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Abstract

Extensive Reverse Monte Carlo model calculations have been performed for several
hydrogenated amorphous carbon systems, for which only one, or at most two, neutron
diffraction measurement(s) had been carried out. The possibility of determining the
microscopic density of the samples, of estimating the chemical composition of the

' materials, and of deriving reliable (partial) pair correlation functions from reduced-range
(Quax < 15A™) structure factors have been investigated in particular. The number density
could be determined within 10% in most of the (model) cases, whereas the estimation of
the composition proved to be successful only in one of the four cases studied here. Itis |
shown that an evaluation of the partial pair correlation functions for these materials is

possible on the basis of limited scattering vector range.
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1. Introduction

i) a-C:H

Amorphous materials have a history of successful technological exploitation extending
back more than two decades and in that period our knowledge of their properties has
grown steadily. However the materials at the core of this continuing fundamental and
technological interest are relatively complex and a large number of important questions
concerning their properties remain unanswered. ‘Moreover new materials continue to be
generated which open up the range of questions still further. A material that offers a
particularly intriguing, and certainly one of the broadest ranges of technological potential
is amorphous hydrogenated carbon a-C:H (also referred to as 'diamond-like’ carbon)
which may be prepared harder, denser and more resistant to chemical attack than any -
other solid hydrocarbon. These properties, along with opti.cal properties such as the
optical gap and refractive index, may be varied by changing the deposition parameters,
which has lead to a large number of potential applications [1]. High hydrogen content
films (>40at % hydrogen) are of polymeric nature (high sp3 content, but soft and with
low density) and low-hydrogen content films tend to be of graphitic character (soft films
consisting of large clusters of sp2 carbon. It should be noted however that it is possible,
under suitable conditions, to produce a low-hydrogen content, hard high density
amorphous film [2]). We address ourselves to the central problem of understanding their

structure and binding at the atomic level.

The structure giving rise to these useful properties is not yet completely understood,
although significant progress has been possible beyond the original models involving

clusters of sp? carbon linked by sp3 carbon. The reviews of Robertson [3] and Angus et




al [1] give a fuller account of these and other early models, with Robertson’s theoretical
modelling having been particularly potent in stimulating a great deal of research world- '
wide. Within the Robertson model, the hydrogen conteﬁt is seen to stabilise the sp3
regions reducing the size of any sp? clusters, but at the same time increasing the number
of network terminating bonds, leading to a maximum hardness at inferfnediate hydrogen
concentrations. However the unparalleled real space resolution provided by our neutron
diffraction data [4] to gether with complementary experimental data from inelastic
peutron scattering [5] and high resoluﬁoﬁ MAS/NMR [6] , allows us for the first time to
attempt to comment in detail on carbon bonding environments within the overa]i random
| network and the associated nature of the “decoration” of this network by bonded.
Interpretation of the new data [7] does not require heterogeneity on the scéle proposed
by Robertson, bﬁt rather suggests a broadly hbmo geneous distribution of the possible

local environments.

Durihg the past few years, mahy different forms of amorphous carbon [a-C(:H)]
prepared by various PVD/CVD methods have been extensively studied by diffraction
[7,8]. As it is extremely difficult to prepare relatively large (~0.5gm) isotopically
substituted (i.e. deuterated) samples with identical compositions, the three independent
measurements that would be nécessary for separating directly the three ppcf’s, could not
practicably be carried out for the majority of these materials [9]. Since the preparation
of a-C:H involves deposition from the gaseous phase onto a substrate at ambient
temperature, the resulting samples are usually porous, which makes the macroscopic
(bulk) denéity significantly different from the true density of scattering centres.
Additionally, the relatively high concentration of hydrogen can prove problematic during

the data analysis stage of a neutron diffraction measurement. ('H has a large cross




section for inelastic scattering, and this fact together with its similar mass to the neutron
makes inelasticity effects relétively large. In addition it should be noted that 'H - though
not *H - has a negative scattering length for coherent scattering). It is these diffiéulties,

to gethér with the generic limitation of having énly a 1-dimensional data set, that have

indicated the need for extensive model s%udies on a-C:H (see also [10,11]).

ii) RMC

The 1-dimensional nature of diffraction, and other structure-dependent data from

amorphous materials necessitates the adoption of a model-dependent analysis and

interpretation philosophy. The Reverse Monte Carlo method fof generating modelé has

béen widely used since its original design [12], and has been applied to a broad spectrum

of liquid and amorphous materials problems (and more recently to disorder in crystalline

" systems). Although it bears comparison with the Rietveld refinement method for crystal
structure determination using Bragg diffraction data, RMC is necessarily quite different at
the level of the basic algorithm: it is a very general, and ﬂlf;refore flexible, Monte Carlo-
based method of structural modelling which is designed to maké full use of available

_diffraction data together with other suitable constraints. Like all approaches, RMC has '
limitations, which derive both from the way in which the method operates and in the
range of experimental data that in practice can be incorporated into the model. An RMC-
generated model necessarily remains, in essence, a non-unique description based on an
arrangement of atoms which is consistent with available wide-angle diffraction data to

within experimental errors.




The essence of the RMC method is that "atoms" in a box are moved until the derived
pair distribution function, g(r), or more usually the structure factor, S(Q) matches the

experimentally measured curves:

a box is defined having edge dimensions at least t§vice the value of r at which

statistically significant oscillations in g(r) disappear;

e the bpx is filled with "atoms" (either at random, or using a simple lattice) to a given
number density; for a multicomponent system the correct partial number densities
must of course be used;

> this is compared with the experimental S(Q), and the new configuration accepted if
the asgociated 2 has been reduced (rejection is subject to a probability function
dependent on experimental errors);

e the atoms are then moved at random, and at each.stage a S(Q)model is calculated;

e the process is repeated until S(Q)modge1 reproduces experiment to within errors. The
process is further iterated until an "ensemble average” of configurat.ions is obtained;

o having established the model, one is then able to study coordination distributions,

bond angles, ring/chain statistics etc..

' RMC has the following advantages:

o A “real” 3-dimensional model is produced; it is non-parameterised and corresponds to
a possible physical structure.

e The model is self-consistent and agrees quantitatively with the available data to within
its errors.

e Under suitable circumstances complementary data may be combined (e.g. X-ray and
neutron diffraction).

o Constraints derived from prior chemical knowledge may be applied.
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derived from basic chemistry).

More recently it has become apparent that the use of RMC is not limited to
‘conventional’ structural modelling of diffraction data, but it can also reveal information
that the structure factor, S(Q), does contain, but which is not directly accessible. An
obvious example is the determination of the micfoscopic number density (that is, the
number density of scattering centres as opposed to the measured macroscopic, or bulk
density), which was shown to be obtainable by RMC for a number Qf different rﬁaterials

[10]. This is an important point, since it is often not possible to determine the






















































