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Understanding precursor-derived amorphous Si-C-N ceramics on the atomic scale

Marc Amkreutz* and Thomas Frauenheim
Theoretische Physik, FB6, Universita¨t Paderborn, Warburger Str. 100, D-33098 Paderborn, Germany

~Received 28 September 2001; revised manuscript received 10 January 2002; published 26 March 2002!

The atomic structure of a precursor-derived amorphous ceramic with the composition Si37C32N31 and a
density of 2.4 g/cm3 was modeled using a density-functional-based molecular dynamics simulation. Three
different model structures were generated, and their total structure factors and total pair correlation functions
from x-ray and neutron diffraction were calculated. For two of them, these data were found to agree very well
with the experimental results. The different atomic structures of these two models could only be distinguished
by the calculated partial pair correlation functions and their infrared spectra. It could be shown that in the final
ceramic a phase separation into amorphous Si3N4, amorphous SiC, and graphitelike amorphous carbon has to
appear.
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I. INTRODUCTION

Since the introduction of the polymer-to-ceramic conv
sion processing route, a lot of difficulties in ceramics prod
tion resulting from the former used sintering technique co
be avoided.1,2 For sintering of ceramic powders, sinterin
aids had to be used to enhance densification. But becau
the segregation of the sintering aids at the grain bounda
these led to pores or cracks in the material at higher temp
tures together with a shrinkage of up to 15%–20%. Inste
for the polymer-ceramic conversion, organometallic polym
precursors like polycarbosilane, -silazane, and -siloxane
be used to prepare ceramic components at low tempera
and without the addition of sintering aids by thermally i
duced composition~pyrolysis!. Therefore, several plasti
shaping technologies and laminated object manufactu
techniques can be applied to the preceramic polymers be
pyrolysis, preventing expensive postprocessing steps of
final ceramic.2

With different precursors and varying pyrolysis regimes
wide range of amorphous ceramics with various compo
tions have been obtained, especially in the ternary phase
gram of Si-C-N.1,3–6 Amorphous ceramics produced in th
way have high-temperature stability, strain and oxidat
resistance1,7 and are used as coatings for tools, turbines,
engines and as ceramic fibers to reinforce ceramic ma
composites~CMC! in air- and spacecraft structures.2

A variety of experimental techniques, like x-ray and ne
tron diffraction,3,4,6 nuclear magnetic resonance~NMR!,5

transmission electron microscopy~TEM!, and electron spec
troscopic imaging~ESI!,8 have been applied to understan
the polymer-to-ceramic conversion and to characterize
structure of the produced ceramics. This is necessary for
generation and understanding of the special high-tempera
stability of the ceramics.

But in spite of these experimental efforts, the detai
atomic structure of these ceramics and so the exact rela
between used precursor, pyrolysis regime, and resul
properties of the final ceramic material are still not w
known. For example, it is still a question whether there i
homogeneous distribution of the carbon throughout
whole structure or if a separate amorphous carbon phase
0163-1829/2002/65~13!/134113~9!/$20.00 65 1341
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ists and of what kind the local environment of the differe
atom types is.

At this point, computer simulations at atomic level
these amorphous Si-C-N ceramics are highly desirable
their understanding because they are able to answer t
questions, delivering direct insight into the amorphous str
ture and providing correlations between structure and ph
cal properties.

However, there have been only two theoretical approac
up to now. The one has been a Reverse Monte Carlo~RMC!
method9 applied by Du¨rr et al.6 to obtain the amorphous
structure starting from the experimental total structures f
tors from neutron and x-ray scattering. The other has bee
molecular dynamics~MD! simulation based on classica
many-body Tersoff potentials10 used by Matsunagaet al.11 to
generate an amorphous Si-C-N ceramic. It is noteworthy
both methods used some kind of constraints for the sim
tion. In the RMC simulation, additional information about
phase separation was employed by using coordination c
straints, while for the Tersoff potential MD, the formation
N-N and C-N pairs was totaly prevented from the very b
ginning.

Our approach is a density-functional-theory-~DFT-! based
molecular dynamics simulation of a ternary ceramic syste
In contrast to MD with empirical potentials, here the inte
atomic forces are calculated on a quantum mechanical b
without any constraints regarding coordination or bondin
Such a simulation becomes highly desirable to especi
improve the atomic scale and local environment understa
ing of structure formation and related property correlatio
In closely correlating the modeling and experimental effor
it may become possible to exactly tailor a material for
certain application just by choosing the right precursor a
pyrolysis regime at the beginning.

II. COMPUTATIONAL APPROACH: STRUCTURE
SIMULATION

For the generation of the structure of the amorphous
ramics we used MD simulations. The necessary interato
forces are obtained from the density-functional-based tig
binding ~DFTB! scheme described in detail elsewhere.12–15
©2002 The American Physical Society13-1
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MARC AMKREUTZ AND THOMAS FRAUENHEIM PHYSICAL REVIEW B 65 134113
Compared to standard tight-binding methods, in the DF
scheme the Hamiltonian and overlap matrices and the re
sive potential of the atomic interaction are calculated wit
a two-center approach to density functional theory.

In this study we focus on an amorphous ceramic produ
and examined by x-ray and neutron diffraction by Schem
et al.3 This ceramic was obtained by pyrolysis of a polyh
dromethylsilazane polymer~NCP 200, Nichimen Corpora
tion, Japan! with formula
@(CH3)2SiNH#x@CH3SiHNH#y@CH3SiN#z and x'y1z
'0.5.1 The material was pyrolyzed at 1050 °C in an arg
atmosphere without any previous crosslinking and densifi
tion of the precursor polymer, yielding an amorphous
ramic with the composition Si37C32N31 and a density of
2.4 g/cm3.

The composition and density served as the only input
rameters for the generation of the ceramics by MD. The to
atom number, subdivided into the three atomic types co
spondingly to the composition, were enclosed within a pe
odic supercell with fixed volume according to the given m
croscopic mass density of 2.4 g/cm3. The atomic
arrangement of the different starting structures of the mod
was chosen according to experimental suggestions; see
IV.

To simulate the pyrolysis process we have applied a si
lated annealing MD with constant number of particlesN and
constant volumeV. The model system was first heated fro
300 K to 1000 K for 1 ps with linear increase of the tem
perature. Afterwards, the structure was equilibrated at 1
K for 1 ps, followed by a cooling down to 300 K again in
ps and a final equilibration at this temperature for anothe
ps. The equations of motion of the atoms were integra
using a Verlet algorithm with a time interval of 1 fs. Finall
a conjugate gradient was used to optimize the structure
minimize the total energy.

The maximum temperature of the MD is chosen acco
ing to experimental conditions in order to at least partly p
serve precursor characteristics which is desirable for th
precursor-derived amorphous ceramics.

III. DIFFRACTION THEORY: THE OTHER WAY
AROUND

When investigating an amorphous structure by x-ray a
neutron diffraction one obtains the total structure factorS(q)
of the material from the coherently scattered intensity, us
for example, the approach of Faber and Ziman,16 whereq
54p sin(u)/l is the wave vector transfer and 2u the scatter-
ing angle. Fourier transformation of this total structure fac
yields the total pair correlation function or reduced rad
distribution function

G~r !5
2

pE0

`

q@S~q!21# sin~qr !dq, ~1!

which consists of the sum of the partial pair correlation fun
tionsGi j (r ) with weighting factorsWi j corresponding to the
composition of the material and the scattering method:
13411
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(
j 51

n

Wi j Gi j ~r !. ~2!

Here,n is the number of atom types of the system. Only th
function provides information about the real-space struct
of the material as bond lengths or bond angles.

For perfect transformation,S(q) must be known for an
infinite range ofq values. This is obviously not the case
practice, where only a limited range up to aqmax can be
measured. Thus, transformation leads to so-called trunca
errors inG(r ), causing a loss in resolution and terminatio
ripples, which decay with increasing radius.17 These can be
alleviated by introducing a damping factorD(q) which is
multiplied by the kernel of Eq.~1!. Different functions are
used for this, but the most favorable is that due to Lor
which reduces the ripples more rapidly:18

DLorch~q!5
qmax

pq
sinS pq

qmax
D . ~3!

From the theoretical point of view, it is just the other wa
around. Knowing the atomic structure, the partial pair cor
lation functions result from the histogramsHi j (r ) of the dis-
tances of all atom pairs of the model with the histogra
stepwidthDr ~Ref. 19!:

Gi j ~r !5
Hi j ~r !

rDrx j
24prTr . ~4!

Here, xj is the concentration of the atom typej and rT
5N/V is the particle density. Applying Eq.~2! gives the total
pair correlation function of the system, and Fourier transf
mation leads to the total structure factor

S~q!511E
0

`

G~r !
sin~qr !

q
dr. ~5!

To take into account the damping function used in expe
ment to reduce the termination ripples, thisS(q) is again
transformed according to Eq.~1! with the corresponding
damping factorD(q). This yields a damped total pair corre
lation functionGD(r ) that can be compared to the expe
mental one.

IV. RESULTS AND DISCUSSION

A. Homogeneous amorphous model

The first amorphous model~the homogeneous amorphou
model HA! was created by the MD simulation describe
above, using a NCP 200-like precursor structure with 2
atoms and given composition and density as starting st
ture. This means that from the beginning the different ato
have been arranged accordingly to the stoichiometry of N
200 but without any hydrogen.

In this way, we obtained an amorphous structure of wh
the periodic supercell is shown in Fig. 1. One can see that
carbon atoms~black spheres! are distributed homogeneous
throughout the whole structure, preferring bonding to Si
oms, but also C-C- and C-N-bonds occur. The model is c
3-2
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UNDERSTANDING PRECURSOR-DERIVED AMORPHOUS . . . PHYSICAL REVIEW B 65 134113
sistent with Uhliget al.suggesting the possibility of a homo
geneous distribution of carbon throughout the structure
another NCP 200-derived ceramic with compositi
Si40C24N36.4 It is worth mentioning that in all our studies th
simulated pyrolysis of NCP 200-like polymer precurs
structures always yielded a homogenous distribution of a
types throughout the model.27

Comparing the coordination numbers and bond leng
given in Table I, it is obvious that the bond lengths of Si
and C-C are in good agreement with the experimental fi
ings, while that of Si-C is slightly overestimated, but coor
nation numbers strongly deviate. Silicon is surrounded by
much nitrogen as carbon which is but only half the amo
as found in experiment. In addition, the total coordinati
number of nitrogen is too small due to the appearance
terminating nitrogen atoms in the structure. One of this c
be seen right in the center of Fig. 1.

The structural discrepancy reveals itself even more in
total structure factors displayed in Fig. 2. Although the pe
positions of the calculated structure factors match alre
well with the ones obtained from x-ray and neutron scat
ing, the intensity of the peaks is too small, especially for
two main peaks below 6 Å21. As a consequence, a simila

FIG. 1. Structure of the homogeneous amorphous model
Carbon atoms are shown as black spheres, silicon as dark gray
and nitrogen as white ones.
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effect can be observed for the total pair correlation funct
G(r ), of which the intensity of the main peaks describing t
first- and second-neighbor correlations is considerably
small.

Regarding these results, a different atomic and struct
arrangement in the model is necessary to improve the c
dination numbers and the lack of intensity in the structu
factor and pair correlation function.

B. Phase-separated clustered amorphous model

Regarding the coordination numberskSiC andkSiN of the
experimental ceramic, it is not possible to decide whet
there exist only SiN4 and SiC4 tetrahedra or if also mixed
tetrahedra Si(CN)4 occur in the structure. Assuming the no
existence of such mixed tetrahedra, which was supported
small-angle scattering examination of the ceramic, Schem

.
es,

FIG. 2. Calculated total structure factors of the homogene
amorphous model HA~solid line! and experimental ones of th
ceramic produced by Schemppet al. ~Ref. 3! ~dashed line! from
x-ray ~upper panel! and neutron~lower panel! diffraction.
el HA,
red to the
TABLE I. Coordination numbers and selected bond lengths of the homogeneous amorphous mod
the phase-separated clustered model PSC, and the phase-separated layered model PSL compa
experimental data~Ref. 3!.

Experimental HA PSC PSL

kSiSi :kSiC:kSiN 0.0:1.0:3.0 0.4:1.6:1.7 0.1:1.2:2.4 0.0:1.4:2.4
kCSi :kCC:kCN 1.2:—:— 1.9:0.4:0.4 1.3:1.5:0.0 1.5:1.4:0.0
kNSi :kNC :kNN 3.6:—:— 1.9:0.4:0.0 2.8:0.0:0.0 2.8:0.0:0.0

RSi-N @Å# 1.7460.10 1.7360.03 1.7460.03 1.7660.03
RSi-C @Å# 1.8360.09 1.9760.16 1.9960.17 1.9960.16
RC-C @Å# 1.37 1.3460.12 1.4060.09 1.4160.11
3-3
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et al. suggested a phase separation into amorphous Si3N4,
SiC, and graphitelike amorphous carbon.3 Acting on this sug-
gestion and keeping in mind that starting with a NCP 20
like precursor structure always yields a homogeneous di
bution of atoms as mentioned before, the precursor struc
now is constructed differently. For the second amorph
model we are starting out from a C3N4 crystal suggested by
Teter and Hemley20 in which first all of the carbon atom
were substituted by silicon while after that carbon ato
were incorporated in order to form small carbon-rich d
mains from the very beginning. This proceeding has a
been motivated by the fact that after further heating of
amorphous ceramic crystallization takes place. The mo
structure consists of 224 atoms in the periodic supercell h
ing the same composition and density as our first model, H

Applying the same MD scheme as before, we obtained
amorphous ceramic shown in Fig. 3. The carbon atoms
clustered together and form twistedp-bonded ringlike struc-
tures, particularly sixfold rings, which are connected to
rest of the network by silicon atoms forming a low conce
tration SiC phase. This, at least, is surrounded by almost o
amorphous SiN4 tetrahedra. Also three-fold-coordinated si
con appears in the structure, leading to an average coord
tion number of silicon less than 4. This is not uncommon
amorphous materials including silicon.21,22

The model is as well consistent with the detection of S
bonds in NMR experiments by Gaskell23 and Seitzet al.5 as
is the homogeneous model HA. But the three different
sites SiN2C2 , SiN3C, and SiN4 reported by Seitzet al.5 in
their amorphous NCP 200-derived material only appea
this phase-separated clustered amorphous model~PSC! while
in the model HA no SiN4 site is present at all due to th
homogenous distribution of atom types.

Looking at the bond lengths and coordination numb
~see Table I!, the bond lengths of this model are still in goo
agreement with the experiment, again with a slight overe

FIG. 3. Structure of the phase-separated clustered amorp
model PSC. Carbon atoms are shown as black spheres, silico
dark gray ones, and nitrogen as white ones.
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mation of the Si-C bond length. But in comparison to t
homogeneous amorphous model HA, all coordination nu
bers now have improved significantly towards the expe
mental data. However,kSiN andkNSi are still too small, a fact
that will be discussed later on.

The total structure factors for the PSC model are given
Fig. 4. This time, not only the peak positions, but also t
peak heights are in very good agreement with the experim
tal structure factors. As a new feature, a small peak at
proximatelyq51.7 Å21 appears and forSn a steep rise of
the structure factor towards smallq values occurs. But in this
case, it is no small-angle scattering effect, i.e., a sign o
phase separation, which is indicated by this rise of the str
ture factor in the corresponding experimental data. The
havior of the calculated function belowq'2 Å21 is artifi-
cial and due to the limited cell lengths of the period
supercell. In the simulation, atomic correlations larger th
half the minimum of this cell lengths are disturbed by t
periodicity and are not chararcteristic for the amorpho
structure anymore.24 Hence, the areaq,2 Å21 of the struc-
ture factors must not be taken into account and small-an
scattering effects are not included. Nevertheless, conside
the functions fromq52 Å21 on, the calculated ones matc
the experimental ones very well.

Fourier transformation of the structure factors with Lor
damping with qmax525 Å21 for neutron scattering and
qmax518 Å21 for x rays according to the experiment gav
the total pair correlation functions shown in Fig. 5. The ov
all profile and peak positions agree well with the experime

us
as

FIG. 4. Calculated total structure factors of the phase-separ
clustered amorphous model PSC~solid line! and experimental ones
of the ceramic produced by Schemppet al. ~Ref. 3! ~dashed line!
from x-ray ~upper panel! and neutron~lower panel! diffraction.
3-4
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UNDERSTANDING PRECURSOR-DERIVED AMORPHOUS . . . PHYSICAL REVIEW B 65 134113
tal results. Only the intensities of the peaks belowr 52 Å
are a little too small due to the damping.

Considering the weighting factors~see Table II! and the
corresponding distances in crystalline Si3N4 and SiC,25,26

Schemppet al. asigned the peaks at 1.74 Å of the expe
mentalGx(r ) andGn(r ) mainly to a Si-N correlation and a
small contribution of Si-C bonds at 1.83 Å. In the same w
they attributed the peak at 2.98 Å inGx(r ) to Si-~N!-Si, and
the ones at 1.37 Å and 2.85 Å inGn(r ) to a C-C and a
N-~Si!-N correlation, respectively.

To have a closer look at this assignments, we calcula
the partial pair correlation functionsGi j ,x(r ) andGi j ,n(r ) of
the amorphous structure, given in Fig. 6. The first peak of
total pair correlation functions at 1.38 Å consists of a C
correlation at 1.40 Å and the tail of the Si-N peak cente
at 1.74 Å. The oscillation of this tail at 1.40 Å is the reas
for the left shift of the total pair correlation function peak

FIG. 5. Calculated total pair correlation function of the pha
separated clustered amorphous model PSC~solid line! and experi-
mental ones of the ceramic produced by Schemppet al. ~Ref. 3!
~dashed line! from x-ray ~upper panel! and neutron~lower panel!
diffraction.

TABLE II. Weighting factorsWi j of the partial pair correlation
functions of the amorphous models PSC and PSL, and experim
ones~Ref. 3! from x-ray and neutron diffraction.

WSiSi WSiN WSiC WNN WNC WCC

PSC/PSL x 0.32 0.24 0.24 0.05 0.10 0.0
Experiment x 0.312 0.262 0.231 0.055 0.097 0.04
PSC/PSL n 0.05 0.20 0.14 0.20 0.28 0.1
Experiment n 0.055 0.206 0.153 0.193 0.287 0.1
13411
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1.38 Å. Therefore, this first peak can be attributed to C
bonds almost only, the different height explained by the d
ferent weighting factors for x-ray and neutron diffractio
This is in good agreement with the bond length of 1.42 Å
graphite. But the second peak at 1.75 Å includes contri
tions from Si-N, Si-C, and C-C bonds. Here, the tail of t
C-C correlation gives only a small contribution to the to
function because of the small weighting factor. But nevert
less, it is responsible for the right shift of the Si-C peak
comparisson to the experimental data, in which the C-C p
was not taken into account. This explains the difference
the bond length of Si-C suggested by Schemppet al. and the
calculated one~see Table I!.

However, the peak in the total function results main
from the Si-N bonds having the largest contribution w
respect to the correspondingWi j . The small peak at 2.15 Å
in Gn(r ) which still belongs to the first-neighbor correlatio
is a combination of long Si-C and Si-N bonds. The next pe
at 2.95 Å inGn(r ), the first one of the next-nearest-neighb
correlation that begins at 2.4 Å, is made up of N-N, Si-
and C-N correlations at 2.91 Å, 3.00 Å, and 3.04 Å, r
spectively. This is in good consistency with the coordinati
numbers ofkSiSi, kCN, and kNN being almost zero. Taking
into account the weighting factors in Table II, the main co
tribution is that of N-N, the other two just causing a litt
shift to the right of this peak in the total function. ForGx(r )
it is almost the same with the peak at 3.00 Å, with the on
difference in the large x-ray weighting factorWSiSi50.32,
making the Si-Si correlation the most important contributio

Another fact should be mentioned regarding the par
pair correlation functions and the coordination numberkSiN
and kNSi . The intensities of the main peaks are undere
mated compared to the experimental data, especially the
at 1.74 Å, and so are the peaks of the partial functio
Thus, the related peaks in the radial distribution functi
J(r )54pr 2r(r ) are also too small. The areas under the
peaks are proportional to the coordination number, a
Schemppet al. obtained the areas by fitting two Gaussi
curves for Si-N and Si-C with centers corresponding to
bond lengths in Table I to the main peak. Having a high
peak, this must lead to a larger coordination number, es
cially for Si-N which gives the main contribution to this pea
in the total function. In addition, the C-C contribution
1.40 Å which has not been taken into account in the fit a
causes a smaller Si-N peak~see Fig. 6!. In this way the
discrepancy between the experimental and calculated coo
nation numberskSiN and kNSi can be understood, above a
considering also thatkNSi53.6 is just too large for an aver
age coordination number of nitrogen favorably bonded
Si3N4 tetrahedra.

C. Phase-separated layered amorphous model

Again, based on the idea of the phase separation, ano
starting structure was created. It was prepared as the on
the model PSC with the only difference that now the carb
atoms were inserted that way that only one carbon-rich
main exists. This model, too, includes 224 atoms in the
riodic supercell of the same composition and density as

-

tal
3-5
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FIG. 6. Calculated partial pair correlatio
functions of the phase-separated clustered am
phous model PSC from x-ray~upper panel! and
neutron~lower panel! diffraction.
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other models. After application of the MD simulation pr
cess, the structure displayed in Fig. 7 was obtained.

In contrast to the first phase-separated model PSC,
carbon atoms are arranged in more chainlike structures fo
ing an amorphous layer throughout the whole superc
Within the layer and at the edges of it, silicon atoms a
located, building a small SiC phase which mediates the tr
sition to the amorphous Si3N4 phase.

The average coordination numbers given in Table I dif
only in a slightly larger coordination of Si-C and C-Si fro
the ones of the PSC model, while the bond lengths are
most the same. Furthermore, the total structure fact
shown in Fig. 8, not only agree very well with the expe

FIG. 7. Structure of the phase-separated layered amorp
model PSL. Carbon atoms are shown as black spheres, silico
dark gray ones, and nitrogen as white ones.
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mental ones, but are also nearly identical with the total str
ture factors of the model PSC. The two peaks in the rang
5 –10 Å21 in Sx(q) and Sn(q) match the experimenta
curves even slightly better.

Looking at the total pair correlation functions~see Fig. 9!,
there is a strong resemblance between the ones obta
from these structure factors by Fourier transformation a
the experimental ones from x-ray and neutron diffraction

us
as

FIG. 8. Calculated total structure factors of the phase-separ
layered amorphous model PSL~solid line! and experimental ones o
the ceramic produced by Schemppet al. ~Ref. 3! ~dashed line! from
x-ray ~upper panel! and neutron~lower panel! diffraction.
3-6
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UNDERSTANDING PRECURSOR-DERIVED AMORPHOUS . . . PHYSICAL REVIEW B 65 134113
well as between them and theGx(r ) andGn(r ) of the PSC
model. The first hint of the different atomic distributions
the two amorphous models can be found in the region fr
r 54 Å upwards, where peak positions and heights sligh
vary.

FIG. 9. Calculated total pair correlation function of the pha
separated layered amorphous model PSL~solid line! and experi-
mental ones of the ceramic produced by Schemppet al. ~Ref. 3!
~dashed line! from x-ray ~upper panel! and neutron~lower panel!
diffraction.
13411
y

The difference reveals itself more clearly considering
partial pair correlation functions shown in Fig. 10. While th
Si-N correlation is almost the same as for the PSC mo
because of the similar local environment of Si in both stru
tures, the first C-C peak at 1.38 Å is slightly smaller b
broader due to the more chainlike structure of the amorph
carbon layer. In addition, there appear two C-C peaks
3.29 Å and 3.84 Å for neutron scattering which cause
small broadening at the right side of the peak at 2.94 Å a
the small peak at 3.90 Å inGn(r ). In the region beyond
3 Å, the C-C correlation is even stronger than it is for t
PSC model with the carbon clusters due to the more
tended carbon layer here. On the other hand, the Si-C co
lation is less strong from 4 Å on, compared to the PS
model. This results from constraining these correlations
only one layer in this phase-separated layered amorph
model PSL while the carbon clusters are distributed throu
out the whole structure in the PSC model. Nevertheless, c
sidering the weighting factors, the assignment of the m
peaks in the total pair correlation function remains the sa
as for the PSC model. Only the peak at 4.47 Å is sligh
smaller for the PSL model consisting mainly of the Si-
correlation instead of Si-N and Si-C for PSC.

As expected, the Si-Si curve does not change noticea
In both models the silicon atoms are distributed very sim
throughout the structure. Therefore, taking into account
large weighting factor of Si-Si, the peak at 3.04 Å in th
total Gx(r ) of PSL is almost identical with the correspondin
one for PSC. The next-nearest-neighbor correlation of N
at 2.90 Å increases due to the continous layered structur
the amorphous Si3N4 in comparison to the cluster-interrupte
structure of PSC. The same holds for the higher N-N pea
5.28 Å. The decrease of the C-N correlation is due to
same effect. Having only one central region of amorpho
carbon, there are less nitrogen atoms in a distance of 3.0
from it. Thus, regarding the weighting factors for neutr

-

n
or-
FIG. 10. Calculated partial pair correlatio
functions of the phase-separated layered am
phous model PSL from x-ray~upper panel! and
neutron~lower panel! diffraction.
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scattering, the larger contribution of N-N to the total pa
correlation function is compensated by the smaller amoun
Si-C correlations. In this way the total pair correlation fun
tion of PSL is almost identical with PSC in the region arou
3 Å.

V. INFRARED SPECTRA

For further comparison of the two phase-separated mo
and to supplement the characterization, we had a look at
infrared ~IR! intensities of the two structures~see Fig. 11!.
Concerning these spectra, clear differences between the
structures become obvious. Although the overall shape
both models still remains similar, they can be well disti
guished, especially by the different peak positions a
heights in the range from 650 cm21 to 1250 cm21 and
around 1750 cm21. Since the latter region is dominated b
contributions of short C-C bonds, the differences in the
intensity are clearly due to the different carbon clustering
the structures.

FIG. 11. Calculated infrared intensities of the phase-separ
amorphous models PSC~upper panel! and PSL~lower panel!.
.

.

13411
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VI. CONCLUSION

We have shown that the precursor-derived amorphous
ramic Si37C32N31 produced by Schemppet al.definitely does
not consist of a homogeneous distribution of atom typ
Rather, a phase separation on the atomic scale into am
phous Si3N4, amorphous SiC, and amorphous carbon ex
in the final ceramic product. This is in good agreement w
the experimental results and the position of this ceramic
the ternary phase diagram of Si-C-N between the quasibin
lines of Si3N4-C and Si3N4-SiC.3

We have proposed two possible model structures, b
including phase separation, but with different structural
rangements. One model includes carbon clusters of six
nine atoms forming ringlike structures, each surrounded
an amorphous SiC layer, which are embedded in the am
phous Si3N4 phase. The other model consists of a mo
chainlike layered amorphous carbon phase exten
throughout the whole supercell structure with a small int
face of SiC at the edges followed by amorphous Si3N4.

This phase separation, in particular the formation of c
bon clusters, is thought to retard the crystallization proc
by hindering the thermal diffusion of the other atoms up
annealing and in this way to improve the temperature sta
ity.

Both structures show almost identical bond lengths, co
dination numbers, total structure factors, and total pair c
relation functions, being in very good agreement with t
corresponding experimental data from x-ray and neutron
fraction. The difference in the atomic distribution can on
be seen from the calculated partial pair correlations and
IR spectra. Therefore, none of these two models can be g
preference concerning the experimental results and in
should stimulate further investigations.

However, regarding the restricted model size of appro
iamtely 14 Å and for example the resolution limit of 20
of the ESI technique, the long-range order of both perio
structures will still appear as an amorphous and homo
neous distribution of all involved atom types. Thus, this
consistent with the ESI results of Billet al.8 who found the
same homogeneous distribution of Si, N, and C in th
precursor-derived material on a range of severaly 1000
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