
PHYSICAL REVIEW B 1 JUNE 1998-IIVOLUME 57, NUMBER 22
Reverse Monte Carlo analysis of the structure of glassy carbon using electron-microscopy data
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The reverse Monte Carlo~RMC! method was utilized in order to obtain three-dimensional atom configura-
tions in glassy carbon using measurements of the static structure provided by electron diffraction. This allowed
the local and medium-range order in glassy carbon formed at heat-treatment temperatures of 1000 and 2500 °C
to be analyzed in detail. In particular, the nature of the graphitelike bonding within the glassy-carbon structure
was investigated as well as the form of disorder that gives rise to the particular features of its static structure
factor. The configurations produced by the RMC method consisted of randomly stacked graphitic basal planes
possessing a buckled nature. It was found that significant nongraphitic regions exist in glassy carbon including
the presence of three- and five-membered rings. These disordered regions decrease in extent as the heat-
treatment temperature increases.@S0163-1829~98!06022-6#
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INTRODUCTION

In recent years several forms of crystalline and noncr
talline carbons have been discovered, testament to the
range of chemical bonds that carbon can form. These inc
crystalline forms such as fullerenes and carbon nanotu
and disordered forms such as glassy carbon and amorp
and diamondlike amorphous carbon. Glassy or vitre
carbon1 belongs to a class of disordered, largely graph
carbons that remain stable against graphitization to temp
tures up to 3000 °C. It has a low density compared to gra
ite and along with other nongraphitizing carbons bears so
resemblance to its precursor polymer. It is produced by
rolysis of resins when heated to temperatures between 1
and 2700 °C. The chemical inertness and high electrical c
ductivity of glassy carbon have led to its application in t
manufacture of crucibles and electrodes.1

In this paper the structure of glassy carbon formed at h
treatment temperatures of 1000 and 2500 °C~denoted as v10
and v25, respectively, in this paper! has been investigated i
detail using the reverse Monte Carlo~RMC! method. The
experimental structure factor of the different forms of glas
carbon was obtained using electron diffraction in a transm
sion electron microscope~TEM!. This study of glassy carbon
formed at different temperatures is motivated by the diff
ences in their structure apparent from high-resolution TE
images~see Fig. 1!. In addition, although several structur
models have been proposed, the exact structural arra
ments present in glassy carbon are not well understood.

Apart from their technological importance, disorder
carbons are examples of glasses with significant constra
on their possible structural topology due to the strong co
lent bonding in carbon. A detailed analysis of the struct
that exists in these materials is thus beneficial in develop
general models of network glasses. In this regard, our w
complements the considerably more extensive research
modeling the structure of silicate glasses.2 Also the porous
structure of glassy carbon makes it an interesting o
component model system for porous solids.
570163-1829/98/57~22!/14148~10!/$15.00
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Structure of glassy carbon

On the basis of high-resolution TEM and diffraction stu
ies it has been proposed that the microstructure of gla
carbon consists of a network of graphitelike ribbons conta
ing many micropores.1 The ribbons correspond to the large
sp2-bonded basal planes that are randomly stacked on to
each other in bundles or fibers of up to 30 Å in width a
100 Å in length. These ribbons are thought to join in one

FIG. 1. High-resolution TEM image of v10~a! and v25 ~b!
glassy carbon samples. The fringes observed are at a spacin
approximately 3.35 Å. Note that both~a! and ~b! are at the same
magnification.
14 148 © 1998 The American Physical Society
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two ways, either by the overlap of ribbons from differe
fibers or by the merger of the basal planes of different fibe
The presence of pores in the network explains the low d
sity of glassy carbon. The diffraction pattern of glassy c
bon reveals that the most intense reflection is that due to
~002! reflection, attributed to scattering from the basal plan
of graphite. The absence of the intense~101! reflection ob-
served in graphite and other (h01) reflections in the diffrac-
tion pattern of glassy carbon is attributed to the lack of c
rect ABA stacking of the graphitic ribbons. The differenc
between the two samples examined in this paper is m
easily observed by high-resolution TEM for which it can
seen that the ribbons lengthen considerably as the h
treatment temperature is increased, as shown in Fig. 1.

Reverse Monte Carlo method

The RMC algorithm has been described in det
elsewhere;3–5 in essence it is a computer simulation meth
for producing a set of particle configurations that is cons
tent with an input experimental static structure factorS(q).
The resulting configurations can then be subjected to var
geometrical analyses to reveal information about the sh
and intermediate-range order of the studied material that
not be obtained directly from theS(q) of a disordered ma-
terial.

The RMC method is a very general method of reprod
ing the detailed structure of a material based only on
experimental diffraction data. No assumptions concern
the form of interatomic potential are necessary, which dis
guishes this approach from conventional computer sim
tion methods such as molecular-dynamics simulations.6

The algorithm used in the RMC method is a variation
the metropolis Monte Carlo method for the calculation
ensemble averages of thermodynamic properties of a sy
of molecules, e.g., pressure or internal energy.6 In a Monte
Carlo simulation, configurations are chosen so as to prod
a set of configurations with a Boltzmann distribution of e
ergies. In RMC simulations, the difference between the
perimental and calculatedS(q) is the quantity to be mini-
mizedx2, which is given by

xc
25(

i 51

Nexp @S~qi !c2S~qi !exp#
2

sexp~qi !
2 , ~1!

where the subscriptsc and exp refer to the static structu
factor from the RMC configurations and experiment, resp
tively. Nexp is the number of experimental data points a
sexp is an estimate of the experimental error.

The simulation starts with an appropriate initial config
ration of atoms. An atom is randomly selected and move
random distance. The newS(q) of the configuration of at-
oms is calculated as well asx2. If the new errorxnew

2 is less
than the old errorxold

2 , i.e., the agreement between the e
perimental and configurationS(q) is improved by the move
then the move is accepted and another move made. If
error is increased by the move, it is not rejected outright
accepted with a probability exp@2(xnew

2 2xold
2 )/2#. The pro-

cess is then repeated untilx2 oscillates about an equilibrium
value. This method of minimizing the difference between
experimentalS(q) and one calculated from a three dime
s.
n-
-
he
s

-

st

at-

l

-

us
t-
n-

-
e
g
-
-

f
f
m

ce
-
-

-

a

-

he
t

e

sionally generated structure ensures that the process is
likely to get trapped into a local minima or is overly depe
dent on the initial choice of starting configuration.

A number of variations of the basic algorithm are po
sible. If it is known that a certain form of bonding exists
the material, e.g., a predominance ofsp2 bonding in the case
of glassy carbon, then a ‘‘coordination constraint’’ can
employed in the simulation to only generate configuratio
for which the atoms have the desired bonding. In this cas
coordination number is set for the atoms as well as the
quired fraction of atoms with this given coordination, e.g.,
glassy carbon every carbon atom has three nearest neigh
corresponding to 100%sp2 bonding. An additional term is
also added to the above error term,

xc
25

~ f RMC2 f req!
2

wc
2 , ~2!

where f req is the required fraction of properly coordinate
atoms,f RMC is the fraction of atoms in the configuration wit
the proper coordination, andwc is a weighting factor. Ifwc is
very small andf req set to 1 then most moves that ‘‘break
the bonds will be rejected. Thus models of the structure o
material can be produced with a specified form of bonding
type of molecular unit.

The structures obtained from the RMC method are
unique due to the limited, two-body nature of the inform
tion contained in the input structure factor. Thus a numbe
possible structural configurations can be fitted to theS(q)
data alone. In dense systems, packing constraints are
pected to strongly influence the structure and the variety
generated structures will be limited by the hard-core dia
eter of the atoms. On the other hand, for low-density ma
rials, such as glassy carbon, packing constraints will not p
a significant role and the coordination constraints descri
above are necessary in order to generate reasonable s
tures. A reasonable choice of staring configuration is a
required, in order to limit the search of configuration space
likely candidate structures.

CALCULATION DETAILS

It is known from electron-energy-loss spectroscopy t
glassy carbon is nearly 100%sp2 bonded.7 Hence a perfect
graphite crystal was chosen as the starting configuration
the RMC simulations started with a graphite crystal a
moves that decreased the coordination number from
graphite value of 3 were weighted against using a coord
tion constraint, as described above.

The number density used in this work is that of crystalli
graphite, 2.27 g/cm3, rather than the much lower density o
glassy carbon. The reason for using this density is that
information contained in theS(q) pertains to the scattering
from the graphiticlike ribbons not the micropores. Hence t
work is only concerned with the structure within the grap
telike ribbons rather than the overall arrangement of the
bons in space. Jenkins and Kawamura8 have estimated the
average pore size of glassy carbon as between 50–100 Å
order to model the ribbon structure and pore network
gether, scattering data on this length scale would be requ
e.g., from low-angle x-ray scattering.
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In order to test the validity of assuming a number dens
equal to that of crystalline graphite a number of RMC calc
lations were performed using different input number den
ties to model theS(q) of our v10 sample. The motivation fo
this approach is based on the observation thatx2 has its
minimum value at the correct number density of the mode
material.9

The first density used was that of crystalline graph
2.27 g/cm3. The second density corresponded to the ac
density of glassy carbon, 1.55 g/cm3; the third was derived
from the position of the~002! peak in theS(q) of the v25
sample of glassy carbon, 2.16 g/cm3; and the fourth was at a
density 10% greater than the crystalline graphite, 2.50 g/c3.
The value of the third density is based on assuming that
number density of the basal planes is unchanged in gla
carbon as compared to graphite and the peak positionq002
can be used to estimate the average distance separatin
basal planes wherec-axis distance is 2p/q002.

It can be seen in Fig. 2 thatx2 has a minimum value at th
number density of crystalline graphite. The stored configu
tions from the RMC simulation at the glassy carbon num
density were also analyzed. A highly disconnected netw
was observed with no graphitic nature and many nonbon
carbon atoms.

The RMC simulations contained 7776 atoms with a sta
ing configuration and the density of crystalline graphite. T
starting configuration was a graphite crystal. A minimu
distance of approach of 0.85 Å was used. A maximum C
bond length of 1.91 Å was used. This distance is equal to
first minimum in the experimental pair-correlation functio

The value ofwc used in this work was 0.0001. This en
abled the data to be fitted accurately while maintaining
sp2 coordination of most~99.2%! carbon atoms. The appro
priateness of this value was tested by performing RMC c
culations with two other values, 0.01 and 0.000 01. In
former case the fit to the experimentalS(q) was approxi-
mately the same, but the fraction ofsp2 atoms after equili-
bration was only 47%. In the latter case the fit to the data w
marginally worse and the percentage ofsp2 coordinated at-
oms increased to 99.8%. These results reflect the compet
between the two error terms in the acceptance condition,
first measuring the fit to the data and the second thesp2

coordination. A large value ofwc allows atom moves tha

FIG. 2. Equilibrium value ofx2 as a function of input numbe
density. The horizontal axis is in units of atoms/Å3.
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improve the fit to the experimental data to be accepted, e
if the coordination number changes fromsp2, while a small
value predominantly allows only moves that leave the ori
nal sp2 coordination unchanged.

Glassy-carbon specimens heat treated to 1000
2500 °C were purchased in plate form from Atomergic Ch
metals Corporation~New York!. According to the manufac-
turer’s specifications, the density of the material w
1.5– 1.55 g/cm3. Specimens suitably thin for TEM were pre
pared using ultramicrotomy. The specimens were th
placed in a Philips 430 TEM operating at 300 kV. Energ
filtered electron-diffraction patterns were then collected
scanning the diffraction pattern of each specimen over
entrance aperture of a Gatan 666 parallel electron-ene
loss spectrometer as described elsewhere.10 The static struc-
ture factorS(q) was then determined by

S~q!5
I ~q!2N f2

N f2

2p

q
11, ~3!

whereI (q) is the elastic scattered intensity,f is the atomic
scattering amplitude, andN is a scaling factor.11 The normal-
izing factor N is obtained by choosing the value ofN that
gives the best fit betweenN f2 and I (q) at high q. N is
loosely related to the number of atoms in the beam.

RESULTS

Structure factor and pair-correlation function

The experimental static structure factorS(q) and pair-
correlation functiong(r ) for the v10 and v25 samples, a
well as the RMC results are shown in Figs. 3 and 4. T
agreement between the structure factors is good with sig
cant deviations only at lowq. Details can be found in Table
I.

The differences between the experimental and RMCS(q)
at low q are to be expected due to the enhancement of
certainties in the data in this wave-vector rangeq
,5.00 Å21. The experimentalg(r ) exhibits a large negative
dip at low r , which is normally a sign of systematic errors
S(q).12 In order to obtain an estimate of the best possi
agreement between the RMC and experimentalS(q)’s, the
experimentalg(r ) for the v25 sample was set to zero forr
less than the hard core diameter and then Fourier tra
formed toS(q). It is found that the deviations in the resul
ing S(q) follow the observed deviations between the RM
S(q) and the experimentalS(q) at low q. Differences in the
experimentally and RMC generated fit tog(r ) are small for
both samples, with the heights of the first few peaks in
RMC g(r ) fits slightly lower than the experimental data.

Nearest-neighbor distribution

The local order in glassy carbon was analyzed by cal
lating the distribution of coordination numbers for the fir
three neighbor shells and the distribution of bond ang
within the first neighbor shell. The radii of thei th neighbor
shell was set equal to the value ofr i for the i th minima in the
radial distribution functiong(r i). The radii were the same
for both samples and were set at 1.91, 2.74, and 3.28 Å,
the first, second, and third neighbor shells, respectively.



ila

th
or
n

tio
le

t c
le
on
a
m
4
th
th
ug
re
be
io
ob

a
o

the
is
he
is

ap-
gle
8°.
for

i.e.,
the

mic
t
er-

ed
is

g

57 14 151REVERSE MONTE CARLO ANALYSIS OF THE . . .
resulting broad distribution of nearest neighbors is sim
for both samples and is displayed in Fig. 5.

The most obvious feature of these distributions is
skew towards higher coordination numbers, which is m
pronounced in the case of the v10 sample. The seco
nearest-neighbor distribution is peaked at a coordina
number of 7 for the v10 sample and 6 for the v25 samp
and the third-nearest-neighbor distributions are peaked a
ordination numbers of 6 and 5 for the v10 and v25 samp
respectively. In comparison, graphite possesses 6 sec
nearest neighbors and 3 third-nearest neighbors for the s
neighbor-shell radii. These neighbors are within the sa
basal plane in graphite at distances of 1.42, 2.46, and 2.8
respectively. The value of the coordination numbers for
second-nearest-neighbor shell is in good agreement with
to be expected from a disordered graphite network, altho
the broadness of the distributions is surprising. We will
turn to this point later. The large peak coordination num
in the third shell is obviously due to a considerable inclus
of extra third-nearest neighbors that are not of the kind
served in graphite.

Bond-angle distribution

The bond-angle distribution of both samples of glassy c
bon is shown in Fig. 6. It is peaked at a bond angle

FIG. 3. Structure factors of glassy carbon samples~a! v25 and
~b! v10. ——, experimental data; ---------, RMC modeling ofS(q).
The horizontal axis is in units of Å21.
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approximately 117° for both samples, slightly less than
ideal graphitic bond angle of 120°. The peak height
slightly larger in the v25 sample than the v10 sample. T
distribution of bond angles is broad in both samples and
skewed towards lower angles with a very small peak at
proximately 60°. The standard deviation of the bond-an
distribution for both samples is equal to approximately 1
The increased broadness in the bond-angle distribution
the v10 sample is most noticeable for large bond angles,
greater than 117°. These small differences indicate that
v10 sample may be slightly more disordered on an ato
length scale, but given theS(q)’s for both samples are no
fitted perfectly, care should be taken in regarding the diff
ences as significant.

Network-neighbor distribution

A network definition of nearest neighbors was also us
to calculate alternative neighbor distributions. An atom

FIG. 4. Pair-correlation functions of glassy carbon samples~a!
v25 and~b! v10. ——, experimental data; ---------, RMC modelin
of S(q). The horizontal axis is in units of Å.

TABLE I. Details of simulation results.Nexp is the number of
data points fitted in the experimentalS(q).

Sample x2 * sexp
2Nexp % of sp2 atoms

v10 0.0049 99.3
v25 0.0065 99.2
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14 152 57B. O’MALLEY, I. SNOOK, AND D. McCULLOCH
regarded as ani th-nearest neighbor of another atom if an
only if the shortest path joining the two atoms via the ne
work of bonds involvesi bonds. The normalized fraction o
atoms with the same numbern of i th nearest neighbors as
graphite C(n,i ) is given in Table II up to fourth ‘‘nearest
neighbors.’’

The neighbor distributions are sharply peaked at the c
ordination numbers expected for a perfect graphite crys
Significant deviations only occur beyond the third-neare

FIG. 5. Neighbor distributions for first three neighbor shells
~a! v25 and~b! v10 sample. ——, nearest neighbors; ---------, se
ond nearest neighbors; -L-L-, third-nearest-neighbor distribution.

FIG. 6. Bond-angle distribution. ——, v25 sample; ---------, v1
sample.
-

-
l.

t-

neighbor shell. Hence the short- and medium-range orde
the two glassy carbon samples possesses a connectivity
similar to that of graphite, deviations from a graphite n
work being more noticeable in the case of the v10 sam
This result is supported by electron-energy-loss carb
k-edge measurements of glassy carbon and crystalline gr
ite that show very similar near-edge fine structure indicat
that both contain similar local atomic environments.7

The pair-correlation function can also be decomposed
a contribution from the different neighbor shells, denoted
gN(r ), and is shown in Fig. 7 for the v25 sample and Fig
for the v10 sample. It can be seen that the neighborgN(r )’s
are broader in the case of the v10 sample.

It can be seen from Fig. 7 that the neighborgN(r )’s do
not sum up to the totalg(r ) for this system. In the case of
fully connected network of atoms it would be expected th
the gN(r )’s do add up to the totalg(r ) and this has been
successfully tested for a soft-sphere liquid system. The
son this is not the case for our glassy carbon model is
there are very few bonds between neighboring basal pla
and hence atom pairs in different basal planes that contrib
to the totalg(r ) will not contribute to the networkg(r )’s as
there is no sequence of bonds connecting these pairs in
eral. Thus thesegN(r )’s predominantly reveal information
about the structure of the basal planes. Also, the differe
between the totalg(r ) and the sum of the networkg(r )’s
gives an indication of the contribution of intraplanar di
tances to the totalg(r ).

The connectivity of the two samples is similar and high
graphitic in nature but the possible distances of neighbor
broader for the v10 sample. A small shoulder in the thi

f
-

FIG. 7. Pair-correlation function decomposed into contributio
from different neighbor shells for the v25 sample. ——, first she
---------, second shell;-L-L-, third shell; -h-h-, fourth shell. The
horizontal axis is in units of Å.

TABLE II. Normalized fraction of atoms with the samei th
nearest-neighbor coordination as in graphite. Graphite has 3 ne
neighbors, 6 second nearest neighbors, 9 third nearest neigh
and 12 fourth nearest neighbors for the network-neighbor definit

Sample C~3,1! C~6,2! C~9,3! C~12,4!

v25 0.992 0.938 0.812 0.744
v10 0.993 0.934 0.791 0.727
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network-neighborgN(r ) at approximately 2.45 Å indicate
that some third network nearest neighbors are at sec
nearest-neighbor distances indicating that there is signifi
distortion of the hexagonal rings forming the graphitic n
work. This would also account for the broadness of the c
ventionally defined nearest-neighbor distributions due to
considerable overlap of the second and third peaks in
g(r ) of the glassy carbon samples.

Computer visualization

A computer visualization of the stored configurations
veals that the simulated structure consists of graphitic
basal planes randomly stacked in thec-axis direction. Figure
9~a! shows a typical basal plane from the stored configu
tions from the modeled v10 sample, a slice parallel to
c-axis direction and 3.35 Å thick. The v25 sample has
similar appearance. The basal planes or ribbons are non
nar exhibiting a buckled form. It can be observed in Fig. 9~a!
that there are a number of large rings or ‘‘holes’’ in th
graphite network. This is a common feature of all plan
observed, and many of the non-six-membered rings clu
around these features. In Fig. 9~b! a side-on view of the sam
plane reveals the buckled nature of the basal planes.
combination of the random stacking of the basal planes
their buckling can be considered sufficient to destroy a
interplanar register and thus no (h01) reflections will be ob-
served.

The broad range of coordination numbers using the r
shell definition can be attributed to the nonplanar form of
ribbons. For a set radius, the effect of buckling a perf
planar graphite structure will be to increase the average
ordination number. Combined with the observed holes,
which the coordination number will be reduced, this leads
the broad nearest-neighbor distributions.

The lightly shaded atoms in Fig. 9 are atoms that are
disordered region. An atom is regarded as in an ordered l
neighborhood if three hexagonal rings pass through the a
as in graphite. All other atoms are regarded as being
disordered neighborhood. These disordered regions are c

FIG. 8. Pair-correlation function decomposed into contributio
from different neighbor shells for the v10 sample. ——, first she
---------, second shell; -L-L-, third shell; -h-h-line, fourth shell.
The horizontal axis is in units of Å.
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acterized by pairs of three- and five-membered rings and
previously mentioned large holes. These observations will
discussed later in more detail.

Buckling of basal planes

The buckled nature of the basal planes was further inv
tigated to elucidate whether this was a necessary feature
models of glassy carbon. An RMC simulation was perform
using identical parameters as the previous simulation for
v25 sample but only allowing the atoms to disorder with
the basal plane. It was found that there was a very poor le
of agreement with the experimentalS(q) and hence we can
conclude that basal plane disorder is insufficient to descr
the structure of glassy carbon and the curvature of the ba
planes is an integral feature of this material. It may see
obvious from any TEM image of glassy carbon that the ‘‘rib
bons’’ are curved but the curvature of the ribbons appears
large part to be quite shallow with respect to the leng
scales discussed in this work. Hence our work demonstra
the importance of including the effects of locally strong cu
vature on any structural model of glassy carbon.

One of the most significant differences between the tw
samples is the height of the~002! peak, attributed to the
stacking of graphitic basal planes. The density variation
the c-axis direction ~the stacking direction of the basa
planes! was investigated by calculating the pair-correlatio
function in this directiong(z), which corresponds to the
z-axis direction of our simulation cell. It is equal to the pai
correlation function averaged over the two other independ

s
;

FIG. 9. ~a! A basal plane from the stored RMC configuration
for the v10 sample viewed down the direction of stacking, i.e., t
c-axis direction. The lightly shaded atoms are in a disordered
gion. ~b! A side on view of the same basal plane as in~a!.
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14 154 57B. O’MALLEY, I. SNOOK, AND D. McCULLOCH
directions in the simulation cell. For both samples the av
age spacing of the planes is 3.35 Å in thec-axis direction
@Fig. 10~a!#. Theg(z) has a sinusoidal form with a period o
3.35 Å. The height of the peaks in theg(z) for the v10
sample is significantly reduced compared to the v25 sam
and there is a small maxima between the planes. This
indicate a degree of cross linking of the planes in the v
sample, but a calculation of the number of atoms that
bonded to atoms in more than one plane does not justify
assertion; the fraction of such atoms is very sma
(,0.1%) and similar for both samples. The nonplanar nat

FIG. 10. ~a! Reduced-pair correlation functiong(z). --h--h--,
v25 sample; ---------, v10 sample. The horizontal axis is in units
Å. ~b! Breadth distribution for basal planes. ——, v2
sample;---------, v10 sample. The horizontal axis is in units of Å.~c!
Gaussian fit to breadth distribution for basal planes of v10 sam
——, Gaussian fit; ---------, v10 breadth distribution. The horizon
axis is in units of Å.
r-

le
ay
0
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is

e

of the basal planes is clearly indicated by these results
well as the fact that the buckling of the basal planes is gre
in the v10 sample.

The breadth of the basal planes was also calculated
order to achieve this, each atom was assigned to a g
plane based on itsz position. In the case of ambiguity, wher
an atom position is in the minima between two planes,
atom is assigned to the plane in which a dominant numbe
its nearest neighbors reside. The mean position of each p
was then calculated. Using this mean position, the distri
tion of thez component of the positions of the atoms in t
plane about the mean position was calculated. This distr
tion was averaged over each plane and stored configura
The breadth distributions for both samples are dou
peaked. This clearly reflects the buckling of the planes; m
atoms lie in planes above or below the center plane. T
distributions for both samples can be fitted to a dou
Gaussian of the form

b~z!5Ae@~m2z!/s#2
1Ae2@~m1d2z!/s#2

, ~4!

where d is the distance between the peak positions of
Gaussians. A fit to both distributions reveals that the diff
ence between the distributions is a decreased separatio
the two Gaussians for the v25 sample (d) with respect to the
v10 sample, while the variance and height for both samp
have nearly identical values. The values used in the fits
both samples are given in Table III. We can conclude fro
these results that the amplitude of the buckling is greate
the v10 sample. These results are consistent with a gen
picture of the difference between the samples being the
gree of curvature of the basal planes.

Ring statistics

In order to investigate the medium-range structure
glassy carbon, ring statistics were calculated for the sto
RMC configurations, where the definition of a ring is give
by the shortest path criterion of Franzblau.13 Shortest path
rings are restricted to those rings forming closed paths s
that for every pair of vertices of the ring the shortest pa
around the network is around the ring. This definition avo
the counting of compound rings formed by two intersecti
rings but is not simply restricted to counting only the short
rings in the network.

The average number of rings passing through the atom
a function of ring size is given in Table IV. The total numb
of rings of each type is given in Table V. The domina
contribution is from six-membered rings emphasizing ag
the graphitic nature of glassy carbon. A small number
rings of other sizes were also found. The number of nonh
agonal rings was greater in the v10 sample.

The bond angles between neighboring atoms in a r
were also calculated and are displayed in Fig. 11 for the m

f

e.
l

TABLE III. Values of parameters used to fit breadth distrib
tions to a double Gaussian, Eq.~4!.

Sample A m s d

v10 0.016 20.60 0.60 1.20
v25 0.016 20.53 0.60 1.04
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TABLE IV. Average number of rings of sizeR passing through each atomN(R). The total number of
rings of a given sizeR in the simulated structure is equal toN(R)/R ~number of atoms equals 7776!; the
factor R in the denominator is to avoid counting the rings more than once.

Sample N(3) N(4) N(5) N(6) N(7) N(8) N(9)

v25 0.039 0.004 0.048 2.67 0.013 0.004 0.032
v10 0.045 0.013 0.053 2.63 0.011 0.020 0.038
graphite ¯ ¯ ¯ 3.00 ¯ ¯ ¯
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FIG. 11. ~a! Normalized bond-angle distribution for the bon
angles between neighboring atoms in a ring for the v25 sam
——, 3-membered rings; ---------, 4-membered rings; -L-L-, 5-
membered rings.~b! Comparison of normalized bond-angle dist
bution for the bond angles between neighboring atoms of the
membered rings. ——, v25; ---------, v10.~c! Comparison of
normalized bond-angle distribution for the bond angles betw
neighboring atoms of the 9-membered rings. ——, v25; ------
v10.
common rings. The bond-angle distributions for the thre
five-, and nine-membered rings for the v10 and v25 sam
are identical. These rings are the most common after
dominant six-membered rings. Significant differences
tween the samples only appear in the bond-angle distribu
for the six-membered rings.

The skew in the total bond-angle distribution at sm
angles was found to be due to the presence of four-
five-membered rings with average bond angles of 91°
105°, respectively. The average bond angle for the ni
membered rings was 121° and possessed a broad distrib
with a standard deviation of 22°. The small peak at 60° in
total bond-angle distribution is due to the presence of thr
membered rings. The average bond angle for the
membered rings was equal to 117° for both samples. T
indicates that the peak in the total bond-angle distribution
117° is a feature of the dominant six-membered rings wh
the broadness of the distribution is in part due to rings
other sizes. The peak height for the bond-angle distribut
of the six-membered rings was larger and the distribut
narrower for the v25 sample.

The presence of a significant number of three-membe
rings and a lesser number of four-membered rings is an
teresting result of this work. Although it may be argued th
these structures would be too strained to be stable,ab initio
and tight-binding molecular-dynamics simulations of am
phous carbon have also revealed the presence of three-
four-membered rings in their simulated structures.14,15 This
work can be regarded as complementary to that but tha
which the small rings appear as a necessary structural fea
in order to create a three-dimensional model of glassy car
consistent with the diffraction data.

The other most common nonhexagonal rings are fi
membered rings. The existence of these rings is less con
tious as they are observed in fullerene forms of carbon. T
can be attributed to positive curvature in the basal plane
is the case for fullerenes.

A number of models of negatively curved graphitic ca
bon have been proposed that are commonly produced by
introduction of seven-membered or larger rings.16 These
rings can maintain bond angles of 120°, unlike fiv
membered rings, and hence strains on the structure are m

e.

6-

n
,

TABLE V. Total number of rings of for v25 sample, using da
in Table III.

Ring size 3 4 5 6 7 8 9
Total 101 8 75 3460 14 4 28
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mized. This is well illustrated in our work if the averag
bond angles of the five- and nine-membered rings are c
pared. These ‘‘Schwarzite’’ forms of carbon are predom
nantly symmetric and porous structures that are remark
stable with respect to graphite. Townsendet al.17 have gen-
erated a number of models of amorphous carbon in wh
sp2 coordination is maintained in regions of strong loc
curvature by the introduction of a nonhexagonal rings.
model in which a random surface is covered with a grap
telike carbon network in order to simulate a random p
geometry revealed the presence of many five-, seven-, ei
and nine-membered rings. These results suggest that
large rings observed in our simulated structures are ind
tive of negative curvature in regions of the RMC-genera
basal planes.

The value of 117° for the average bond angle in gla
carbon also appears inab initio simulations of amorphous
carbon.18 Amorphous carbon is dominantlysp2 bonded with
the remaining atomssp3 bonded. It is thought to posses
mixed graphitic and diamondlike structure. Galliet al.18

simulated ana-C structure that was 85%sp2 bonded for
which the average bond angle ofsp2 sites was 117°. Thesp2

regions were graphitic in nature tending to lie in buckl
planes giving them a finite thickness of about 1 Å. Th
results are consistent with our observations although the
proaches are entirely different. This suggests that the sl
reduction in the bond angle of the hexagonal rings may b
general feature of buckled graphitic planes.

Deviations from graphitic order were analyzed by lab
ing atoms depending on the type and number of rings of e
type that they were members of and the results are give
Table VI. The most common sequence is that observe
graphite followed by sequences in which there is only a 1 or
2 hexagonal ring. If an atom has three nearest neighbors
we expect at least three rings would pass through the a
Hence these ring sequences apply to atoms that are als
the edge of a large hole. As mentioned earlier, three-
five-membered ring pairs are common as well as pairs
five- and six-membered rings. It is interesting that there a
small number of atoms that are part of two six-membe
rings and one five-membered ring. This is the same lo
environment of a carbon atom in C60, i.e., fullerenes.

TABLE VI. Most common ring sequences observed.Pseqn~RS!
is the percentage of atoms that possess a ring sequence RS. L
ing system is of the form (a,b,c,d...), wherea is the number of
three-membered rings passing through an atom,b the number of
four-membered rings, and so on up to nine-membered rings.

Ring sequence
v25 Pseqn~RS!

~%!
v10 Pseqn~RS!

~%!

~0 0 0 3 0 0 0! 81.36 78.24
~0 0 0 2 0 0 0! 6.57 7.10
~0 0 0 1 0 0 0! 1.86 1.87
~0 0 1 1 0 0 0! 1.49 1.49
~1 0 1 0 0 0 0! 1.47 1.48
~0 0 1 2 0 0 0! 1.11 1.12
~0 0 0 2 0 0 1! 1.00 1.31
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Clustering of defects

In order to investigate the influence of the nonhexago
rings on the structure of glassy carbon, atoms were labele
mentioned before as being either ordered or disordered.
noting an atom as typea if it is in an ordered region and type
b if it is not, the partial pair-correlation functionsgaa(r ),
gab(r ), andgbb(r ) were calculated for both samples.

It can be seen in Fig. 12 that the partialg(r ) for the
disordered atomsgbb(r ) is initially very large, but the
heights of its peaks decay with increasing distance. This
havior of a pair-correlation function is a feature of config
rations in which different atom species cluster together. T
clustering of ‘‘disordered’’ atoms is most obvious from
direct visualization of the basal planes~Fig. 9!.

In order to obtain an estimate of the average size of th
clusters we adopt a measure first suggested by Abraham
co-workers19 in studies of phase separation. Their approa
is to calculate the value ofr cluster at which the partialg(r )
first equals 1 and use this as a measure of the average si
a cluster. Applying this criteria, it was found that the diso
dered regions decrease in size from 12 to 8 Å as theheat-
treatment temperature is increased from 1000 to 2500 °C

A comparison of the totalg(r ) and the partialg(r ) from
the ordered region for the v25 sample reveals that the p
heights are larger for the latterg(r ) indicating that the height
of the totalg(r ) is reduced by the existence of disorder
regions. A comparison of the partialg(r ) of the ordered
regions for both the v10 and v25 sample reveals that
broaderg(r ) in the v10 sample is not only due to the in
creased size of the disorder regions but also the increa
irregularity in the ordered regions.

CONCLUSION

The local order in glassy carbon was found to be sim
to graphite for both samples, with the v10 sample, formed
a lower heat-treatment temperature, showing slightly m
local disorder as indicated by the broader distribution
bond angles. This suggests a network model of glassy ca
in which local coordination is maintained and disorder aris
from variations in bond length and bond angle, as is use

FIG. 12. Partial pair-correlation function for atoms in disorder
regionsgbb(r ) for v25 sample. The arrow indicates the value ofr
at whichgbb(r ) first equals 1. The horizontal axis is in units of Å

bel-
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describe silicate glasses. The increased broadness of the
peak in theg(r ) for the v10 sample and also in the distrib
tion of bond angles supports this assertion. However,
observation of nonhexagonal rings suggests a change in
topology of glassy carbon from that of graphite that a
needs to be accounted for. The main difference between
local structures of the two samples is not so much an
crease in the degree of local disorder, as suggested by
bond-angle distributions, but the increased number of n
hexagonal rings in the v10 sample compared to the
sample, i.e., the main differences are topological rather t
geometrical.

The existence of three- and four-membered rings in
simulated structures is an interesting result. This work can
regarded as complementary toab initio simulations of amor-
phous carbon but only those in which the smaller rings
pear as a necessary structural feature in order to crea
e,

s

l.
rst

e
he

he
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the
n-
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n

e
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a

three-dimensional model of glassy carbon consistent with
diffraction data.

Strong local curvature of the graphitic basal planes i
feature of both samples studied. This can be seen by a v
alization of the simulated structures, the breadth of the ba
planes, and the presence of nonhexagonal rings. The e
tence of the nonhexagonal rings is a direct consequenc
the curvature of the basal planes, ifsp2 coordination is to be
maintained. The larger number of nonhexagonal rings in
v10 sample and the increased breadth of the basal pl
indicates that the v10 sample is more strongly buckled t
the v25 sample. A general conclusion that can be mad
that one effect on the structure of glassy carbon of annea
at a higher temperatures is to reduce the degree of buck
of the planes. The smaller height of the~002! peak in the v10
sample compared to the v25 sample is thus due to the
creased buckling of the basal planes.
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