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- k> ALPICTUrA - OTonar i icnz,  ecause of ivs
Ciprac~in o uma, struciurnl siunliss of ear™on in 1is various fornsm -,
~rieniay Pha oamormeous Tortn, are waconing inereasingly important,

"Trogen — in'' Tinquid

Tmormicus snlids Dosness a
siructura: the ajanle arrangerenis in those solids are not spatially
nariodie., Their X - ray 1iffraciion —mattoms consisti of one or more
Lroad and diffuse rings (talas). 3haro lines characteristic of long
range ordnr are not present. Characiterization of these paterials is
rappied out in terms of a radial disiributien function(RDF) which
determincs the number of atoms surrounding a given atom f.e, the

! coor’imotinn numher ' at a civen radial distance from the given atom,

The pogition of A4 peak in the radial distribution curve zives the
wost probable interaninmic distance between a mair of atoms, and its area
the coordination numbar. The coordination number can be comparad with
a ziven medel and hence the most nroorble arrangement of atoms in the
zample unler study can be inferred. ™h- advantazn of this method is
that a commariscn of different modnls is Dpoasible.

The ¥ - ray diffraction patferns of all tymes of
anorphous carbon studied sofar show two broad hales in fthe apmroximate
neighbourhood of diffraction angles corrasponding to the 002 and 100
nlanes of graphite. This led the early workers ( 1-7 ) to assume that
amorphous carbon cansisted of vary =small partiecles of grovhite so
arranged that only the 002 and 100 reflections remained intact, while
the remaining peaks cancelling out, Altheugh some authors onserved
additional meaks, the concept of the defeciive graphite crystallite as
the basic modrl remained intact, the model being continuelly refined
{ 7-20 ) to acocmodate the exmerimentally observed information.

Velson {6) was the first to apply the technique of
radial distribution analysis develcped by Warren and Gingrich (21) to
the analysis of carbon structure. Warren and Hozzi (22) improved this
method further. The present analysis of the structure of amorphous

carbon is based on the technigue described by Warren (23).

e



In the pasty, X - ray difiraction natterns of amorphous
carbon have genrrally been recorded using the film technigue of
Debye — Scherrer { 1-7, 4-28 ). Because of several limitations this
method im not likely *o furnish data of nigh accuracy as -rith modsrn
diffractometers (28). Racenily Sanyal et al (23) have revortsd radial
digtribuiion analyses of amorphous carbon samples obtained from the
pyrolysis of benzene, sucrose and toluene, eto., using .n X - ray
diffractometer. These authors employed i - Filtered Cu — K4 radiaticn.
Cu - K4 radiation allows one to record diffraciion -atterns only u~ to
¥ { = 4Tsin® /N ) equal to =sboub al the most 8 K, whereas the radia)
digtribution analysis demands the diffraction patternms be roacorded for
as high a value of K as possible (23,28). Also the Aiffraction patlerns
of varicus carbon samples Teported by Sanyal et al (29) appear to show
narrow bands superposed upon the bhroad halos*. Their vajlues of the
coordination numbers and interatomic distance differ significantly frem
other authors. (25-28) and even in their own work, from sample to sampla.
This is shown by the results listed in Table 1, They attribute these
deserepencies to the structure of the parent material which in their
opinion plays a vital role in determining the structure of carbon black.
Their radial distribution curves are alse different from those renorted
by various cther workers (24-28). The value of the samples used fo
compute the RDF = curves is net given in Sanyal et al (29).

Inspite of 2ll the efforts made sofar, the interpretation
of the amcrphous carbon structurc still remains controversial. This
element crystallizes both with teirahedral symmetry (diamond) and with
layer @tructure {graphite). The radial distribution function shows
the nearest neighbour distance to lie between 1.54 R (for diamond) and
1.4 b1 (for graphite), The area under the first peak yields a first
coordination number between 3 (for graphite) and 4 (for diamond), This
indicates that the material is an intricate mixture, at the atomic level,
of two coordination types. Warren (25-26) explained his results in terms
of single gravhite layers existing in the sample, Boiko et al (31)
claimed that their vacuum = deposited films had a disordered structure

similar to that of sraphite. Xakinoki et al (32) on the other hand

These features tend to suggest that their samples were not completely
amorphous, having a comparatively higher degree of structural
order in the lattice (30).
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claim their samples to ba 50 at 5 diamond - like, It should be noted
that the paximum at 1.2 A - renorted by these authors does not corres-—
pond to any granhite or diamond veak and cannot be exnlained in terms
of either siruciural model {16). %S5R and Raman svectroscony studies
mad~ on amerphous carbon films do not supvert the vossibiliity of

" diamond - like " 4 ~ fold ccordination (33).

Stenkouse ot 2l {18) have dealt with the problem
theoretically. They suggest that a simple modelling of the RDF for
amorphous carbon 1s not Toasible, There are at least two forms of bon-
ding analogous to graphite and diamcnd (16).

In the present narer, we pregent information on the
structure of amorphous carbon obtained from a different source (graphite)
and using a modern coputer controlled X - ray diffractometesr, To the
author's krnowledge no such studies are reported on amorphous caTrbon

samples obtained from graphite.

2 EXPERIIENTAL

Sampleélof amorphous carbon uged in these studies were
obtained from the PCSIR ~ Laboratories, Karachi, and were prepared by
meliing the graphite nowder. These samples were a deep black with a
bright shining glass — like arpearance and were in the form of ingots.
They were grownd to a grain size of about 5 pm, Purity of the samples
was determined from an X — ray flourescence analysis. They were found
to be about 99.97 at % carbon, with a total metallic impurity content
not moere than 100 ppm. The main impurities in the order of decreasing
concentration, were Fe,Ni, Zn,Mn, and Cr. The samples were completely
amor~hous any crystalline content lying below the resclution of the
X — ray diffraction technique, The dengity of this form of carbon waa
measured to be 2,23 £ 0.02 gn, em™.

The X = ray diffraction natierms were recorded using
a computer controlled X — ray diffractometer. Cu — K& { A = 1.5418 3 3
and Mo - K4 (A= 0.712 2 } radiation monochromatized by a granhite cry—
=tal mongchromator placed in the path of the diffracted beam, was used,
The finel exverimental intensity scattering curve was obiained by com-
bining the measurements made with Cu - KJ and Mo - Kiradiation.
Intensities were recorded at C.1 2§ using a Jal detector. The counting

time used +ns 40 sec. at each step. The number of counts recorded
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was large enough that the statislieal erreor vas less than 1.0 at %. The
experimental intensitiss were corrverted for air scatiering, the polari-
zation of the ¥ — rays and absorrntion in the snecimen according to tre
procedurn described by Klwe ond A)exand~r (28),

To cbtain the infenendent geatiering curve for esrhon,
values of the atomic scattrring lactors and incoherent factors were
obtained Trom tle Inlernational Tablen for Crystallogranity, Yolume IV
(Kymoch T'ress, Birminghar, 1974). %o norralize the experimental inten~
sities to alectron wnite, the corrscied Yo - ¥4 intemsities were Firsi:
Fitied to the total independent scaitering curve at large values of K.
Jence ihe entire = intensity curve could be normalized to clectron
S - Tl

of normalizing the Cu - Y data to

units. Tho oo~ Ud datn wac ttrn Y tled and cou

-+

n - :
alectron units. tre muliiple scatiering to the
“ho method of Yarren and lozzi {22

eioneior sanple the diffracind inteasity

(Pean Y’
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e %o sunpress $ve sourious ripples due to truncation of tha

intenration A% Tinite value of ¥ { +1e pavinum value of K for which

evnarinental observations were poaﬁiblq } aquation (2) becomas

-2
A f(r) 4‘J'ft‘_f + 2z g i(¥) sinkr e E ax (4}
with
4 =1/ Koax
and o1
X =1T7.4 A
max

Tor evaluating the integral of equation (4) we used a step in K of C.05.

3. RESULDS AND DISCU3STIONS

Results of tlhese investigations are shown in Figures 1
to 3, Fig. 1 shows the X - ray scattering curve{curve A) in electron
units, obtained by combining the results of Cu - KJ;aﬁd o - Kb
radiztions. In thi=s fisure curve 4 is compared to the theoretical
independent scattering curve for carbon, coherent{curve 1Y, incoherent
{(ourve 7Vand cohersnt plus inscherent(curve B) scattering, In Fig.2
the exnerimental amlitude funetion Ki(K) is plotted as a function of K.
Fig.3} shows the radial distribution funetion for the sampies of
amporphous carbon currantly boing studied, The RDF shows only three
well defined peaks. There ars hovevor, two more very'broad and d¢iffuse
peaks centred arround 4.4 ? and 5 3. The dotted line in Fig. 3 is
thre 41Tr%f - curve. "he internfomic distances and coordination
nupbers obtainsd from thess studies are listed in Mabkle 1. These are
compared with thv results renorted by Sanyal et al(29). Tie small
peek below 1 A region in Pig.3 is due to termination errors.

The present studies indicate an average of .15 nearest
nelghoours at a Adistance of 1.44 n, 10,7 qncond neighbours at about
5.57 1 and 16.5 third neighbours at about 3 4 A The first interatomic
distanca as chbtained from the pressnt investigations, lies between
that of the three nearest neighbours in graphite (1.41 g) and the four
nearest neighbours in diamond(1.54 K)_ This suggests the presence of
some diamond - tyme links; indeed the first and second coordination
spherss have coordination numbers (3.1%, 10,7) which lie between those
of graphite (3, &) and those of diamond (4, 12). Therefore,the
structure of amorphous carbon samples under nresent studiss cannct he
avnlained simply as zranhite — like layers, as suggesied by Warren
(25, 25) and Boiko et al{31) for carbon black. Our results also differ

sigmificantly from those of Sanyal =t al(29). We did not observe the
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peak in the RDP ~ curve describing the double - bond distance cbserved 18
bylsanyal et 21{29). Also we did not observe = band at sing‘/k = 0.07
ot

A in the s¥narimental intensity curve,

P. H. Gaskell and A, Howie, in: Physics of Semiconductaors,

3.: M. H. Pilkuhan (Tsuber, Stuttgart, 1974) p.1076.

19, P. H. Gaskell, Phil. Mag., 32 {1975} 211,

20, 0. L. Krivanek, P. W, Gaskell and A, Howie, Nature, 262, August 5
(1976} 454.

21. B. E. Warren and N. S. Gingrich, Phys. Rev., 46 (1934) 368.

We believe that these struciural studies are an important

determinant of the detai’ed behaviour of amcrphous carbon.
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FIGURE CAPTIONS

Fig. 1:

Fig, 2:

Fige 3:

X - ray scattering curves for amorrvhous carhbon:
A= An ¥ - ray scattering curve in electren units
B- Total independent scattering curve (2 + D)

C- Incoherent scattering curve

P
D— Indenendant scattering curve ( c¢ohorent, £ )

n

Plot of the experimental amplitwle Fumetion £ilK) for
amorntous carbon. ,

fadial distribution function{RDF) of” amornhous e=rbon.

Peak positions are listad on ton of peaks,

5=

PABLE 1

Peak moritions and coordination numbers for amornhous carbon

ags obtained from present studies and those reported in

Sanyal et al (29) for different earbon black samnlns obtained

{R) benzene, (€) sucresc, {DY trlurne,

from:

(&) ultracarbon.

Coordination numbers

Peak positions

oY)

16.5

10.7

5

2.57 3.8

1,44

This work

11.0 15.0

L)

2.3 3.1 3.95 AT 5.5 6.4

1.45

4.0 4.8 5.6 5.45

3.2

2.38

4.4 13.0

4.8

2.4

2,48 3,15 3.8 4.15 5.7 .6 7.5

1.35

1.2 16.6

5.6

2.7

2.25 3. 4.05 4.95 5.85 6.75 1.8

1.3
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