glasses is dis-
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cussed, and a model similar to the one used for simple
tetrahedral networks is developed. The results allow one
to make some important remarks about the possible exist-

ence of a given defect in the material.
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THE MODEL

I



l.~- BASIC CONCEPTS

The harmonic Hamiltonian, within the adiabatic ap-

proximation, can be written as:

H = ) Rw P 0. Biie) w i e (I.1)
<, L £) 2 oot L N = °(

2

where Pa(l) and ua(z) are the cartesian components (a) of
the momentum and displacement operators respectively, of
an atom at site (). Ma(l) is the mass of atom £, and ¢
is the harmonic force constant.

The problem of evaluating the tensor that couples
atoms at sites £ and &' from first principles is enormous
and therefore, some simplifications are needed. Born(1914)
suggested that, in a éolid, the atoms interact only with
their nearest neighbours through a central force a (along
the line joining them) and a non-central force B. The po-

tential between two adjacent atoms i and j is then

ij = (—“—if‘—) { [c’c(()—mj‘{/-ﬁ-j-ﬁzﬂ‘ 123« [l -ag] o (1.2)
fij is a unit vector along the line joining the atoms,
Once (I.,2) is introduced into (I.1l) the solution re-
qguires a knowledge of the topological structure of the
system, In the cése of a diamond lattice, the solution is
well known (Cochran (1966); Thorpe(1974a», but when there
is no crystallinity, the infinite set of equations of mo-
tion derived from (I.1l) and (I.2) has to be truncated.
Numerical calculations for finite clusters, using a poten-
tial like (I.2), have been performed (Dean (1972)), but
the problem with clusters is that, in three dimensions,
there is a substantial fraction of surface atoms, and it -
is difficult to distinguish their role. Periodic boundary

conditions will give spurious standing waves arising from

(5)
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the artificially constructed periodicity, whilst free ends
boundary conditions will produce an unnaturally large am-
plitude of vibration at the surface sites, Attemps to solve
the equations of motion for a finite cluster, imposing
reasonable boundary conditions, have been made. On the one
hand, Thorpe (1973) developed the so called "Structural
Potential Approximation", in which a potential imposed on
the surface atoms of a cluster is self-consistently de-
termined by demanding the mean square amplitude be the
same for all atoms (surface and bulk), at each frequency.
For a five atom tetrahedron the result is exactly the same
as for a Bethe lattice.

On the other hand, Yndurain & Sen (1976) have applied
to the lattice dynamics the "Cluster-Bethe Lattice" theory,
developed for the electronic problem by Joannopoulos &
Y¥ndurain (1974), in which a cluster could be studied exact-
ly and the surface atoms are connected to Bethe lattices.
They solve the pure Bethe lattice equations of motion by
the transfer matrix method, and the result agrees entire-
ly with the five atom cluster-in the structural potential

approximation, as expected.
2.~ THE BETHE LATTICE

In this work the Bethe lattice is used almost exclus-
ively to simulate an amorphous material., Some objections
concerning the physical significance of such a system
could arise, therefore a word must be said about its prop-
erties, |

A Bethe lattice is an artifact constructed mathemat-
ically and for which some theoretical models give exact
solutions (Domb (1960)). It can be regarded as a first ap-
proximation for any given lattice, in which all connected
diagrams without closed loops are summed exactly. Because of

its unphysical nature, some problems arise when compared
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with other lattices, First of all, its dimensionality is
not well defined. For a coordination Z>2, every branch
emerging from a given site needs a further dimension, in
order to preserve the geometrical homogeneity of the lat-
tice., This leads to the fact that such a structure is
physically unrealizable and that the coordinates of the
sites are not defined. However, a Bethe lattice of any 2
retains "one-dimensional" characteristics, in the sense
that it is simply connected and there is only one path
between any given pair of sites. Therefore, it seems im-
possible to simulate genuine topological disorder, because
a "glassy tree" is like a "linear glass" and cannot be
equated with the irregular connectivity of the actual a-
morphous material (for a study of a topological defect

see Thorpe et al. (1973)). Also, the question of electron
mobility in a Bethe lattice is not clear because of thisone- -
dimensional nature of the network.

Perhaps the most unwanted features of the Bethe lat-~-
tice are: i) the unnaturally large surface and ii) the
pathological band edges.

In any finite tree of coordination Z, the ratio of
the number of sites on the surface to the total number of

sites is

i /’Z<Z«¢){-2
7\/‘21 z(72-1) /K ) ) (1.3)

where £ is the number of steps from the centre to the sur-
face., As £ + « the ratio tends to the constant
(2-2)/(z-1) , which is not negligible. Thus, the "bulk sol-
ution" must be supplemented with a discrete spectrum of
surface states. This matter is discussed in detail by
Nagle et al. (1972). However, one can get rid of unpleas-
ant surface effects by considering an infinite Bethe lat- -
tice, which is an homogeneous system, and whose solution
is the bulk solution of the tree.
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When comparing the DOS for a Bethe lattice with, for
instance, the diamond lattice Fig.(I.l), one notices that
the band edges are not attained by the Bethe lattice.

X
T

»
I

|

DENSITY OF STATES

REDUCED ENERGY €

Fig. (I.1) Density of states for a diamond(—) and
Bethe lattices (---), for a s-type tight binding

Hamiltonian (H=I [i><i'l )
t

This is a general feature that could be understood

in terms of the moments of the spectral density: For a
tight -binding Hamiltonian of the type (I.1l), the moments
M, are proportional to the number of paths that start and
end at the same site, For a given number of steps 2%, there
are - only Z(Z-l)’z'_1 paths of that sort in a Bethe lattice
(which correspond to the ones retracing the path ), but
in a diamond lattice there is a further contribution to

a given moment (£>6) arising from the rings present in
the latter structure, Hence, it is seen that the states
on the band edges are cut off in a Bethe lattice. However,
there is always a state on the true band edge, but its

weight is 1/N and it is negligible in the limit of large N,
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For a better discussion on this subject see Thorpe et al.
(1973) . This effect on the band edges could give rise to
spurious peaks there, which have to be carefully consider-
ed (Joannopoulos & Yndurain (1974)).

After this long exposition of the inconveniences of
a Bethe lattice, one could conclude that it is such an in-
adequate model as to be of no use in practice. Neverthe-
less none of the drawbacks mentioned before is really in-
extricable and the difficulties could be overcome, as will
become clear in the course of this dissertation,

There are three important reasons that compelled us
to choose the Bethe lattice as a reasonable approximation
for an amorphous system, and these are:

i) The systems may be solved exactly. The mathematics in-
volved are so simple as to permit the study of more com--
plicaﬁed situations than amenable by other models.
ii) The local environment of the atoms and the short range
properties are well preserved throughout the system.
iii) No long range order is assumed and the the DOS is
rather featureless,as is found in the real amorphous ma-
terials., Therefore, any structure detected arises from
changes in the local environment of the atoms,

But the real justification will be found in this
thesis, when the results produced are analysed and the
unphysical features are discovered and their causes ident-

ified.

3.-DISPLACEMENT-DISPLACEMENT GREEN'S FUNCTION

Here we develop an alternative way of solving the
pure Bethe lattice with the Born Hamiltonian (I.2). This
derivation leads to expresions particularly suitable for
handling the problems studied.

Consider’a perfectly tetrahedrally coordinated net-
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work of atoms of mass M, coupled by the potential (I.2),

and concentrate on a particular bond:

Fig.(I.2)

The equation of motion for the x-component of the

displacement of particle 1 is

Mw*u )= prour)-w, 2]+ Vo), (1.4a)
X : X - .

a similar equation holds for uy(l). For the z-component

2 . _ . "
/\7w (,{Z(/)—ocCL(z(7)‘(,{z(z)j+l/ﬂuz(”, (I.4Db)

Vy, and V, represent the effective potentials from the bonds
shown by dashed lines in Fig.(I.2). On the other side of
the bond

Muwru ()= pLuz)-w, ] + etc. (I.5)

etc represents whatever is on the right of site 2. In the
case of having a reqular lattice this term is Vlux(Z).

Solving for ux(l)_in (I.4a) and inserting into (I.5)

2

< /\//WZIF - s ) CLX(Z): etc. (I.6)

ﬁﬁw{ﬁ’%

An analogous equation holds for the z-component. It

is convenient to define effective force parameters
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O<Z

X = A 4+ —— (I.7a)
6// MWZ-O(—-’V,/ ?

/3 (I.7b)
Pe//” g Muwi-p-V, )

It is possible to find self-consistency conditions

for the effective potentials if they are written in terms
of the quantities (I.7). The effective potential due to
the three dashed bonds in Fig,.(I.2) is then

3

- - ‘= 2 - Y ptozt (I.8)
Jé{f*’-ffr t(e, ﬁeﬁ)rjf— Jﬂ/fr ”"2// Byl 312 )

the last step follows because in a tetrahedron

4 .
6.1 :%rl . Fz;: (0)0)2) (1.9)

J:7

Therefore, from (I.5)

4

4 Xp s + 5_!3%[
3

1

Y, (I.10a)

V, = —=#2 e (I.10b)

Equations (I.10) are self-consistent coupled equa-
tions for V, and V, . At this point it is desirable to in-
troduce the displacement-displacement Green's function.,

We define it in the same way as Zubarev (1960). The equa-
tion of motion for the Fourier transform of the double-
time thermodynamic Green's function (Elliott & Leath(1975)),

using the Hamiltonian (I,.1l) is
M wG, 5 w) =4, d (L) ZZZ,, O (6,66, (60) 0 1

or, in a condensed matrix notation

[ M- ¢ /G-t (1.12)

The transformation to normal modes also diagonalizes
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this matrix. Substituting (I.10) into (I.6) to find the

normal modes gives

"

- 1
G 1 _ 1 . (I.13)

MWy, M a0y

/

This Green's function do not depend on the site be-
cause all sites are equivalent in a Bethe lattice., It is

also isotropic, that is
Gxx: G77: Gzl :9 . (I.14)

Now, a self-consistent equation could be found for g. From
(I.10) and (I.13) one can solve for B:

[%,(sz;%/-,@ )][\/i—(/Vlwl—p)]:/f7 (I.15)

¥

therefore

\/ = MWI'F~Z?§’ +|/ £ ‘fﬁ,l ; (I.16a)

a similar procedure results in

/ 7 .
\/”: Mw* - - = fl/z,gz t ot . (I.16Db)

Care must be taken with the signs of the square roots in
(I.16); they must be chosen in order to satisfy (I.13)
identically, Combining (I.16) and(I.13 ) a self consistent

equation for g is obtained

frgl MutSezpi]= 7 21+ 209" 55T apgl L (1)

This equation is exactly equation (14) in Thorpe
(1973). The best way to solve it is by squaring the roots

and by finding the zeros of the resultant quartic equation
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[ 2ct 0 rEre -y ] g*r 4L c o] gHL G zmiey-S (el gFs

5 (I.18)

-ff%;Clg "3 - o

where

_é— b (Iclg)

The values of the parameters, appropriate for Si are

M= 28
a= 1,774 (I.20)
B= 0.323 ,

»

the units of a and B are such that if M is in atomic units,
w is in 1C~%cm!.

When w is real, (I.18) has only real roots, except
when w is inside the band, where a single pair of complex
roots appears. The correct root is then the one that gives
the positive DOS., In the actual calculation,a small imagin-
ary part (10 cm ') was added to w. In that case the physical
root is the one with the biggest imaginary part (this also
holds outside the band).

The DOS 1is

-
' f)(U)):-f;éggﬁg- L . L?’[&ny[é) . (I.21)
£-0"

because the equivalence of all sites and Tr (g)=Ng. This is
plotted in Fig. (I.3c).
It is interesting to investigate the limit when only

central forces are present (B=0). Equation (I.17) gives

4" (9 (Mut-4a)-16at]- bglmuw=ge)=2 =0 . (1.22)
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This equation is exactly the one which could be obtained
using the mapping between the vibrational and the elec-
tronic problems (Weaire & Alben (1972)), by means of the
Weaire and Alben Theorem (for details see Weaire & Thorpe
(1971) and(1973)). They find that the normal modes are
given by

Mut = F o (1-€) (I.23)
where € is an eigenvalue of an s-like Hamiltonian (con-
nectivity matrix). The eigenvalues € could be found fol-
lowing the procedure in Thorpe & Weaire (1971). Equation
(I.23) was also obtained by Thorpe & Galeener (1980) using
a Lagrangian formulation. There are the normal modes with-
out an s-component that are not included in the mapping
(pure bbnding and antibonding p-states). They produce
§-functions at the edges of the band (see for instance
Straley (1972)). Actually equation (I.23) is completely
general and it holds for any tetrhedrally cosvdindled slructure with only
central forces. Delta functions appear in the DOS of all such
networks when only central forces are considered. In Fig,
(I.3a) the DOS for this case is shown, The J§-functions
appear at O and wmax=/§a7§F .

Investigating the nature of these modes (Thorpe &
Galeener (1980)), one realizes that the §-functions atzero
and W ox correspond to transverse acoustic and tf;nsverse
optic modes respectively. A glance at Fig, (I.3) reveals
that the peaks in the spectrum for Si have their origin
in those §-functions. The weight of each one of them is
one per atom, |

Equations (I.17).(I.,21) and (I.23) are the basic re-
lations that provide the quantities of interest, that
is, the displacement-displacement Green's function and
the density of states, All of them have been derived else-

where, but the present method allows an easy treatment of
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a)
| ! 1
[V}
WL,
—
e
—
(7]
™.
o
-
— ] 1 ! 1 o
[V}
=
") c)
Q
1 1 |
2 b .6 .8 1

W/ Wmex

Fig.(I.3) Density of states for a Bethe lattice (eq.
(1.21)) for a) B/a = 0 (only central forces), b) B/u=.3 and

¢) B/a=.6 (value suitable for Si or Ge).

a number of problems, particularly those involving local

defects, Its usefulness will be apparent in the course of

this dissertation.



(16)

4 ,- RAMAN SCATTERING

The knowledge of only the DOS is not sufficient if
one has to compare thé theory with Raman scattering ex-
periments, because of interference bhetween the motion of
different atoms.

This process is complicated and a detail model for
the Raman scattering in amorphous systems is not available.
We therefore present a very simple model that could help in
the understanding of the process.

The reduced Raman cross section is related to the dis-

placement-displacement Green's function by (Elliott et al.
(1974)) :

&(()N“ > Cort (00 o S y ,'(*ﬂ,)>>R

. — >3
— o o o o

. (I.24)
A Ldrs oo L]

where the retarded Green's function is defined as in Zubarev
(1960) . In general C_(!) depends also on the direction of

the photons and the polarization of the incident and scat-
tered light. In this expresion the Raman polarizability is
assumed to be proportional to the displacements, Let us as-
sume that this tensor only couples displacements in such a
way that it is different from zero when there is an effective
change in the length of the bonds. This occurs when the dis-
placement of a given site [ is parallel to ocne of the four
tetrahedral directions z({). Furthermore, we neglect the

angular dependence of C. The cross section may be then ‘written

o CZ%ZM ZSN oS ) (1.25)
where
(0,s) = Z_ <, 020 u/a/f)>>
- ) K
d o (T.26)



(17)

These satisfy a recurrence relation
7 ~ - K4 7o
a (O/ﬁ) < \ B / (1.27)
In fact the value of C(L) depends on the actual bond
directions. In the amorphous material these will be variable.
As a crude approximation to the orientational disorder we

introduce an unknown factor (f) so that (I.24) becomes

C*Y T 5. G (0,0) (-44)%  « L %:2}) j (I.28)

3 s ¢ |
The -actual value of f is difficult to obtain. In a diamond
lattice f=1 because the tetrahedra alternate in direction,
in a Bethe lattice the coordinates of the atoms in a given
shell are not defined (infinite dimension problem) and f
could take any value from zero to one.

For a Bethe lattice with only central forces, it is

easy to solve (I.27) using equations (I.22) and (I.23), one

obtains e
K= [ oo v (1.29)
and
L (0, 0) = ——e e
3 | . (I.30)
where

(I.31)

K -

The results for several values of f and parameters
adequate for Si are shown in Fig(I.4). If f£=0 the Raman
intensity is exactly proportional to the DNS, but for any
value of f# O the DOS is modulated in such a way that the
high frequency part of the spectrum is enhanced. This is
observed in reality. The delta functions have been omitted
from the plot, but their weight also changes with £, An
additional spurious feature appears because there is a new
pole where 1+kf=0. This occurs out of the band at é:—fV(l+%l)
which lies at higher frequencies. This unwanted feature is
a drawback of the model and is due entirely to the Bethe
lattice.
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Fig.(I.4) Raman response for a Si Bethe lattice

with central forces only. The values of f 1n equation

(1.28) are shown in each curve,
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The treatment is easily extended to the case of non-

central forces, Using equation (I.13), one finds the new

transfer matrix

! (I.32)

=d (Ve ),

with g the solution of (I.18).

The plot of equation (I.28) using (I.32) and the
proper factors is shown in Fig.(I.5). Notice that when £
is approaching 3/4 the optical peak increases while the
acoustic one decreases, Comparison of this figure with

the real spectrum for Si (Fig.(III.1lb)) is very encour-

aging

—arb units

w/wmax

Fig,(I.5) As Fig.(I.4) but including non-central

forces., B/a =0.6 .
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l.,- INTRODUCTION

During the past few years, an enormous amount of
literature about a-Si:H has been produced. Very recently,
a substantial number of experimental works have been de-
voted to the investigation of how the hydrogen atoms are
distributed in the amorphous silicon matrix. Some obser-
vations using electron microscopy and nuclear magnetic:
resonance techniques (see for instance Bourret et al. (1981))
seem to suggest that the material is not homogeneous, but
rather that the hydrogen tends to form clusters (presum-
ably attached to the dangling bonds). Other authors sug-
gest the formation of "domain walls" of hydrogen inside
the material after some annealing (Knights (1979)), but
up to the pfesent time there is little agreement on this
subject,

It is reasonable to expect that the local environ-
ment of the hydrogens will affect the vibrational proper-
ties of the material and, at present, there are good tech-
nigues for studying these properties. Inelastic neutron
scattering seems to be an ideal tool for looking at the
local vibrations of the hydrogen in a-Si, because the in-
tegrated intensity over the band is one order of magnitude
stronger for H than for Si (Barrio & Thorpe (198l1)). This
is due to the very large incoherent scattering cross sec-
tion for H. Hence, the experimentally determined incoher-
ent scattering law S(q,w) will reflect the form of the
self correlation function on the hydrogen sites(Springer
(1972)). These functions could be investigated using the
formalism outlined in Chapter I, ’

Consider the three possible configurations of H in

amorphous silicon:

(20)
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2H \)<:: + Z

That is, one single hydrogen (o) attached to the Si net-
work (1H), or two H attached to the same Si atom (2H), or
three .H on the same site (3H).

Our aim is to find the local response at the defect
sites in each one of the three configurations and to in-

vestigate their distinctive features.

2.- LOCAL RESPONSE AT THE Si SITE AND NORMAL MODES,

The model is the following: We concentrate'our at-
tention on the defect site and attach Bethe lattices to
the remaining bonds (shown by dashed lines in Fig,(II.1).
The force constants in a Si-H bond are a' (central) and
B',(non-central); and are taken as parameters to be ad-
justed with the observed frequencies of the bound states
(Brodsky et al.(1977)).

The Green's function for the pure Si network (g) is
the solution of (I.,18) and could be found in the way de-
scribed in Chapter I. All quantities of interest can be
written in terms of g,

In the lH case it is easy to find the Green's func-
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tion at the surface Si atom by solving the equations of
motion (I.6), putting a' and B' instead of o and B, and
etc=0,

The displacement-displacement Green's function at

the Si site (0) has two kinds of diagonal elements

@
9“ (0;0) = 1 2 7 (II.1a)
/\/le_ \/“ —a = __V;_‘?LL_,
w-x
Z@(O}()): - - (II.lb)
Mwi-V, - 4 - B )
w /_L &) mwl-/s'

where m is the mass of the hydrogen; the superscript
indicates that it is the 1H configuration and the z-axis(m)
is denoted by the subscript. All other quantities have
been defined before,

The poles of (II.l) provide equations to fit a' and

! and a wag-

B'. There is a stretching mode at w_"2000 cm”~
ging mode at w V640 cm~! (Brodsky et al.(1977)). With

equations (II.l) and (I.1l6) it is seen that

’ 7 ]
= |2 , e /: 3.8603, (11.2a)

W +O\'~‘-L/—",\_-\ + x|

26{w) 4 griwg) o

, T o .
= ! - t i = 0.3697, (11.2b)
2
F VNLUw ! + 3 -p/_%{_m_-f ZJ
L , 29(u@) ( V Hglmpwj ﬂ

where the units are the same as in (I.20).
If one does not consider any interaction between the
hydrogens, it is straightforward to show that, in all cases,

the normal modes equation is of the form

Mut=Ce  + C, Petf 7 C, ("('"’WL} #Q (el ) arn)

s 7
mw“o(l_ { Vhwl-"j'/
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The constants C, are just geometrical factors for each
configuration. In Table II,1 these values are shown and

the normal mode frequencies are calculated using (II.3).

Table II.1

Normal modes without H-H interactions

conf.| dir.| Cc;| cao} c3| Cy ww(cm") ws(cm")
1H I 1/3|8/3} 1 0 -— 2000
1 4/315/3] 0 1 640 -—=
X 0 2 {4/3(2/3 632 2011
2H y 4/312/3] 0O 2 654 ---
z 2/314/312/314/3 641 1989
3H 1L 1 0 11/3]|8/3 659 1977
4 0 1 |4/3|5/3 642 2011

From Table II.1 it is seen that the observed mode
at 890 cm—1 (Brodsky et al,(1977)) is due to H-H inter-
actions, We introduced a potential between hydrogens, fol-
lowing the model of Weber & Thorpe (1975):

T S nom
%:1 [n.(u{-uo) + no(LQ‘b%)J , (11.4)

where there are hydrogens at sites 1 and 2 and the sur-
face Si atom is at site O, This is a potential of the
Keating type (Keating (1966)), which has been proved use-
ful in a number of systems*,

The equations of moticn (I.1l) are solved in the 2H
case for a geometry in which the two hydrogens are in the
x-z plane and the z-axis bisects the angle between them,

It is found that the Green's'functions at the Si site are:

SN

® ) o
Gii (002 i g 5 (T (11.5)

{

*A central force between the hydrogens was also consider-

ed but this did not modify the results significantly,
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where
_ 2 Z("‘“ ;'L.+ LA w'l._ " ’
Zx_.ZWuU[ ix\(kf@)(3r 'f ZPBJ,L *'quf ; (II.6a)
(3mwt o —z@)(SMw-Zd—(B)'Z(oPp)
- 2muwtp 4 Ll yd
= = £ I1.6b
27 MWL_@.z 3 deﬁ + 3 @e% 3 ( )

Z___ v 2 BMwl(Sme-Zd’—g’—qfr) _1]1.2 4 (ITI.6cC)
3 Lma [(Zm*-uu".o&l-lé'—l’Y)(Smwl—la"—e-q'Y)—Q((,L‘~(5'.2'y)l ‘Z} 3O(£’fj/ T 3 F@ﬁ .
Equating I to Mw? and putting w=.890, the force
constant was found to be
Yy = 0.2069 (in the same units) (II.7)
Substituting this value in (II.6), the normal modes

for the z-motion were found at 890 and 2000 cm-l.

The motion of the atoms could be sketched thus:

A

SR

2000 890
" Fig.(I1.2)

The mode at 890 cm"'l could be called "scissors" mode
(wsc). All the other modes are those in Table II.l. Equa-
tions (II.6) reduce to the form (II.3) in the limit when
Yy > O,

For the 3H case, the equations of motion were solved
at the Si site also, considering an interaction like(II.4)
between all pairs of hydrogens and the z-axis opposite

the bond which connects to the network. The Green's func-

tions are
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® 1
00)= (II.8a)
9“( IO) N{'UUL—'O’ej'f"‘A ’
9_1_@(0/0):/\/[ 1 i g (II.Bb)
W/‘G)ejj—g
where
A::swwfgd;ag;a«>wwM~hsa_@Laww-fsidléllwfl \ (II.9a)
(Omw'-8o'- g8 MN(Imw-a-2 g'-4v)— & ('~ p 21"
B= x{ s e e ><L“’”5””W g
m y (o -~ rrw e 4 VmU~
(- ;ﬁ:*) 3 © {11.9b)

"5(\@+4Y _41#_X} 4a+5@+4q9@ 2+ ) § )

muwt-@ Mu'~p’

The position of the bound states were found by solv-
ing (II.8). All the results are shown on Table II,.2

Table II.2
Normal modes with a Keating interaction

(frequencies in cm_l)

conf, dir, W, I W
1H 1 - —-- 2000

1 640 --- -—-

2H X 632 -=- 2011

y 654 --- -—-

z - 890 2000

3H M - 793 1998
L 630 936 2016

3.- RESPONSE AT THE H-SITES

The next step is to find the local response at the

hydrogen sites. Therefore the equations of motion must be
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solved for the hydrogen displacements. In the 1lH case the

solution is inmediate

@ 1
- II,10a
‘9”(/’1) mwr- o' - _'* ? ( )

l\ll UJL—o{'_- \/”

0
G2 (1,1)- = _ (II.10b)
L m wl——F'_ Bt
Mw*- 3'~V,

The local DOS at the hydrogen site is defined as

0 o,,
ﬁ%wyi%%ﬂlﬁ%f@“ﬁgziﬁ”)) . (II.11)

Finding the Green's function for the displacements
along the coordinate axes is rather complicated for the
2H case. The equations of motion are simplified if linear
combinations of the displacements are considered. It

proved useful to define

9%,=-%<§ (U,@)2 U (1)) (U2 U (1))22 (IT1.12a)

~Z? S U UG, (II.12b)
4

R CASEY AU RS ERTET Ao (II.12c)

It was found that

j 9@ - .Z/[m“}_ i(M‘/Uz—\/x)]
x + :

Muwk \/;(-Zo( ?
9@):.1// ot -t __1f%? ‘ (IT.13a)
X - - mwhe Muwr=\/y=2ep |
(IT.13b)

121

@: L r 3
yy‘ 1/{:”4% | p !\/}“)L‘\{j’zfi"g—l——'—} ’

mwz‘/&'
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© o
jz—+: ] /[VYJ Wl- K Aw -V )'} b

Mw?®- VARSVA S
0 . ck chjl (II.13C)
9zf:j /['wu) b - mwk o Mwr-v - 2ad )

where:

Vx= 28eff
V = 2(2 + B )
y 3'“%eff” Peff
V= 2(a .+ 28 ..) = %(Mw?-1/g)
z 3 Veff eff g
= .l J ’ = 4
a 3(2(1 +R"') h—a+§ Y
_ 1, _ 2
b= g(a +2B) e= b+ 3y (11.14)
= Y2, v g _2¥2
c= 3(a B') | ff c- 3 Y
2 k : f2
= g4 ——m——
d= a + EES:E- T mw’-e
= mw? p= my 2
mw?-a nw?-e

From the definitions (II.1l2) it is obvious that the

sum of the functions (II.13) is exactly the same as the

trace Z_ - .
~ 5.0,y (= x,y,2 =12
(’)fh )) o S (II.15)
and therefore, the local DOS is
H -1mw 9@ +9@ +7 9@%9@ 99
fz (w):TZm( X2 X= . - ?*"Jf‘) . (I1.16)

The numbers produced by this equation were checked
by solving the problem in the set of orthogonal axes
(equation(II,.5)) and also with an inverse-matrix method
analogous to the one described below., The results for pg :
were exactly the same for each frequency.

In the 3H case, the algebra involved in order to
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close the equations of motion becomes very complicated.
The eigenvectors are not found as easily as in the 2H
case, therefore another method was developed to solve the
problem, Once the full dynamical matrix is written down,
one could divide it in such a way that the following re-
lation holds

A B 9 9., = [ 13 0
(I1.17)

T

6 -Cl \ 9;45 9“' O I‘a

—

where I; and Ig are the identity matrices of dimension 3
and 9 respectively; gss.is a 3x3 matrix that involves cor-

relations at the Si site; is a 9x9 matrix containing

Eb:!
all correlations between hydrogens; and Iy represents

the H-Si correlations. It is clear that

- _ at,=1_.-1
yg = {c - B°A "B} (II.18)
A being a 3x3 diagonal matrix, is easily inverted and the
expresion in {} is inverted numerically. All the matrices

are written in terms of the parameters defined before and

they are explicitly:

A = = !Lo('—rIS@’Hl‘Y-’rg(sc”-?/‘/\wx 0 0

- (I1.19)
0 ’Zo\'*'5;3'+’27+3p(,ﬁ‘9M“7L O
0 L0 eI T A 9eeg - 9 M

15:’—% Kk o iy § VAT -VIVY S Vit -viy

- (I1.20)

—

6 -~A o YLt & VoV -7 & Vo ¥V
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C =~ [Imw-" © 1ig 4y 0 2y 4y 0 -2
= 0 Imw=A. O -1mr Vo 1 1wy O VoY
Wie 0 Im-T WY 0 -y a5y O ¥
HY  2mY 107 9mwiA Vage iy -7 o VIV
0 0 0 Vitg OImw== e A YT G e (R (3 ¢
Y LY Y -AG Ve 9muiT -GY ey T (II.21)
49 an¥ ey -1y Y -0y 9w ARy -Go
0 0 0 Y 6Y Ve “v26 9wu~= -VeG /
-0y v -y iy ALY -y -6 Vi 9mWiY
where

V= a' - B' + Y : O= VvV -Z'Y
= Vv - 3y ; A= 9B' +12y
k= =8a'-B'+4y ; TI'= -« + 8y
U= —a'—88' _.4-Y : T= -u - 2Y (II.22)
E= =-6a' -38" ; A= =06 + 2v
6= =-2a' -7B'-8Y; E= -¢ + 6y
The local DOS at the hydrogen site is defined as

g - “lmw / T)’ Ghn

f, (W)= =% Im( 3 . (II.23)

The local densities (II.1l1l), (II.16) and (II.23) are
shown in Fig.(II.3). The DOS for pure Si (eq.(I.21)) is
also shown, The discussion of these results will be post-
poned until the end of the chapter,

The method used to find the local DOS for the 1H and
the 2H cases permits the extraction of the partial den-
sities for the components of the displacements. Those are
defined by

fre g (11.24)
J
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Fig.(I11.3) Local response at the hydrogen sites for
the configurations 1H, 2H and 3H, Compare with the

pure Si density of states (p).



(31

where j=x,y,z (or (i,L)), and

f)"_ ~-Lmuo

) T
These are shown in Fig,(II.4). Unfortunately, for the 3H
case this separation was not possible, due to the numeri-
cal inversion involved,

2H

1H

Im 3“ (I1.

25)

500

- O
+
-,

L

. 500
W (em) W (¢ )

Fig,(II,4) Partial DOS at the hydrogen sites.

500
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4,~ FRACTION OF THE MODES ON THE DEFECT SITE

An interesting quantity that could give some infor-
mation about the differences between the three configur-
ations is the fraction (F) of the mode of frequency w on
the defect site (Dawber & Elliott (1963)). In the present

case these quantities are
H
_ f L
Fc- P ) (=1,1,3 (11.26)

and are plotted in Fig. (II.5).

0 00 5 (e mty

Fig,(II.,5) Fraction of the band ques on the defect
site. a) 1H, b) 2H, c) 3H.
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It is seen that there is a broad peak around 425 cm’
whose height decreases with the perturbation (In the 3H
case it is virtuallynonexistent), It seems that it would
be very difficult to distinguish these guantities experi-
mentally, for the three configurations and therefore, al-
ternative properties must be investigated. However, it is
very useful to know that one should not expect dramatic
changes in the shape of the Fi(w) curves with the con-
figuration,

It is worth noticing the pathological behaviour of
Fi(w) for small frequencies. Intuitively one should ex-
pect’ that this quantity may tend to the value m/M, be-

cause

: {Un2y
g:no(//:):/'\,"l (s T ol (II.27)
that is, the mean square displacement of the H and Si
atoms must be the same at low frequencies. In other words,
the hydrogen must track the Si network exactly in this
regime,

It is found that F, tends to the correct limit, but
F, and F3 get unreasonably large., We decided to investi-
gate in detail this fact and learn if there is any physic-
al reason to expect such a behaviour. |

It is difficult to know what happens at very low
frequencies, because the awkward behaviour of the Bethe
lattice at the band edges, and also because there is an
unphysical gap in the spectrum. However, the spectrum
could be.analytically continued by adding a small imagin-

2 by w?+ie, where

ary part to the frequency. Replacing w
€ is a small positive number (v10°) and calculating F, we
discovered that

lom (F )= (7.87) (I1.28a)

w0

m
M
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. _im
é}::ﬂf (F )= 5 (3:67) (II.28b)
* = = ﬁ
%/To (F,) - (14.5¢ ) (II.28c)

These numbers are rather sensitive to the value of € but
the ones shown are a representative choice. The local
DOS at the surface atom (pi) (atom at site O) were cal-
culated using equatigns (II.l)e(II.S) and (I11.8), and

1

the quantities Fi’ Py and pg/p: are shown in Fig. (II1.6),

Fig.(II.7) and Fiqg.(II.8) for the 1H, 2H and 3H respect-

ively.

0\ | 1 ] | : i
0 w () 500

Fig.(I11.6) F,, p; and p?/p; using the analytic

continuation of the Bethe lattice Green's function

(e~1075), Al1l quantities are defined in the text,
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Fig,(I1,8) Same as before but for the 3H case, The

DOS for a bulk Si 1s also shown
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The important result is that p?/p: tends to m/M as
w+0 in every case. This means that the hydrogens track
exactly the motion of the surface Si atom, but not the
motion in the bulk., On a real system the motion of sur-
face and bulk atoms is the same at low frequencies, but
this is not so in a Bethe lattice.

This general conclusion agrees-with the results of
E-NiFoo et al,(1976), where the DOS for atoms at and near
the surface are calculated for the honeycomb, diamond and
Bethe lattices.,

In order to see how general this result is, the same
method was applied to simpler models, In all of them the

substitution w? + w?+ie was made and functions of the form:

Foz lom lim (Im9s) ’ (1I.29)

20 W70 | 1, g

were calculated. The limits are taken in that order; g,
is the Green's function at the surface site and g is the Gn's
function at any other site (next to the surface or in the
bulk, as appropriate),

Five different models were considered:

i) Diatomic molecule , Two masses attached with a spring

of stiffness a

0-2--0 It is obvious that in this case Fy =1
m; ma

ii) Triatomic molecule., The situation is sketched as fol-

lows:

o-=-o-=-0 , It is found that Fo = 1 between any

pair of sites,

iii) Diatomic molecule attached to a wall. That is:

ym, (2a+Y)

o-g-o-x-ﬁ . In this case Fo=1+
m; my o? (m,+m;)
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The last term arises because the wall is rigid, and a
node is imposed in that position. If, instead, a mov-
ing wall (or an infinite network) is attached, then

Y = Y(w) and vy tends to zero as w »+ O, This means that
the ratio F, between sites separated a finite distance
is always 1, and that this result is quite general.

iv) Semi-infinite linear chain. Consider the following

system:

._g-o-g—o—g—o—g’-o—— -—ae OO
o) 1l 2 3 4

where all the masses and central forces are identical at
every site. It is found that the ratio F, between the
surface atom at O and a bulk one at « is 2!,

By writing down the Green's function for the sites

0,1,2,etc... as a continued fraction

(II.30)

’"W“Z‘/’O(.,, o
. k mw_d-@+ ot >
b )™= A

one is able to find the ratio F between the surface at O
and the subsequent sites F(1), F(2), F(3), etc... The
results are shown in Fig.(II.9). From here one can say
that Fo(N) =1 for any finite N, in agreement with
the general result. The limit 2 for N = «» is due to the
unphysical nature of the infinite system.

The N peaks found in F(N) arise because of the pres-
ence of N nodes at the site N, resulting from the forced
antinode at the surface,

A linear chain is a Bethe lattice of coordination 2

and it is seen that the pathological behaviour of F at



(39)

low frequencies is already present in this system, and
is undoubtedly a non-physical feature. In order to under-
stand quantitatively the limits found in (II1.28), let us

examine a Bethe lattice of coordination 4, for central

forces only.

x F(1)
S F(2)
R F(3)
B — . F(0)
- .-.'V
500
Fig.(I1.,9)Fraction of the surface atoms modes near
w=0 for a semi-infinite linear chain,
v) Bethe lattice of coordination 4. Consider a surface
atom at site O with n dangling bonds, if in the bulk
B Muw'~42 )
then on the surface
g = ! (II.32)
* Mwr-(4-n)L

For this model I is easily found by using equations(I.29),.

(I.30) and (I.31):
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M A
SR R e
then
Ui Comn {fm% _ 4 )1 (II.34)
E»>o w >0 Iﬂ"gb - L/"h ’

In Table II,3 these results are summarised and immediately

seen is the good agreement between the last two columns.

Table 1I.3

Comparison between F; and the exact value for

a Bethe lattice with only central forces.

7configufation n (zé;)z Fo (from (I1.28))
1H _ 1 1.78 1.87
2H 2 4 3.67
3H 3 16 14.56

The importance of this result is two-fold: 1) It en-
ables one to understand the behaviour of F at low fre-
quencies quantitatively and 2) supports the validity of
equation (II.29) in the sense that the DOS could be ana-
lytically continued correctly in that way. Point (2) is
not clear and some doubts have always arisen when the

model is applied (Sen & Thorpe (1977)).
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5.=- BOUND STATES

Besides the band states some information can be ex-
tracted from the bound states outside the band. The oscil-
lator strength of each one of those and the weight of the
states in the band were calculated. The results are shown
in Table II.4. Notice that the DOS comes out normalized

properly, in each case,

Table II,.4
Weights of the band and bound states for the

hvdrogen motion.,

bound oscil, weight total weight
conf, dir, ztizgﬂ)si;i;gth Z Ri baﬁg W) g Ri + W
1H L 640 618
Il 2000 «320 .938 .060 0.998
2H X 631.5 .049
890 - ,053
1999 114
2011 .106
y 624 .168
654 +» 145
z 631.5 .114
890 .105
1999 049
2011 .052 .956 .044 1.000
3H 624,2 ,120
630.4 .219
794 .099
938 214
1999 .112

2015,7 L2210 .974 .020 0.994
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6.~ RESULTS

All the results are collected in Fig. (II.10), where
the band has been divided into three regions (TA,L,TO).
Concerning the behaviour of the bands, the facts that are
apparent from the figure are:

i) The weight of the band decreases with the number of
hydrogens attached:

1H = 0.06

2H = 0,04

3H = 0,02
ii) The fraction of the modes in the L region (wL/wB)
remains constant:

1H = .36

2H = .35

3H =~ .33
iii) The number of states in the TA region remains fairly

constant, but the fraction of the modes (w /wB) increases

TA
w wTA/wB
1H .018 .31
2H .024 .56
3H ,014 .68

iv) The number of states in the TO region decreases, and

also the fractional number w,./w

TO B
1H ~ .33
2ZH ~ .11
3H ~ ,03

Some splittings are observéd in the wagging and stretching
modes. in the 3H case a tremendous mixing of the bound
states takes place and a very large splitting of the scis-
sOrs mddes is produced. Agrawal (1981la) calculated the
frequencies for the 3H configuration and obtained 875,

910 and 2140 cm_l, using an angular force constant model -
(Weber (1975)),but he adjusted its value with the 2H mode

at 850 cm 1.
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Notice that nearly all the weight is in the bound
states, this is because the large mass difference between
Si and H. As more hydrogens are introduced, the weight of
the bound states increases (as the band decreases) and
the distribution of states changes,

It is worth noticing the following features:

V) The dJ-function at 2000 cm'-l has constant weight

1H = 32
2H = ,32
3H = .32
vi) The weight of the wagging modes decreases
l1H = ,62
2H = ,48
3 = .34
vii) The weight of the scissors modes increases, as ex-
pected -
1H =0
2H =~ .16
3H =~ ,31

The regularity of transfer of oscillator strength
between the band states and the bound states in differ-
ent regions is remarkable., In Fig.{II.1ll) it is noticed
that the variation of the weights of all states is linear
with the number of hydrogens (n) in the local configur-
ation,

The importance of the interpolation made in Fig. (II.11)
is that it provides a quantitative way for determining
the fraction of sites with the 1H, 2H, or 3H configurations
in a given sample of a-Si:H, The interpretation of the
Ramanvscattering experiments (see for instance Shen et al,.
(1980)) is a little difficult, because information about
the bands is needed. In infrared and Raman experiments the
Si band dominates the spectrum due to the low weight of
the H-band and the low concentration of hydrogen in the

samples, However;‘the behaviour of the bands (fig,2 in
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STRETCHING

SAND

Fig,(II.11) Fraction of the hydrogen modes as
a function of the number of H-atoms attached
to a single Si atom. The sum of all of them is

always unity,

Shen et al. (1980))with the concentration supports the
idea that at higher concentration of H, clusters 1like
2H and 3H are formed (compare with Figs, (II.6),(II.7)and
(11.8) for pl). |

As was mentioned above, inelastic neutron scattering
in the wrange of the bands permits one to extract
the hydrogen contribution and then, a quantitative study
of them could be made. At the present moment some very
recent experimental results are being examined in the
light of the present theory (Axe et al, (1981)).

Let us go back to Fig(II.lO)‘and try to find a rela-
tionship between the states in the bands and the bound

states., It is seen that in the configurétion nH, some
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weight is transferred from the band and the wagging modes
to the scissors modes as n increases, Of the total weight
in the scissors modes, 1/7 comes from the band in every

case. It is also apparent that this weight is taken from
the upper part of the band.

7.- PHENOMENOLOGICAL MODEL

In order to understand this behaviour, we considered
a simple phenomenological model to investigate the effect
of the relative position of these bound states (with re-
spect to the band) on the band itself,

Let us take a single mass defect with mass m in a
host with mass M, If the local environment has cubic or
tetrahedral symmetry, the response at the defect site -

(Elliott et al.(1974)) is the imaginary part of the Green's
function

g - o
d 1 - Muwe )
Jo (II.35)
- (M-m) : . :
where € = ! and go is the Green's function for the

host in the absence df a defect, This could be written in
terms of the DOS of the host (pg) ,Thus:

_ 1 L(w) dw' LT
30((*))\/\.4_[?/ (,()Z—)(.u'z -+ —Lw/ )oo(w)] . (II.36)

where P stands for the principal value of the integral,

If one takes a simple py, One could investigate the frac-
tion of the mode on the defect site

Fe(Img, /Img )

Two models for the DOS were considered: a Debye

(I1,37)
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spectrum (see for instance Dawber & Elliott (1963)) and
a semicircular band. F is shown in Fig.(II.1l2a,b) for
both models and for various values of €. The correspond-

ing quantity for the 1lH case is also shown in Fig.(II.l2c).

al
W, /wp €
F
1 4 V4 ~.5
1
2 1.% . ?
2 3 2 . 85
3 < 5 - 78
4
0
o “"/\a.a° L}
b) wy /26 €
F 1 l -25
! 2 /.3 -Ye
/ 3 2 -6z
s 4 5 .82
2
3
4
0

wie

c)

° A A Iy
o W (ewm™) 4o

Fig.(II.12) a) Fraction of the mode on the defect
site (F) for various values of € using a Debye spectrum
(wD = Debye frequency). b) Semicircular Band. wo is the

frequency of the bound state., c)F,, F defined by eq.(II.2¢)
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The position of the bound state _.(wo) is obtained
when the denominator of (II.35) vanishes.

The qualitative behavior of the three sets of graphs
is similar. Particularly noticeable is the similarity be-
tween curves 1 and 4 on part a) and F, and F on part c).
The two important features are 1) The bottom of the band
is quite independent of wy, as all the atoms vibrate with
the same amplitude in this regime, and this just corre-
sponds to sound waves; 2) The weight of the band decreases
as € increases, and it is taken from the top of the band,
Therefore the position of the bound states is crucial for
determining the scattering from the band.

These conclusions are quite general because they do
not depend on the details of the spectrum. In order to
check if there is also quantitative agreement, we plotted
'thé‘fractional weight of the band as a function of the po-
sition of the bound states, for both models Fig. (II.13).

0 L : A 5§ W./w

-1 y

Fig.,(II.13) Total weight in the band as a function

[FX

of wo for the two models considered. The weights of the

partial DOS in the 1H case are marked X,

™MaAN
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In the 1H case, the bound states are at %ﬁ = 1,39
and 4,35 for wagging and stretching respective?y. The
weights of the bands are 0,072 and 0,035 for each case.
These are indicated also in Fig, (II.13). It is seen that
the Debye model predicts roughly the same numbers, thus
we conclude that the predictions made using the simple
model are quite general and that the relative weight of
the different regions of the bands is rather insensitive
to the details of thespectrum but that the position of
the bound states is what matters,

8.~ CONCLUSIONS

In this Chapter the vibrational properties of three
different clusters of.hydrOgen in amorphous silicon have
been examined. Through the detailed study of both, the
bound states and the band, some general facts have been
pointed out. These provide information that enables one
to know the way in which hydrogen is incorporated in a
given sample of a-Si:H, and to interpret inelastic neutron
scattering data.

The important conclusions are:

i) The position of the bound states determines the ac-
tual shape of the upper part of the band.

ii) The relative oscillator strength of the bound states
and of the TO region of the band is very sensitive to the
clustering of the hydrogen. | _ |
iii) The statements i) and ii) are quite general, and do
not depend on the actual shape of the band.

iv) The TA region of the band cannot be studied proper-
ly with the Bethe lattice model and the pathological
changes in the shape of the band are non-physical, but

are due entirely to the drawbacks inherent in the model.



CHAPTER ITII

CPA ON A Si-Ge AMORPHOUS ALLOY



l1.- BASIC CONCEPTS

Amorphous random alloys are very interesting systems
where both, structural and topological disorder are pre-

sent. Among those, the Six-Ge alloy is particularly

suitable to be treated theoreiiZally, mainly because both‘
materials have similar coordination and bonding character.

The electronic properties of such an alloy have been
studied by Falicov & Yndurain (1975), assuming a tight-
binding Hamiltonian and a Cluster-Bethe lattice method,
and the results compared with a CPA calculation.

This method has been applied to the vibrational pro-
perties by Yndurain (1976), (1978) and the deduced DOS
compares extremely well with the first order Raman spec-
trum (Fig.(III,.1)

The Coherent Potential Approximation (CPA) is con-
sidered at present, to be the best single-site theory
for a disordered system (for a review of CPA see Yonezawa -
& Morigaki (1973)), and has been applied successfully to
a number of disordered systems (Elliott et al. (1974)) and,
in particular, to random alloys (Velicky et al. (1968)).
CPA has been used also in systems where more than one
type of disorder is present, for instance, in the problem
of exciton exponential tails in mixed alkali-halides
(Sawai et al. (1973)).

Therefore, it is interesting to investigate the Si-
Ge amorphous alloy within the CPA, The similarity of both
materials allows one to think that the mass defect approxi-
mation (Taylor (1975)) will give fairly good results,

The procedure is as follows: Assume an effective me-
dium described by a Green's function Gy, which can be
written in terms of the Green's function of the unperturb-.

ed system (P) and a self-energy (I), defined by

Gy = P + PIG, (ITI.1)

(50)
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Fig.(III.1) a) Density of states for a Six—Gel_x
amorphous alloy calculated with a Cluster-Bethe lattice
method by Yndurain (1978). b) Reduced Raman intensity

for various Si-Ge alloys taken by Lannin (1974).

If the model described in Chapter I is taken, P is
nothing but the solution of equation (I.18), with M=mGe.
The Green's function of the perturbed system obeys the

Dyson equation

G =Gy + Go(V - Z)G (I11.2)
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where the perturbation

m

"V =m wle

Ge

si
—= ) (III.3)

Ge
is put at random in each site. A self-consistent condition

is found for I by demanding the single-site t-matrix to

be zero on the average. The result is

xV
l - (V-Z) 'Go

™
I

(ITII.4)

where x is the concentration of Si atoms. Equations
(III.1) and (III.4) are solved simultaneously to give the
best approximation for G,

| Once G is obtained, the DOS is found by

ZmQQw

o (W) = = —=—(1l-xe) Im G(w+iy) | (ITI.5)
Y+O+

In principle the solution is straightforward, never-
theless, the actual calculation presents serious problems,
Therefore it seems to be necessary to give a detailed de-
scription of the procedure and the way each problem en-

countered was solved.

2.,—- DETAILS OF THE CALCULATION AND RESULTS

First of all one obtains P(w) in equation (III.l) as
the solution of (I.18), which is g, Here we will make use
of the symmetry properties of the CPA formula under inter-
change ofvx énd (1-x); and use the Si lattice as the pure
system (In the results all the parameters will be changed
in order to compare with Fig, (III,1l)). It is clear that

€

x 2 (1-x) ; m.., 2 Mg . i ez'T:E (I1I1.6)
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The correct root in (I.18) is selected using (I.13).

Then, in order to iterate (III.4), a first trial for
L is needed, This was chosen to be the solution of (III.4)
but sukstituting g instead of Gj:

I, =-—%§(Vg - 1+ /{IVg) *¥4Vg% ) (III.7)

With this value one calculates Gy using (III.l):

Go(E) = P(E-I) = g(w?-I/M) (I11.8)

Observe that (III.7) has two roots, the physical one
corresponding to taking the positive sign of the square
root, because it gives the correct Virtual Crystal limits
when x+0 or x+1. However, taking the square root of a
complex number in the computer always gives the principal
value (on the right half-plane), anditisvery difficult to
decide which root corresponds to the positive sign. One
way of deciding between the roots is by calculating both
Green's functions, Go, and Go_ with the corresponding L,
or L_ in (III.7), and by taking the numbers:

T = I XV

s + ~|T=(V-1,) Go, (I11.9)

The correct root is the one that gives the smallest
number, the reason is because the second term in (III.9)
is nothing but the self-energy defined in (III.4). The
DOS is calculated using g instead of G in (III,5), and also
using G. Both are compared and if they differ by more than
1%, a new self energy is needed. This,is.exactly the sec-
ond term in (III.9),thus it is inserted in (IIX.8) and
the cycle repeats until the accuracy 1is attained, that
is, until two succesive densities of states do not differ

by more than 1%. Convergence is good for most of the values
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of w (less than 10 iterations are needed), but for some
points (where Reg changes sign) this is not so. This is
due to the fact that T, and T_ are equal, within the ma-
chine precision, and after few iterations an endless
cycle of values appears, meaning that the wrong root has
been chosen, |

This problem is definitely a computational one and
in order to avoid it , it is necessary to give new values
to I, in order to get out of the vicious circle, Making
the substitution L, I,7(f,-I_)/4 proved to be helpful
in all cases.

The final results are shown in Fig.(III.2), compare

with the other figure.

3.— DISCUSSION

It is very difficult to make a precise quantitative
comparison with experiment, because the data in Fig. (III.1b)
are rather ambiguous. Furthermore, matrix elements effects
in the Raman experiment have to be considered. It is not
easy, at this stage, to calculate the Raman intensity for
an alloy, but one could extrapolate the results in §4 of
Chapter I and assume that the only effect is to enhance
the upper part of the spectrum, and that there will be
peaks in the Raman intensity wherever there are peaks in
the DOS. This is in agreement with the observations and
provides a justification for the neglect of matrix ele-
ments effects by Yndurain (1976). Taking this into account,
let us compare Fig.(1II,la) and Fig (III.2)

At first glance they seem to be very similar, but a
more careful look reveals some differences:

i) Notice that in Fig(III.2) (f2 form now on) the low
frequency peak shifts continuously from 120 cm_l to 190
cm-l for pure Si. This does not happen in Fig. (III.la) (f1),
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Fig.(II1.2) CPA Density of states for

a Slx-Gel_x amorphous alloy.

where a sudden change occurs at xv.9. Therefore, the CPA
calculation agrees better with experiment in this respect

(see Agrawal (1981b),this paper will be Agr from now on).
ii) In the CPA, the peak at 280 cm_l does not move with
x, while in the other calculation it shifts towards lower
frequencies with x. ¥Yndurain (1978) (YY) attributes this

peak to Ge-Ge bonds, and justifies its behaviour based on

measurements by Feldman et al. (1971). However, one cannot

see what really is happening in the experiment, because of
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its poor resolution, It is worth mentioning that Agr
states that this peak does not move with x. It is also
noticed that in the CPA this peak diminishes too rapidly
with x.
iii) The high frequency peak moves continuously from 470
cm-lat x=1 to "420 cm-l at x=,1. This agrees better with
the experiment than the calculation by Y , where the peak
remains stationary and only changes its intensity. Again,
it is difficult to say something from the experiment, for
instance, Agr is convinced that this Si-Si peak is x-in-
dependent and then forces his Cluster-Bethe lattice method
to produce this result by making the Bethe lattices con-
centration independent!. This leads to a contradiction
regarding the localization of the states in this peak:
While Y shows that states in the Si-Si-peak are local-
ized for x <.7, Agr obtains extended states on the whole
frequency range.

Notice that the intensity of this peak is always too
large in f2 -and that the peak itself cannot be ascribed °
to Si-Si bonds.

iv) There is a peak around 380 em~ L

in £2 for all inter-
mediate concentrations. In (Y) this feature can be attri-
buted to the presence of Si-Ge bonds in the cluster and

its position is independent of x. In the CPA no pairing
effects can be taken into account, and therefore the identi-
fication of one peak or the other as Si-Ge or Si-Si bonds

is not possible. Not only that, but the very appearance

of two impurity bands is very surprising.

This effect has never been observed in CPA but, curi-
ously enough, the shifting of this peak with x is remark-
ably in agreement with experiment. It is, .therefore,
worthwhile to investigate the mechanism that produces
such an unexpected feature,

In Fig.(III,3) we reproduce the typical behaviour of"

T for an intermediate concentration (x=,1l). Notice that
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Fig.(I1II.3) a) Negative of the real part of the
self energy. b) Negative of the imaginary part

of the self energy. c) Real part of the effect-
ive frequency z = Y(w?-I/M), where g is evaluated

to produce Gy in the CPA,

the peak on Rel occurs at a different frequency than the
peak on ImI. This situation is very unusual and it is the
very cause of the two peaks.,

' Formula (III.8) states that Gy is simply g, calculated
at an effective frequency Y (w?-I/M). When ImI is very
small, the DOS for the alloy will have the same value as
the one for the pure system calculated for an energy
shifted by I. If Iml is large, g must be calculated very

far from the real axis, where the spectrum becomes flat,
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Looking at Fig.(III.3c) one can reproduce the spectrum
for x=.1 (in fact x=.,9 in the calculation) in f2. Going
from w=0 to w=A, the whole spectrum for pure Si is span-
ned. The TO peak is less intense because ImI is increas-
ing steadily in this range. From A to B the TO peak 1is
scanned again backwards., The same peak is reproduced once
more while going from B to C, The last peak is higher
because ImI is smaller in the interval B-C than in the
interval A-B.,

This situation is also encountered in the disordered
linear chain (Taylor (1967)), but there the peak is wash-
ed out by a singularity in ImI precisely at the point
where the peak on Rel occurs. There is no obvious reason
to expect the shift in the peak on ImX but, in any case,
one must conclude that the double peak on the upper part
of the alloy spectrum is spurious‘ana is due, perhaps, to

the pathological band edges on the Bethe lattice.

4 ,- CONCLUSIONS

The results from the present CPA calculation are, at
least, as useful as the ones from the Cluster-Bethe lat-
tice by Y , and better than the ones by Agr. The position
of the main peaks on the DOS, and their dependence on the
concentration proved to be closer to the experiment than
in the other calculations,

The upper part of the CPA spectrum shows a double
peak that is believed to be spurious and‘cannot.be at-
tributed to pairs, as in the cluster calculation. However,
we decided to show this phenomenon mainly for two reasons:
First, it is rather puzzling that the structure resembles
very closely the peak found ih the experiments; and second,

it has never been observed in a CPA calculation before,.

We leave this as an open question.
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Quantitative comparison with the experiment is im-
possible, due to the poor resolution of the Raman spectra.
Furthermore, the way the DOS is modified by the Raman
tensor is not known, although one could extrapolate the
result of Chapter I and expect that in the alloy a similar

effect could occur, that is, that the TO peak would be
enhanced.



CHAPTER Iv

DEFECTS IN AX, GLASSES
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The interest of the study of point defects in AX,
glasses is two-fold: 1) Raman scattering experiments
present features that can be ascribed to defects and
which, up to now, are not understood; and 2) The theor-
etical treatment of the problem can be performed satis-
factorily by generalizing the model in Chapter I. There-
fore, let us begin by revising in detail the experimental

situation.,

1.- EXPERIMENTAL BACKGROUND

The vibrational spectra of AX, glasses covers a wide
range of situations, from nearly molecular-like spectra,
as in chalcogenide .glasses (GeS;, GeSe,), to band-like
bnes as in SiO,; or GeO,;., This fact has been explained by
Sen & Thorpe (1977) as a consequence of the value of the
A-X-A angle (between the AX, tetrahedra). When this angle
is near 90° one obtains a molecular-like behaviour, and
when it is near 180°, band-like modes appear.

Silica (SiO,) belongs to the latter group, whose
vibrational properties cannot be explained in terms of
molecular modes, |

Inelastic neutron scattering data in SiO, have been
taken by Lea d better & Stringfellow (1974) and the main
features of the spectra nave been reproduced very satis-
factorily by the numerical calculations of Bell et al,
(1970) and_by the Cluster-Bethe lattice model of Laughlin
‘& Joannopoulos (1977). In Fig.(IV.l) a comparison between
the experimental and theoretical DOS is shown,

The interpretation of the Raman and Infrared spectra
isalittle more complicated, because of unknown matrix-
element effects., The spectra of SiO,, GeO2 and BeF; glasses

have been studied thoroughly by Galeener (1979) and the
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Fig.(IV,1) a) Scattering law from neutron measure-
ments in Silica by Leadbetter & Sfringfellow (1974),
b) Cluster-Bethe lattice DOS (Laughlin & Joannopoulos
(1977)). c¢) Numerical calculation using a 330 atom

cluster by Bell et al.(1968),

main Raman active peaks have been interpreted in terms of
the Sen & Thorpe (1977) theory. It is peculiar that the
most intense Raman peak is not associated with a peak on
the DOS, but with a band edge. This is somewhat surprising
and leads one to admit that the accepted assumption that
the Raman tensor is nearly independent of w (Shuker &
Gammon (1970)) fails, and hence the Raman tensor must be
strongly frequency dependent near the band edge. This
matter is discussed by Galeener & Sen (1978), but we post-
pone this subject until we consider the effect of matrix

elements in 8 6.
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There are several interesting features in the Raman

spectrum of these glasses, In Fig,. (IV,.2) the Raman and
Infrared spectra of SiO, are shown.

REDUCED
RAMAN
SPECTRUM

UNITS

AR

_lu

-imf

Fig.(IV,2) Comparison of the Raman and Infrared
responses of a v-5i0; sample at room temperature
(Galeener & Lucovsky (1976)). H-H is the configuration
where the incident and scattered electric vectors are
parallel, while H-V indicates that they are perpendicular.
w, are the positions of the band edges calculated from

Sen & Thorpe (1977).

First of all, the optic modes show a clear trans-
verse-longitudinal splitting, as is demonstrated by the
infrared response, because the longitudinal modes reson-
ate at zeros of € (or poles of Im(-1/¢)), while the res-

onant frequencies of the transverse modes are determined
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by the poles of e€,=Ime. This means that the long range
Coulomb interactions are important in this material, but
at present it is not known how to introduce these forces
in a theory that could predict the number of TO-LO split-
tings in a glass.

Besides these broad features that are fairly well
understood, there are two sharp features (marked with
arrows in Fig, (IV.2)) that are totally unexpected. It is
clear that their nature is different from those of the
other peaks, not only because their sharpness, but their
behaviour with temperature changes is also different. Not
only that, but the two lines marked by arrows prove not
to be similar: while the line at 606 cm © (labeled D) in-
creases in intensity when the material is bombarded with

1 remains un-—

fast neutrons (>10 Kev), the line.at 495 cm
changed.

It seems evident that both lines are due to local
defects in the regular coordination in the glass, but
they have different origins. The peak D is the one that
has received more attention since its discovery by Stolen
et al. (1970), and was ascribed to a non-bridging oxygen
defect by Bates et al. (1974). This interpretation was
supported by Stolen & Walrafen (1976), who discovered that
the strength of the line varied with water content. How-
ever, this assignment has been questioned recently by a
more careful study of the line with water content by
Mikkelsen & Galeener (1980} that proved that the observed
variations in,intensity were due to the inequivalent ther-
mal histories of the samples, Furthermore, a Cluster-Bethe
lattice calculation of the surface modes due to $Si-0
broken bonds, performed by Laughlin et al, (1978) to study
the surface phonons of porous-SiO,; (Vycor), showed that
this sort of defect cannot be responsible for the D line., =
They rather suggest that the D line is due to Si-Si bonds.

This very reasonable suggestion is refuted by Galeener
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(1980) , who studied a similar feature in GeO, when the
material is bombarded by neutrons and when there is a Ge
excess in it. He concluded that,.because there was no
change in the feature with the deviation from stoichio-
metry, the line could not be due to Ge-Ge bonds, and extra-
polated this conclusion to SiO,. Galeener (private com-
munication) suggested the possibility that four-atom rings
(that is, two tetrahedra sharing an edge) will produce
noticeable effects in the spectrum, as is observed in

B,03; glasses (Galeener et al. (1980)), where boroxil rings
are present,

However, a general study of the effect on the DOS of
a/Si network (Thorpe(1974b)) due to 5andb-fold rings, shows
that they produce broad and hardly noticeable features.

It is clear that a complete theoretical study is need-
ed to décide which defects are good candidates to produce
the sharp lines and which are not. We think that the model
described in Chapter I provides a suitable method to
study systematically all sorts of possible local defects,

although some modifications and generalizations are needed.

2.- THEORETICAL MODEL

A theory whose predictions could be compared with
‘Raman scattering experiments must include a study of the
Raman polarizability as well as that of the DOS. Raman
scattering is a complicated process and, at present, there
is no neat way to treat it properly in an amorphous ma-
terial. Therefore let us concentrate on finding the DOS
and worry about matrix-element effects afterwards. If a
defect is to be treated as a perturbation of apure sys-
tem, it is essential to start by finding a Green's func-
tion that represents this pure system,

An AX, network is far more complicated than the simple
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tetrahedral network which we have considered up to now.
However, Sen & Thorpe (1977), using a central force model
Hamiltonian (eq.(I,2) with B=0), have shown that the com-
plete problem of the AX, network maps into one involving
only the cation motion, and thus, into a simple tetra-
hedral network. The procedure is as follows: Fix one's

attention on a A-X-A unit

and play with the equations of motion to eliminate the
coordinates of the bridging X atom. It is easily found
that |

(Aﬂwl—o% ) U, = U, (IV.1)
where
. . . 2
2 wi— s 6 )
xy= o + HAlmw = (1v.2)
(mwz'o()z——dYC“@
and
D(l: —-FnWZO(ZCOJE
(mwi—x Y- ot @ )
(Iv, 3)

Equation (Iv;l) connects the displacements of a re-
normalized mass at site 1 with the ones at site 2 through
an effective force constant a'. Hence, following the map-
ping discussed in Weaire & Alben (1972), the normal modes

are given, instead of (I.23), by
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Mw? =5 (eq =€)
(IV.4)

The eigenvalues € of the connectivity matrix are bounded
by the theorem of Perron-Frobenius (|e|< 1). Therefore,
the band edges are found by substituting (IV.2) and (IV.3)

into (IV.4). There are two bands, whose edges are at

T = °<__— 41 + (4 < = - < )

W — ( cos 6o Wy = L (7-cos8. (IV.5)
2 2 <&/ o< _ 2 &/ ox

w = w5 S T A I

These frequencies are marked in Fig. (IV.2) for SiO;.

In order tc investigate the displacement-displace-~
ment Green's function, it is convenient to separate the
displacements of the cation (u) from the ones of the an-
ion (X). The displacement X could be decomposed into a
stretching part (along the y-direction) and a bending part
(along x). From the former sketch, it is ¢lear that

.X‘ X Sm_% +# j(j\s% ) (IV.6)
Thus, we have the following equations of motion:
. <4 - ~ i - —_ y 4
(Mw'-%x)§,, =2~ %=g, =1 go«ﬁmzﬁju#%[ﬁ;z)(xv.ﬂ
m (wi- w] ) = 4 - Dot oo £ (IV,.8)
Cxx L Yux
2o} = - Jeot £ ' |
m [ w =) 57] = 1 - L= Lol =2 Sy (IV.9)

These equations enable one, with a little algebraic
manipulation, to express the self-correlations at the an-

ion site in terms of yu®
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4
- ' z 2 . 2, ,2,,.%
j — 3 N s /2 (W'—C{)J ) 61 ” w?(wzl%zw/z)-dw/ Lo
AX

[V Ay o

2o B (w'= o) Y Por 018 (w*=-w}) (IV.10)
j - 3 M (/(5,2@/2 ( w*- W.«,?) _ wz(w,zfzu)zz )—EUJ/?“JZZ (IV.11)
Yy - )
7 Zm cos @ ( w* W) T wiA 05O (W w,*)

With these equations one can find the DOS per AX,

unit as

n 2 7 R - -
f(”) = 77w _//7/4 (3/\45%“'/‘2/»4\7{)(7‘2”437; )9 (IV,.12

where the bar means a configurational average. This treat-
ment is completely general in the sense that no assump-
tions have been made about the topological nature of the
network. Before choosing a specific model for the lattice,
let us describe the way one could treat the simplest de-

fect, that is , a missing A-X bond.

3.- MISSING A-X BOND

If one considers that there'are no force constant

changes around the defect, the perturbation is

Z

The displacement-displacement Green's function of the

perturbed system is
-/
szv‘j‘/ﬁ = 5 (1-Vg) (IV.14)

where all matrices are 6x6 in principle (three coordinates

at each side of the bond) ,however, if one chooses a coor-

- — p 2
-/ [(u-«)()»g)(]. (IV.13)
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dinate along the direction of the bond (i.e. parallel to

they reduce to a 2x2 size,where

V = (—« » > . (1V.15)

% — X

Tax)

Poles in G will appear whenever

A=Def(j—vj):0 . (IV.16)

If the separation (IV.6) is made

A= 14X Gt Sox " Gr G (vl
where
= I "Z_Q c’zﬁ °
Gy S AL P (IvV.18)

All quantities are written in terms of Iuu (see egs, (IV.7),
(IV.10) and (IV.11)). The response on the defect site can

be investigated

4 C7 = Sfuu. 3!4.}' j¥o(/§ﬁ’u§"‘7/ 0/[\/22 wd Iv.19)
3_2’0. \?xrc ~ (5“""—‘9,“) j+d/7 w u7>
= jua, + G @uf + & = Guu Guf ) 5
Ir. 7 & JET * G Tz Gsx
where
- ' z (IV,.20)
Q el (9uu_ ﬁﬁ - juZ ) .
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At this point a model for yu is needed, and it is adequate
to choose a Bethe lattice, For anAX, tree, the Green's
function obeys the equation

)

jl [ 9 (M[A)Z--‘%o/d /\2_ /éo(/"]" é‘(//\/)wz";‘/olol ); - £ = g . (Ivzl)
“Uu A2 v

v/b( (24

instead of eq. (I.22),
Perhaps it is instructive to derive (IV.21) expli-
citly, in order to show the method used in detail. Fig.

(IV.3) represents schematically the transformation to the
AX, Bethe lattice.

Fig.(IV.3) Transformation of the AX; Bethe lattice

into a simple Bethe lattice of coordination 4.

The equation of motion (IV.1l) can be written

<
) b ,
(-3Mw?srbo, Ju = Lo L. = Fo'u, (Iv.22)

4 “~

If ¢ = -3Mw? + 4a,, the equation of motion for the
Green's functions are
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i A ,

£ o = 7 4 4o ¢

VU, “ NS U.Z

MREIY j"{/ 24 “z H,

[

~ — / -
c < = o C 4 O 5 ¢

T4 K, n-s A Lu 24

(1v,.23)

which could be solved for Iyu defining the transfer matrix

k (equation (I.27)). The result is

g = Ex2Vex s20000 z
- A ~ (Mt Zw, ) 2V Mt g, fdar

—
4

which is exactly the solution of (IV.21). The subscript
in the u's has been dropped because all sites are equi-
valent in a Bethe lattice.

The sign of the square root must be chosen to give
the correct DOS., Notice also the delta functions at

|e|=4a', each with weight 1.

Fig.(IV.4) shows the allowed regions for the bands

as a function of the angle 6. The position of the bound
states and resonances (4=0), when a bond is missing, is
also shown, |

Notice that the band edges are not reached by the

(IV.24)

Bethe lattice. A typical band shape is shown in Fig. (IV.5).

It is seen that the defect produces two resonances

(one in each band) and one localized state in the gap.

This result is completely general and it is obtained when

a semicircular band model is used for g. In order to under-

stand the origin and nature of these defect modes, we

considered a simple molecular model in which there is

only one A-X-A molecule attached to rigid walls by a spring
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Fig,(IV,4) Bands of a GeS, Bethe lattice (shaded).

The limits of the bandsare the straight lines marked w;, w2,

The dotted lines are the zeros of A.

An im-

purity state appears at very high frequency when an atom

of mass 2 is attached to the dangling bond.

There are 6-

Fig,(IV.5) Density of states for a Bethe lattice

(parameters for GeS,, and 6=107°). The dotted line is

the response at the defect site,

functions at w3 and wy.
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of stiffness y. A graph similar to Fig, (IV.4) is shown
in Fig.(IV,.6) for this model. )

3
w

cos 6

t f
l i
! i
| '
| |
| ]
' .
l (]
I {
l ]
|

| I
! :
2 3
Fig,(IV.6) Normal modes of the molecule shown sche-

matically on the Trighthand side. The dashed lines are

the modes that appear when one a-bond is missing.

Notice that there is no crossing of the lines as in
Fig.(IV.4), because the crossing is due to band-like be-
haviour, The mode in the "gap" at w?=y/m is the vibration
of the isolated atom ( «e-|), while the other two corre-
spond to acoustic and optical vibrations of the A-X pair,
and all of them are independent of 6, of course.

Hence, it can be said that, at least for the mole-
cule-like glasses, the state in the gap in Fig. (IV.4)
corresponds to parallel motion of the surface A-atom.
This might not be true for a band-like glass. This is
supported by the fact that when a light mass is attached
to the dangling bond, the state in the gap disappears and
goes to a very high frequency, while the other two reson-
ances in the bands do not change their position.

It is rather easy to study the case when a mass (m')

is coupled to the surface atom by

Z
2

—— — -y /‘ L
a / KCé-éé)'Za’] . (IV.25)
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Then, the Green's function at the defect site will be

4 — /
G =G, G, Vg, (IV.26)
with V:(a —a) and (G = o 0 .,
- A & L’u’u’
where ngu,.:
ot

The position of the poles of €' as a function of 6
is shown in Fig. (IV.4) labeled "impurity”.

These results bear a close resemblance with the e-
lectronic problem in a-Si, where it is believed that the
dangling bonds introduce states in the gap, which are taken
out by saturating the dangling bonds with hydrogen.

The picture does not depend on the type of atoms
chosen and is valid for SiO, also, However, we need an-
other method, if we want to study other defects, because
this procedure becomes very complicated if the perturba-

tion is not as simple as a missing bond.

4,- DEFECTS IN SiO,, METHOD,

The method described in Chapter I is particularly
suitable for dealing with local defects in a Bethe lat-
tice, because it allows one to find a solution for a lo-
cal configuration and to attach it to a Bethe lattice in
a Simple vay. |

Accérding to the experimental facts, the defects which

one must consider are

1) 0-Si broken bond ( Jo-e O- )
2) Si-Si bond ( -o-0- )
3) 0-Si double bond ( Jo=e )
4) Square ring ( ,b:::d: )

*see 3
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All these can be treated in a similar way, the pro-
cedure is as follows:
i) Consider the equations of motion for the atoms join-
ing the defect, and close the equations by attaching Bethe
lattices on the proper bonds. This can be done by using
self energies similar to those given by equation (I.10).
The geometry is chosen so as to take full advantage of
the symmetry in each configuration,
ii) Once the normal modes are found, the displacement-
displacement CGreen's functions at the defect site (gii)
are obtained.

iii) The local DOS is related to 9:5 by

‘ R I /\A’L w -
/(- (w) = L—-7/T— __Z///q \]//z’(' . (IV.27)

iv) bound states and resonances are found at the poles
of g;y-
Let us describe each case:

1) ~o-e o}
For the part with the oxygen atom, a suitable geometry

is

where B stands for the Bethe lattices attached to the
remaining bonds.,
Solving the equations of motion for the cartesian

components of the displacement of the Si atom

z

(Mw"«B,,-a—‘y )Z:O

mw =

(/\//(4)2—‘81‘)(;’):0

P

(Iv.27)
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where B, and B, are the parallel and perpendicular com-
ponents of the potential duetoB. Define:

g, = << X x>>= ¢ > !
£ ) X = <LK Y5 Yy2o= e 2
1w~
w- & (IV.28)
g, = <<zia et — .
Mwr— B, - e
o - X
From equations (I,10) with Beff=o' one finds
.= 408, = Log, | (IV.29)
which can be written in terms of 9,, using (I.10) and
(IV.4):
_ / / (IV.30)
£, =Mwr- o, - 21— 7z A o’ 2

the sign of the square root is chosen as to satisfy an

equation like (I.13) identically. The poles of g are at

Mw*- <485, = O | (IV.31la)
and
Mw?- (3, - X290 = 5 (IV, 31b)
o) o

and the local DOS is
. A Mw '
Ji. (w) ——“—77 L (24 + 5 ) (IV.32)

At the Si site with the dangling bond the procedure
is exactly the same, except that m=0 in equations (IV,28)
and (IV.31).

2) So=-0-
This defect is treated in the same way as the broken
bond, except that instead of an oxygen, one puts an exact

replica of the lattice coupled by a central force y. It is

clear that
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(IV.33)

- 7t (IV. 34)

Every thing could be combined to obtain an effective

potential at the Si site which could be written

2 Z 2 z © (IV.35
2(14;<+V]/u,11/2z), ( )
A1l the V's have contributions from the oxygen and Si atoms.

The potential looks like

R 2
ol FP 4 ol {’a' . o ) 2% (IV.36)
eff /o 0 o,
Therefore » N
- = = Z oo 0
Va= 5 ooy - VT T oy 0. 0
(IV.37)
Vj =0

In terms of the gquantities defined before, the com-

ponents of the Green's function at the Si site are

(!

T2

(IV.38)

u

(IV.39
jéj M ow? 9 )
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U
N

oz

—_— (IV. 40)
m w -
and the local DOS is

y = — A Mw 4
f(W/ p— jm /ﬁzz-/ugyy ,«Zi) ‘ (Iv.41)

~_,@®_
4) Ol q-0

Using the same frame of reference as in 3), the sites
are labelled

0
00

It is easier to solve the equations for symmetrised
combinations of the displacements, thus we define:

o - .
\/’ox - << Xol ZDD ) Xcilcc >>

Fow = <Yy 5y =Y

g _ - - Y

Jor = LK R T I 02,2 2.0 (IV.42)
2%

G0 0T < X, 2 x5 K )
S .

jS«h - << J

J, . 7 >5 = <<J2}7,>>

2t _ _
g7 K< 2,22, 2, 22,5,
Hence one finds:

zr

- - : R 4 _ /€ o
" 1/(,”02 E 9(»4@2-%«;)

x- s & o’
= f,/ rmw - L& -
ij 7 S 9(/\/7(.0‘—:?40(—25,/)
903 = J/rw«)1
x

(IV.43)
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(1w - 2 o-24 (IV.43)
f:‘ = 1/(}%(4)—.;2_0(‘ Se*
x 3 I (Mw?- 20 )
3
T f// flwt - 2o - e )
¢, L 3 G- Lo )
p ra
Js :1/(/‘7“)?'%“—98“ 2_ 2 )
( e __§—9/7 (1Iv., 44)

The response of the oxygen is

. LA mw Im ~ S z z -
[ (w)= =2 2 (g7 g s 29 2527) (1v.45)

Z
and that of the silicon
: —Z /M I/'” X . - :
(w ) = < 2%t L, c* oY, B Z-
JDSL‘ \w/' W 2 (\/5‘. *\/’S(’ ’ ‘i;‘. . ‘751 7 js: ) (IV.46)

We checked these results by finding the full dynamic-
al matrix and solving for the cartesian components of the
displacements.,

The poles are found when the denominators vanish and -
the participation of the oxygen (silicon) atom in each

mode is easily investigated, thanks to the symmetrization
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of the problem.
5.-~ RESULTS»AND DISCUSSION

1) -o-e o- The local densities at the two Si-atoms
are plotted in Fig.(IV.7). The parameters were chosen so
as to fit the experimental frequencies w; and w; (see

Fig.(IV.2)), and their values are:

M = 28
m= 16
a = 9,17 (same units as usual)
6 = 130°.
2~
f wu w’ “)l ‘04
o} S P ai: -0
—- - p at £
f’s“fure -
PRI
e
I .
\ il L] B
t T T 1500
w (em')

Fig.(IV.7) DOS at the Si atoms joining a broken bond,.

The position of the poles of g are marked by arrows.

The overall picture agrees extrémely well with Fig,
(IV.4), in the sense that there isa bound state in the
gap and two resonanées in the bands. Furthermore, the
shapes of the local DOS on the two surface atoms are very

similar to the ones obtained by Laughlin et al.(1978) by
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a similar model including non-central forces. Fig (IV.7)
is practically identical to their fig.2, if one ignores
the lower part of the latter, which arises because of the
non-central forces.

From the analysis of the poles of each g, it is seen
that the state in the gap at 940 cm-l_is the Si-O stretch-
ing mode, while the resonances at 610 and 1100 cm"l are
due to perpendicular motion of the two Si atoms adjoining
the defect. They are at the same frequencies because the
presence of the oxygen in one of them does not affect
the perpendicular motion. There are two §-functions at
w3 and w, , as expected.

This picture is somewhat different from the one given
by the molecular model. This is reasonable because in SiO;
solid-state-effects are important, and its spectrum is
more band-like. It is interesting to notice ﬁhat,valthough
the poles appear in the same region, their nature changes
drastically with 6. |

In any case, it seems that dangling oxygens are un-
likely to produce the D peak in the Raman spectrum. Two
facts support this statement:1) The resonance at 610 cm"l
(which coincides with the D peak frequency) does not ap-
pear as a sharp feature in the band, even when an imagin-
ary part is added to the frequency. It is very unlikely
that the Raman matrix elements would show a sharp feature
there, because the motion is perpendicular and the polar-
izability could be thought to be minimum in that case. 2)
There is no evidence of the bound state at 940 cm 1 in the
Raman spectrum, although one could expect this mode to be
very Raman active, because there is a maximum stretching
of the Si-O bond. |

2) {p—og In Fig. (IV.8) the DOS at the defect site
(for y=2.5) is compared with the bulk density of states.
It is noticed that the weight of the lower band has in-
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creased considerably, reflecting the fact that the atoms
adjoining the defect are looser. Also, some weight is

taken from the 6-functions at w; and w, and put into the
bands,

P w, w w w

1
1500
w (')

-

fig.(IV.B) Local DOS for the Si-Si bond defect., The
value of Y was chosen to fit the high frequency peak of
pure a-Si (Y=3Mwo2/8). The poles of g are shown by the
upper set of arrows., The lower set indicate the poles of

g when Yy=4.6.

Besides the poles already found for the perpendicular
motion at 610, w3, 1100 and w,, there are three poles due
to parallel motion at 355, 495 and 715 cm '. Of these, the
poles on the extremes are similar, for they involve a
stretch of the Si-Si bond, and therefore their position
varies with the value of y. A very schematic way of visual-

izing these modes could be
«@---0-0-—--0~ at 355
+@===~0=0===0+ at 715

“Q=—=0=0==——0+ at 495
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where @ represents the lattice and o the two Si atoms.

Although resonances do not show up in the DOS, the
Raman activity of these modes could be different from
zero due to the local polarization produced at the de-
fect site (see §6). It is also apparent from the sketch
of the modes that the Raman activity of each one should
be different, because the mode at 355 cm-l only involves
Si-Si stretching, the one at 495 cm-1 only produces Si-O
stretching (through the lattice) and the one at 715 cm—l
stretches all the bonds. Hence, their relative intensi-
ties must be different and one could say in a naive way,
the ones involving Si-O stretching must be the most in-
tense,

Then, it is natural to think that the peak at 495 cm
would appear in the Raman spectrum, so it is tempting to
attribute the experimental peak at the same frequency
to the Si-Si defect. However, there is no sign of a peak
at 715 cm_1 despite the fact that the mode should be pre-
sent. In this respect we notice that the position of this
mode depends very strongly on the value of vy, which could
be fitted as to make it coincide with w3 (see lower part
of Fig.(IV.8)). It is remarkable that in that situation
the mode at 355 cm-l shifts to match w; exactly. Although
the value of Y needed to have this fit (4.6) is néarly

twice as large as the central force constant for a-Si.

3) :o=o This is not very interesting in the sense

that it does not show features that could be related

with any of the observed ones., The local DOS for two va-
»lues of ay is shown in Fig. (IV.9). Notice that a bound
state appears on the high frequency side of the spectrum
and moves when a, changes, Its weight increases with ay
and is taken mainly from the upper part of the spectrum, -

in agreement with the results of Chapter II for a-Si:H.

1
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A\l

500 4 4
W (ew)

u.=2u 1300

Fig.(IV.9) Local DOS at the Si atom doubly bound-
‘to an oxygen, Two values of the double bond force con-

stant are shown, The poles of g are marked by arrows,

4) Solg 0!  Fig.(IV.10) shows the local DOS at the
defect site p(w)=%(pox+psi) (see equations (IV.45) and
(IV,.46)).This defect produces a lot of structure: several
states in the gap, and a resonance , which is sharp and
visible, in the upper part of the spectrum (in band). In
the experiment there is nothing that looks like this, the-
refore one must conclude that it is very unlikely that
this sort of defect is present in the glass,

The nature of the poles is discovered by analysing
the poles of the partial Green's functions (equations
(IV.43) and (IV,44)). With this knowledge one could imag-
ing the motion of the atoms in the ring at each one of
the frequencies, These are sketched pictorially on Table
Iv,.1. ,

It is seen that the resonance at 1095 cm-l, which is
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the only one that appears visible in the band, arises
from a motion that is not coupled to the lattice. Some-=

thing similar happens with the state at 905 cm-l.

2r

oxygen motien 4 4 + ¢ [ 1500
S/ motisn ' 1 .
5-dir¢cti°n t ; '}

0 | g 1 A Jl , wem') -
?
1

-
>
-’ b =p

1
f

Fig.(IV.10) Local DOS for the square ring. The poles

of the partial Green's functions are marked by arrows.

Unlike the case for the former two defects, there
are no adjustable parameters in this case, so the fre-
quencies of the bound states must be right. Of course,
there is the assumption that the square ring is planar,
and that the tetrahedral angles remain the same. This
configuration is very unlikely because it gives a value
of 6 less than 90° for the oxygens in the ring. Hence,
one can imagine that if there are any rings of this sort
in the real material, they must be distorted, in order to
have a less strained topology. The reason we considered
such a regular ring was only for simplicity. Nevertheless,
as it was stated before, rings are poor candidates for

responsibility for the experimental features and this cal-
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culation agrees with that statement.

In any case, no conclusions drawn by looking only
at the DOS are valid, and some study must be made of the
Raman response.

Table (IV.1)

Normal Modes of the Square Ring.

pole at w Mode pole at w Mode
(cri') (cri')
*
/‘\-* /‘\ ’
610 00 970 <0 O~ NP
\‘-* ?
. 4?
730 o’ig) 1095 &8
\‘ $
A’\
800 W3 1135 <0 O~
e
St
845 +0+0 1175 Wy
_ A \./_*
® X
N +
905 %/g e Oxygen s
®

O Silicon
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6.- RAMAN SCATTERING IN SILICA

The model for Raman scattering described in Chapter
I §4 is not suitable, as it stands, for SiO,because, al-
though the mapping discussed between the two lattices is
still possible, the assumption that the polarizakility is
maximum when the two Si atoms move so as to compress bonds
is not reasonable any more. In SiO, a similar model must
introduce the assumption that the polarizability is greater
when the Si-O0 bonds are stretched. This means that, appart
form the long range correlation in equation (I,26), the
local motion in each A-X-A unit has to be studied care-
fully, The model described below separates neatly the lo-
cal contributions to the polarizability within the unit
from the correlations between units. Let us start with

an expresion for the Raman cross section similar to (I.24):

2 - - — = St

AT Z f< Vo X (0)) % (t) V.o >C dE (IV.47)
AL deo ‘) '

where viai is the gradient of the electronic polarizabi-

lity on the atom i with respect to §i° Consider a local

geometry at the unit 2£:

ol
D/f'?/z
|

1 2

and use the following notation:
Gi(l) is the displacement of the Si atom 1 (or2)
in the unit 2.
Ue(2) is the displacement of the O atom in the
same unit 2%
Assume that there is an isotropic dilatation of a scalar

polarizability when the atoms move along the bonds. Then
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‘ - _ :\
O(, = /) ((,{/"I/o)’//
o = A (T, -7 F
2 ‘ (IV.48)
o, 2 AL (G- T ) F A (G-, )

©

where f1=(sin-g,cos%,0) and f2=(-sin-g-,cos-g-,0), and these

relations are valid in any unit. Thus, one has

- A

VJQI :")Yl

Vo, = AT (IV.49)
OO\‘D:-—A{FI-*‘?L)

and equation (IV,47) is explicitly

a2
A Z {(U/IM) Sin &+ U (€)ws s
oy z Yy z

+ < W, (¢ sL'mEQ 7 u/;[() 058 ;-7 %J[e,) (52 S

/ ! v, - IV. 50
U (C) 5§+ U () s g >+ ( )

A

FLY ) 5 & rly () cos £ [ U (0D sir g oty (Diesf D
(-2 “s,, (L) coc8 ) u, (1) cew® 44, () wse >

+ -2 %y[b’wsgl;—z MU[[7405§_> *

* 2 () i = U (8 s b, (8) (08 S

# - (4) sur £ @y (0ol ; U (L) m g 4 4 (L7 ey +
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where the displacements on the right hand side of the
brakets <> are taken at time t and the ones on the left
are at t=0,

Let us make a connection with the old notation for
the Green's functions

: (wl - . , .
/<u,-(z),' U ()€ dE = L“i;;ffﬁ)]m Gu (100 iz

-7 w Sl
a7

Imj (/,(/)
57
(IV.51)

‘wt :
, g s dw w7, y
/< U lh) 5 Upy (02085 € off = T28 21 T, zj(z,/))

where v (w) is a slowly varying function of frequency and

we shall consider it as a constant absorbed into A. There-
fore, equation (IV.50) is

AT o dw _j¢1{30(447(1+2s»u§ax?)-— (IV.52)
(/(_fz_ﬁ(“) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>