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Abstract The addition of iron or boron and/or nitrogen,

up to 20 %, to amorphous carbon with a density of about

2.0 gm/cm3 was studied using density functional theory.

The bulk cohesive energy decreases with increasing iron,

nitrogen, or boron concentration. The decrease is largest

for iron and smallest for boron. The trends in the bulk

moduli are consistent with the cohesive energies. The

optical properties (absorbance and reflectivity) of the

samples with nitrogen and/or boron added are very similar

to those of the original amorphous carbon. Addition of iron

results in larger, energy dependent, changes when com-

pared with either boron or nitrogen. The effect of dopants

on low-density amorphous carbon shows some differences

with those for higher density amorphous carbon.

Keywords Amorphous carbon � DFT � Surfaces �
Dopants � Cohesive energy � Optical properties

1 Introduction

Amorphous carbon has been the subject of numerous

studies recently (see for example [1–16]). While many

empirical approaches have had considerable success, the

best agreement with experiment is obtained using density

functional theory (DFT) (see the reviews by Robertson [11]

and McKenzie [16]). There has also been investigations of

the effect of dopants on amorphous carbon: Fe (see for

example references [17–21]), nitrogen (see for example

references [22–39]) and boron (see for example references

[40–46]). Most of this previous work has focused on higher

density (2.6–3.2 g/cm3) amorphous carbon, where the

carbon–carbon bonding is dominated by sp3 carbons. In

these studies, it was concluded that adding Fe, N, or B

atoms caused the isolated pairs of sp2 bonded carbons to

form more extended networks of sp2 bonded carbons. On

the basis of Raman spectra, one study [18] even suggested

that the sp2 network was in the form of carbon nanotubes.

These extended sp2 networks increase the absorption in the

0–8 eV range.

While the experiments on these materials have yielded a

lot of interesting information, they may be difficult to

interpret; for example, Kalijadis et al. [46] found that

adding boron chemically did not change the surface hard-

ness, while adding it by ion implantation significantly

increased the hardness. Because they added the boron in

two ways, they were able to conclude that the energy

associated with the ion impact increased the carbon–carbon

bonding and changed the hardness, that is, the addition of

the boron was not a significant factor. Because of the dif-

ficulty in interpreting experiments, it is not surprising that

many computational studies have been performed to obtain

an understanding of these materials.

Low-density amorphous carbon is used in ablative

thermal protection systems (TPS) for space vehicles during

atmospheric entry. These materials are commonly fiber

materials with a low-density polymer matrix that pyrolyzes

into an amorphous carbon char under the intense convec-

tive and radiative heating conditions. Radiative heating

does not occur in many TPS applications, but can be more

than half of the total instantaneous heating for some
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high-speed atmospheric entries. The properties of this char

(thermal stability, response to radiation, etc) are important

to determine the overall performance of the TPS. The

presence of non-carbon species are also expected to

affect performance. These additions may be intentional to

improve particular properties or they may be impurities

introduced during processing that will degrade perfor-

mance. In either case, understanding the effect of dopants/

impurities on low-density amorphous carbon is important

for further material development and evaluation of material

performance.

Amorphous carbon with a density of 2.0 g/cm3 has some

C–C bonds where the bond length is stretch or the bond

angle distorted compared the ideal case [1]. Replacing the

carbon atoms with the strained bonds with a B or a N atom

might remove the strained bond, and, after relaxation, the

overall bonding might be improved. Alternatively adding

an atom, such as Fe, that can form more than four bonds

and has greater flexibility in the optimal bond angles could

improve the bonding. The higher density studies have

shown that B, N, and Fe affect the pi network and supports

the idea that these atoms might change the properties at

lower densities as well. Therefore, we consider B, N, and

Fe as dopants/impurity atoms.

Previous studies have focused on these impurities in

high density amorphous carbon, whereas for TPS entry

applications, low-density carbon is of primary interest. In

our previous study [1], we found that amorphous carbon

with a density of 2.0 g/cm3 is dominated by extended sp2

bonding while higher density (2.6–3.2 g/cm3) is dominated

by the sp3 bonding with only isolated sp2 bonding. This

change in the bonding with density means that it is not easy

to extrapolate the previously deduced effect of dopant on

higher density amorphous carbon to lower densities and

therefore simulations including Fe, B, and/or N dopant

atoms need to be performed on lower (2.0 g/cm3) density

amorphous carbon. We use the DFT approach that has been

shown to be the most reliable for the pure carbon and the

mixed systems are likely to be more complex than pure

carbon. In addition to bulk properties, like cohesive energy,

bulk modulus, and optical properties, we also perform

some investigation of surface properties, because even if

addition of dopants does not improve the bulk properties,

the dopants could result in additional bonds between the

existing sp2 bonding networks and therefore strengthen

surface of the lower density char.

2 Methods

This work uses the same protocol as in our recent density

functional theory (DFT) based study [1] of amorphous

carbon. In simulations of the bulk, the number of atoms and

the density determine the cell size, which, for convenience,

is chosen to be a cube. We use 64 atoms in all of our

simulations. Our cube size is determined for a carbon

density of 2.00 g/cm3. Replacing a few carbon atoms with

a few boron or nitrogen atoms without changing the cell

size changes the density slightly. Since the change in

density is small, we do not change the cell size when boron

or nitrogen atoms are added. Iron has a much larger mass

than carbon, and changing only six carbon atoms to iron

atoms yields a density of 2.7 g/cm3. Therefore, in the iron

case both the fixed cell size (i.e., fixed volume) and fixed

density (2.00 g/cm3) simulations are performed.

We add 64 atoms to the cell at random coordinates; the

addition of an atom is rejected if it is within 1.1 Å of any of

the existing atoms. For the simulations with n dopant

atoms, from the list of 64 atomic positions, n are selected at

random and assigned as dopant atoms. These random

positions are randomized further by performing DFT-based

molecular dynamics simulations for 1 ps at 5,000 K. Pre-

vious work on pure carbon systems shows that these

geometries are similar to those obtained from molecular

dynamics simulations for 1 ps at 5,000 K starting from a

regular lattice of carbon atoms. However, the random

approach allows the formation of local minima if a lower

initial temperature is used. Such local minima are not

considered in this work. The system is quenched from

5,000 to 0 K in 4 ps; the temperature is reduced linearly

during the quench. The geometry is then optimized at 0 K.

For selected systems, we varied cell size, optimizing the

atomic positions for each choice of cell size. The energy

versus volume was fit to a parabolic function and used to

compute the bulk modulus at 0 K. While this procedure

worked for most simulations, in a few cases, the change in

cell size lead to a lower energy solution. In those cases, the

lower energy solution was used as a new equilibrium

geometry and the process repeated.

For the studies of the surfaces, we start from the geom-

etries obtained in the bulk calculations, change one

dimension of the cell, center the slab in the expanded cell

direction, and optimize the atomic positions in the slab

calculations. Thus two of the dimensions are taken from the

bulk, while the third dimension is made sufficiently large

that the neighboring slabs do not interact. We compute the

density in the surface calculations using the positions of

the upper and lower most atom in the surface direction and

the cell sizes in the periodic directions. This approach is

perhaps a bit simplistic, however, we believe that it is suf-

ficiently consistent that we can compare different surfaces

and look for trends. For the surface calculations, the initial

relaxation is 1 ps at 700 K, followed by 1 ps quenching

from 700 to 0 K, and by a 0 K optimization.

To determine the bulk optical absorption properties, the

ion-clamped frequency-dependent real and imaginary
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dielectric functions are computed using density functional

theory in conjunction with the RPA approximation [47,

48]. DFT may not give accurate optical spectra because in

general it does not give a good description of excited states.

However, we are interested in relative differences, and

therefore this approach should be adequate. While the cell

is cubic, the amorphous nature of the systems means that

the x, y, and z components are different, therefore, we

report the sum of x ? y ? z.

In addition to the optical properties, the site-projected

density of states (DOS) are computed. The Bader method is

used to define the atomic volumes [49]. In this approach,

the dividing surfaces are at minima in the electron density;

this is expected to be more accurate than a simple spherical

shell about each atom. However, even for this approach,

the sum of the site-projected DOSs does not agree with the

total DOS, but the difference is sufficiently small that

the site-projected DOS curves can be used to understand

the effect of the dopant atoms.

All of the calculations are performed using the Vienna

ab initio simulation package (VASP), version 5.2 or earlier

[50–53]. The generalized gradient corrected functional of

Perdew and Wang [54] is used. We use a plane wave basis

set in conjunction with the projector augmented wave

method [55] (PAW). For iron the 8 valence electron PAW

is used, because preliminary studies showed that the results

of the 8 and 16 valence electron PAWs are very similar. In

the 0 K calculations, a plane wave cutoff of 400 eV is

used, while for the molecular dynamics calculations, a

lower cutoff of 300 eV is used. On the basis of our pre-

vious study of carbon char [1], a sampling of k-space at the

C point is sufficient.

We used molecular dynamics only to generate structures

using the melt-and-quench algorithm, which was followed

by energy minimization. We expect time step errors to be

minimal for a range of choices of time step and quench

time and this was confirmed in a series of tests [1, 13]. Our

choice of a 2 fs time step in conjunction with a 4 ps quench

is a conservative choice as a 3 fs time step with a 2 ps

quench gave structures with no significant differences.

3 Results and discussion

The results of the bulk simulations are summarized in

Table 1. A minimum of 20 simulations are performed for

each system; a maximum of 128 simulations are performed

for the C63N1 and C63B1 cases. Note, to simplify our

notation, we denoted C63N1 as N1, and similarly for the

iron and boron cases. For iron, we denote the constant

density simulations as FeX and the constant volume sim-

ulations as FeX0. During entry, the surface of the heat

shield erodes principally by the loss of atoms, therefore, the

cohesive energy, Ec, per atom is expected to be a good

measure of the performance of these materials. In Table 1,

we reported Ec to illustrate the changes in thermal stability

associated with replacing carbon atoms with Fe, B, or N

atoms;

Ec ¼ ðEðCmXnÞ � mEðCÞ � nEðXÞÞ=ðnþ mÞ

where E(CmXn) is the energy of the char with m carbon

atoms and n X atoms, and E(C) and E(X) are the ground

state energies of the carbon and X atoms, respectively.

At our level of theory, the cohesive energy of diamond

is 7.80 eV. This is in good agreement with the experi-

mental value [56] of 7.35 eV. Since we used a functional

Table 1 Summary of the results

Systema Ec % Threefold % Fourfold Rho K

Average bulk

C 7.35b 86.3 7.2 2.000 149 ± 37

N1 7.25 82.7 9.2 2.005

N2 7.20 83.1 7.8 2.010

N6 7.07 78.0 7.3 2.031 123 ± 49

N12 6.85 71.5 8.4 2.062

B1 7.27 82.9 10.0 1.997

B2 7.26 82.4 11.4 1.995

B6 7.15 81.7 12.9 1.985 141 ± 43

B12 7.03 77.5 16.6 1.968

N3B3 7.13 79.5 10.8 2.007 144 ± 40

Fe1 7.16 77.6 6.3 2.000

Fe2 7.14 75.7 4.5 2.000

Fe6 6.82 47.7 0.9 2.000 69 ± 25

Fe12 6.48 17.7 0.0 2.000

Fe10 7.19 80.4 8.1 2.111

Fe20 7.14 78.2 6.3 2.228

Fe60 6.91 63.4 3.4 2.684

Average surface

C 7.14 77.1 5.8 2.157

N1 7.06 74.0 7.7 2.151

N6 6.91 70.8 6.5 2.104

B1 7.08 73.7 8.4 2.174

B6 7.01 74.8 10.2 2.145

Best surface

C 7.36 84.4 3.1 2.233

N1 7.23 87.5 1.6 2.321

B1 7.34 90.6 6.3 2.326

The per atom cohesive energy, Ec, is in eV and the density, rho, is in

g/cm3. The percent of atoms with 3 or 4 neighbors, that is, threefold

or fourfold coordination, is also given. The bulk modulus (K) is given

in GPa
a The number after the ‘‘Fe’’, ‘‘B’’ or ‘‘N’’ signifies the number of

carbon atoms replaced by iron, boron or nitrogen atoms, respectively.

FeX is constant density while FeX0 is constant volume
b The value for diamond at the same level of theory is 7.80 eV
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without exact exchange, it is not surprising that the DFT

results are overbound with respect to experiment. Such

over binding has been observed in previous work [5, 56].

Our DFT values for amorphous carbon are 0.45 eV smaller

than for diamond. This difference is similar to the annealed

value of 0.5 eV obtained by Kumagai et al. [15] using the

Brenner potential. It is also similar to, but smaller than,

the DF-tight binding result (0.6 eV) of Köhler et al. [5] and

the tight binding result (0.66 eV, for 2.2 g/cm3) by Wang

and Ho [4]. We expect that our DFT value should be more

accurate than these less rigorous methods.

The first thing to note is that replacing carbon atoms

with nitrogen, boron, or iron atoms reduces the cohesive

energy. The larger the number of dopant atoms added to

the carbon, the larger the decrease in cohesive energy. The

decrease in cohesive energy with the number of added iron

atoms is slightly larger for constant density case (FeX) than

for the constant volume case (FeX0). For a given number of

added atoms, the decrease in the cohesive energy is the

largest for iron and smallest for boron. Adding nitrogen and

boron at the same time, the N3B3 case, results in a binding

energy that is between N6 and B6 cases, but closer to the

more strongly bound boron case. While BN introduces the

possibility of an ionic component to the bonding and in 13

out of the 20 simulations at least one B-N bond forms, the

introduction of B and N does not translate into increased

bonding. While adding nitrogen or boron decreases the

binding energy, the effect is small up to the X6 cases;

consider the N6 and B6 results, where the decrease per

atom is only 0.28 and 0.20 eV, respectively, or as a per-

centage, the binding energy is 96.2 or 97.2 % of the all

carbon case.

We investigate the bonding by counting the number of

neighbors for each atom. While using the distance to

determine the number of bonds is a simple approach, it

should be sufficiently accurate to show the trends. Overall,

the changes in the character of the bonding, as measured by

the average number of neighbors, are small with the

replacement of the carbon atoms by either boron or nitro-

gen atoms. The small changes in the bonding are consistent

with the small changes in the cohesive energy. The per-

centage of atoms that are threefold coordinated decreases

with increasing impurity concentration, excluding N1 to

N2, where there is a small increase. This increase could be

due to the number of simulations or the simplicity of the

bond counting method. The percent of atoms with 4

neighbors decreases with increasing nitrogen concentration

for one to six nitrogen atoms, but actually increases

between six and 12 nitrogen atoms. In all of our simula-

tions, the nitrogen atoms are threefold coordinated, so the

fourfold coordination is only due to the carbon atoms.

Clearly, the addition of nitrogen does not significantly

change the number of neighbors (hybridization) of the

carbon atoms. Somewhat surprising is the fact that the

percentage of the atoms with fourfold coordination

increases with increasing boron concentration. In our

simulations about 15 % of the boron atoms form four

bonds; the four bonds presumably form due to carbon

donation of electrons into an empty boron 2p orbital. A

typical structure for the B6 simulations is shown in Fig. 1.

There is one fourfold boron atom noted with an arrow. The

other boron atoms are threefold coordinated as are a

majority of the carbon atoms. Note that the apparently

twofold coordinated B atoms are a result of the truncation

of the cell. That is, the cells with boron atoms added look

very much like those with only carbon atoms.

The change in number of neighbors with the number of

added iron atoms is larger than found for nitrogen or boron,

especially for the constant density case, where the number

of threefold coordinated (sp2) carbons is less than 50 % for

Fe6 and only 17.7 % for Fe12. Inspection of the structures

shows that expansion of the cell size to retain the 2.0 g/cm3

density results in the formation of carbon chains (i.e., some

of the carbons have sp hybridization) with few intercon-

nections. One of the clearer examples of the chain structure

for the 2.0 g/cm3 simulations is shown in Fig. 2. The large

reduction in the cohesive energy is consistent with this

change in the structure. For the constant volume iron cal-

culations, the change in the bonding is much less dramatic.

Fig. 1 A typical B6 structure. The carbon atoms are green and the

boron atoms are blue. The bond from the atom to the bond midpoint is

the color of that atom. Thus, the bond between two carbon atoms is all

green, while a bond between a carbon and boron is half green and half
blue. The fourfold boron atom is noted by the arrow. The cell

contained 64 atoms and periodic boundary conditions are used in this

structure
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The Fe60 structures look very much like those for pure

carbon, B6, N6, and B3N3. While one observes some

chains in the Fe60 structures, one also observes some chains

in the carbon, B6, N6 and B3N3 systems, and it is difficult

to determine whether there is an increase in chains in the

Fe60 structures relative to the others. This observation is

consistent with the small change in the number of neigh-

bors (hybridization) in the Fe60 system compared with

carbon, B6, N6, and B3N3. Clearly, the Fe60 and Fe6

systems are quite different.

For the pure carbon, B6, N6, B3N3, and Fe6 cases, we

computed the bulk modulus, which are also given in

Table 1. Due to the limited number of simulations, there is

a non-trivial standard deviation for the values, but it is still

possible to draw some conclusions. We first note that the

bulk modulus for diamond at this level of theory is

470 GPa and for amorphous carbon with a density of

approximately 3 g/cm3 is 311 ± 67 GPa. From the pure

carbon case, it is clear that reducing the density to 2 g/cm3

has significantly reduced the bulk modulus, with the value

being about half that of the 3 g/cm3 material. Excluding the

B3N3 case, adding the impurity atoms has reduced the bulk

modulus. The most dramatic effect is for the 2.0 g/cm3 Fe6

case, where the bulk modulus is less than half the pure

carbon case. While the order C [ B6 [ N6 is consistent

with the cohesive energy, the C &B3N3 is a bit unex-

pected. If more simulations were performed, it is possible

that the B3N3 value would fall between the B6 and N6

results. The alternative is that the ionic component of the

bonding in B3N3 contributes to increasing the bulk mod-

ulus (a mechanical property), but does not lead to increased

thermal stability. It is possible that the bulk modulus cor-

relates better with the heat of formation, but before making

such a comparison, additional simulations should be per-

formed to reduce the error bars, which is beyond the scope

of this work. We should note that Merchant et al. [26]

computed the bulk modulus for amorphous carbon nitrides

and found a reduction in K with decreasing density, namely

336, 295, and 273 GPa for 3.2, 2.95, and 2.45 g/cm3,

respectively. Our value for 3 g/cm3 pure carbon is con-

sistent with their values for 3.2 and 2.95 g/cm3, and our

value for 2 g/cm3 shows that the rate of decrease in K with

decreasing density may even accelerate as the density

reaches 2 g/cm3.

In Fig. 3, we plot the absorbance and reflectivity for the

pure carbon and the doped cases over the range 0–20 eV.

The results are the average of all simulations. The bottom

curves are for pure carbon; the carbon absorbance curve is

well understood. The 5 eV peak is associated with the p!
p� transition, while the 15 eV peak is associated with the

r! r� transition. Above the carbon curves are the curves

for N, B, and Fe as a function of concentration. For

nitrogen and boron, the most notable feature of the figures

is the relatively small changes in absorption with changing

concentration. These small changes are consistent with the

small change in the number of neighbors (hybridization)

shown in Table 1. The change in the absorption with

increasing Fe concentration is much larger, which is con-

sistent with the much larger changes in hybridization,

bonding, and volume. The reflectivity shows the same

trends with changing species as does the absorbance.

Namely, the addition of iron results in much larger changes

than do the addition of nitrogen or boron. The similarity of

the absorbance and reflectivity is not unexpected as they

are both computed from the dielectric function.

To allow an easier comparison of the different dopants,

the six dopant atom absorbance cases, that is, X6, along

with the pure carbon, are plotted in Fig. 4. Clearly, the

results for the pure carbon, B6, N6, and B3N3 are all very

similar, while those for Fe6 and Fe60 are different from the

others. The same is true for the reflectivity (not shown).

The Fe6 has similar peak positions as the others, but the

height of the peaks is quite different. The absorbance

shows that the Fe60, which has the same volume as B6, N6,

and B3N3, is similar to those for pure carbon, B6, N6, and

B3N3 from about 7–20 eV. That is, the difference between

Fe6 and the other curves in this region is due to the larger

volume. From 0 to about 7 eV, the Fe60 differs from the

other systems by somewhat more than the Fe6 case. That

Fe60 increases the peak associated with p! p� is perhaps a

Fig. 2 A typical Fe6 structure. The carbon atoms are green and the

iron atoms are brown. The bond from the atom to the bond midpoint

is the color of that atom. Thus, the bond between two carbon atoms is

all green, while a bond between a carbon and iron is half green and

half brown. Note the formation of carbon chains. The cell contained

64 atoms and periodic boundary conditions are used in this structure
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bit surprising considering the similarities in hybridization

for Fe60, carbon, B6, N6, and B3N3. Finally, we note that

in the 15 eV region, both the absorbance and reflectivity

decrease for Fe6, hence the transmission increases, prob-

ably because of more empty space in the cell.

On the basis of the small changes in the absorbance and

reflectivity with the addition of boron and/or nitrogen

atoms, we conclude that replacing carbon atoms with either

boron or nitrogen atoms will not significantly effect the

impact of radiative heating. For the 2.0 g/cm3 iron dopant

case, the change in optical response depends on the energy.

For energies below about 7 eV, the iron increases absorp-

tion, but also increases reflectivity, thus the transmission is

decreased. The increased reflectivity means that overall

heating would be reduced, but the increased absorption and

decreased transmission means that the surface would

absorb more energy, but the subsurface heating would be

reduced. Above 7 eV, the iron reduces the reflectivity and

Fig. 3 The optical properties

(absorbance and reflectivity)

versus energy. The absorbance

curves have been shifted by 20,

40, and 80 for N, B, and Fe,

respectively. The reflectivity

curves have been shifted by 0.2,

0.4, and 0.7 for N, B, and Fe,

respectively. The pure carbon is

a dotted line, the X2 is the solid
line, the X6 is the long dashed
line and the X12 is the short
dashed line

Fig. 4 Comparison of the

absorbance versus energy for

Fe6 (constant density), Fe60

(constant volume), B6, N6,

B3N3, and pure carbon
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hence increases the overall heating; however, changes in

the absorption and transmission mean that the heating is

spread over more of the heat shield. Clearly, detailed

knowledge of the shock spectra is require to see whether

adding iron would affect the optical response, however, we

note that for a lunar return about 60 % of the energy is

below 4 eV, and therefore, iron might be important for

some entries and additional work is probably warranted.

The site-projected DOS, which are averaged over all

simulations, (Fig. 5) provide additional insight into the

changes associated with the addition of Fe. The bottom

curve shows site-projected DOS for pure carbon. The

carbon DOS does not show much structure. This is caused

by the nature of the bonding in these low-density amor-

phous structures where bonds are stretched or compressed

and angles bend away from the optimal values. Averaging

of the different structures further increases the variation in

the bonding that leads to the lack of structure in the DOS.

The next plot shows the B6 case. The site-projected carbon

curve looks like the pure carbon case, while the site project

boron DOS values are very small at the low energies

(below the region shown in the figure), rising to a small

value that shows some variation in the valence region; that

is, the boron and carbon site-projected DOS curves appear

similar, but with the boron curve being much smaller than

carbon curve. Since boron values are much smaller than the

carbon values, its site-projected DOS appears essentially

flat on the scale of these plots. Clearly, the boron at this

concentration does not significantly alter the DOS. We

should note that the boron values are smaller than expected

based on the number of electrons, and this is due to the

Bader approach used to determine the atomic volumes. If

Voronoi polyhedra are used instead of Bader to determine

the atomic volumes, the boron population increases as does

the site-projected DOS values, but the site-projected DOS

curve looks very much like that obtained from the Bader

approach. Like the B6 case, the N6 and B3N3 curves show

little structure and are not shown. Unlike the boron, the

addition of Fe changes the DOS. The site-projected DOS

shows that the Fe can be even more important than carbon

for some energies even though only about 10 % of the

atoms are iron. Clearly, the increase in the absorbance in

0–7 eV range appears to involve Fe atoms. A careful

comparison of the Fe6 results with the others shows that

there are several regions where there are some additional

differences, which probably arise from the formation of

more chains.

As noted in the introduction, previous work for higher

density systems showed an increase in the 5 eV peak in the

absorbance curve with the addition of boron or nitrogen.

This has been interpreted as arising from the formation of

extended p bonding, that is, the isolated p bonds in the all

carbon system migrate together when the impurity atoms

are present. However, for the low-density all carbon sys-

tem, the situation is rather different. In the pure carbon

2.0 g/cm3, the average number of atoms included in the

Fig. 5 The site-projected DOS

for pure carbon, B6, Fe6, and

Fe60. The B6, Fe6, and Fe60

curves have been shifted. The

Fermi energy, EF, has been

subtracted from the energy
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extended p bonded network is 59.4 for the 20 simulations

considered in this work. The analogous values for B6 and

N6 are 55.7 and 58.6 atoms, respectively. In one B6 sim-

ulation, a two atom pi bond formed and in a few of the N6

simulations two and four atom pi bonded cluster formed.

This is opposite to the effect noted in the higher density

cases. Given that adding B or N does not significantly alter

the size of the pi bonded cluster of atoms, it is not sur-

prising that they do not change the absorbance signifi-

cantly. The analogous values for Fe6 and Fe60 are 60.1 and

58.3, respectively. Thus, Fe is not changing the size of the

pi bonded cluster, however, as noted above some pi bonded

clusters involve sp not sp2 hybridization. The largest

changes with the addition of iron appear to be due to the

partly filled Fe 3d orbital that changes the DOS states near

the Fermi level.

Table 1 reports the results of the simulations of the

surfaces. Because of the larger reduction in the cohesive

energy for iron, we do not consider surfaces with iron

added. These surface simulations start from 20 carbon bulk

simulations, 64 bulk simulations for both N1 and B1, and

20 bulk simulations for both N6 and B6. The x, y, and z

directions are all considered as surface, leading to 60 car-

bon surface simulations, 192 surface simulations for both

N1 and B1, and 60 surface simulations for both N6 and B6.

As we noted in previous work [1], some of the surface

simulations become nonphysical. The two most common

problems are the formation of a chain of atoms with one

end attached to the surface or the formation of a sheet of

atoms that is either unbound or bound to the rest of the

atoms by a chain of atoms. For the N6 simulations, the

formation of CN groups sticking out of the surface is quite

common. In addition, for some of the N6 simulations, N2

forms and leaves the surface. All of these cases are easily

detected because they have low densities. In this work, we

reject any surface simulation with a density of less than

1.9 g/cm3. The number of rejected simulations is 25 for B1,

24 for N1 and 6 for the all carbon; a little more than 10 %

of the simulations are rejected. The B6 simulations show 9

runs rejected out 60, which is 15 %, a bit higher than for

the C, N1, and B1 simulations. The N6 simulations are

distinctly different, where 25 out of 60 runs are rejected.

As can be seen in Table 1, the addition of nitrogen or

boron to the surface reduces the atomization energy. The

decrease is larger for the X6 cases than the X1 cases, with the

loss in binding energy for the N6 case being very noticeable.

Formation of N2 and the number of rejected simulations for

the N6 case also supports the idea that adding 6 nitrogen

atoms destabilizes the surface greatly. Because of the sizable

variation in the atomization energy among simulations of the

same surface, we consider the best surface energy for pure

carbon and the N1 and B1 simulations, and find adding B or

N still destabilizes the surface.

4 Conclusions

We have considered replacing up to almost 20 % of the

carbon atoms in 2.0 g/cm3 amorphous carbon by iron,

nitrogen, or boron atoms. We find that this replacement of

carbon reduces the cohesive energy and the decrease

becomes larger with increasing concentration of the Fe, B,

or N atoms. The reduction in cohesive energy is largest for

Fe and smallest for B. The results for adding (BN)n fall

between those for B2n and N2n. The calculation of the

reflectivity and absorbance does not show significant dif-

ference between the 100 % carbon models and those with

B and/or N added. This result is different from higher

density amorphous carbon systems where the addition of B

and N increases the absorption by causing isolated sp2

carbons to form extended networks. This does not occur for

the lower density amorphous cases since extended net-

works of sp2 carbons are already present. Adding Fe

changes the structure more and hence the absorbance and

reflectivity change by more than that found for N or B. At

low iron concentration, these differences arise from the

chemical properties of the iron atom, while at higher iron

concentrations, the constant density simulations show some

changes come from the larger volume resulting from the

larger atomic mass of the iron atoms. The effect of adding

iron depends on the shock emission spectra and hence on

the specific entry. Our work is consistent with the limited

number of previous bulk simulations, and we look forward

to confirmation of our predictions by experiments on low-

density materials.

Simulations of the surfaces are consistent with those of

the bulk, showing that the addition of B and N reduce the

atomization energy of the surface. This work shows that

adding either boron or nitrogen to heat shield char will not

significantly affect its bulk or surface strength nor change

its optical absorption properties. The loss in cohesive

energy is much larger for Fe than either B or N, suggesting

Fe will degrade the performance of a thermal protection

system. However, the optical properties also change with

the addition of iron, and for some entries, the change in

optical properties might be beneficial.
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