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Tight-binding potential for hydrocarbons
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A new tight-binding potential model for hydrocarbons is developed based on a previous carbon tight-binding
model. The features of this interesting model have been examined using a variety of configurations of hydro-
carbons. The resulting geometries, energetics of small hydrocarbon molecules and hydrogenated diamond
surfaces, are in qualitative agreement with previous results. The model especially describes well the abstraction
of one hydrogen atom from either a methane or hydrogenated diamond (100)(231) surface by the vapor H
radical. The kinetic behavior of polymerization reactions is correctly predicted too.
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I. INTRODUCTION

Atomistic computer simulation has become a power
tool in our understanding of complicated matter. Nowada
computer power increases rapidly, enabling us to simu
more complex systems than before. On the other hand,
entists develop theoretical methods and efficient algorith
in an attempt to deal with large complicated systems.
example, developingO(N) algorithms1 and generating tight-
binding ~TB! potentials are attractive intensively.O(N)
method, which is characterized with linear scaling with
spect to the size of a system, is a promising tool for
large-scale calculations of the electronic structures of h
systems. The TB method, as we know, offers a good co
promise between the first-principle techniques, which
more accurate but much more costly, and empirical pot
tials, which are cheaper to use but often not transferabl
configurations being different from the fitted. Therefo
people can simulate some large complicated systems to
insight into concerned physical properties by using trans
able TB methods.

There are many TB potentials developed so far, and
merous significant results have been obtained within
scheme of the TB method.2 However, as we know, the trans
ferability of any developed TB potential is limited to som
extent, because the on site and intersite terms as we
repulsive potential in the TB formalism are parametriz
simply, also the basis set is minimal usually, and the fitt
procedure is artistic. Until now, generating TB potential w
high quality has been a challenging task.

Recently, developing TB potential models is not only f
cused on systems consisting of one kind of element, but
extended to some binary systems such as SiC,3 GaN,4 SiH,5

CH,6–9 and so on. Especially, for hydrocarbon TB model, w
noted that Devidson and Pickett reported6 their TB potential
based on the TB parameters for the C-C interactions give
Ref. 10. This set of TB parameters shows a good resul
hydrogenated diamond surfaces. Later on, Horsfieldet al.9

proposed a different version of TB model for hydrocarbon
improving the version of Devidson and Pickett,6 from which
most of the tested results are in excellent agreement
experimental values or accurateab initio results except for
the kinetic behavior of polymerization reactions.11 More re-
0163-1829/2001/64~15!/155408~6!/$20.00 64 1554
l
,

te
ci-
s
r

-
e
e
-

e
n-
to

et
r-

u-
e

as

g

so

in
n

y

th

cently, Tuyarot et al.12 have employed this modified TB
model to compute the energies, structures, and elastic p
erties of polyacetylene isomers; they found that the resul
geometries and Young’s moduli of the polyacetylene isom
are in excellent agreement with those from previousab initio
calculations, whereas some electronic-structure-related p
erties of the polyacetylene could not be described. Ove
the TB model from Horsfieldet al.9 has a good transferabil
ity, which is available for realistic research although there
limitations in it as mentioned above. Basically, the limit
tions of this model are originated from the transferability
interactions of C-C, C-H, and~or! H-H. Thus enhancing the
transferability of a TB model for hydrocarbon means to im
prove the transferability of the three kinds of interaction
We noted that for the interactions of C-C, an environme
dependent TB potential has been proposed more recen13

The correction of environment dependent in this TB mo
for carbon is achieved by introducing rescaled distance
tween atoms and a screening factor into the matrix elem
and pairwise interaction. Either of the rescaled distance
the screening factor are the function of the number of ato
which are located within overlap cutoff range of two inte
acting atoms. The more the number of the atoms within
overlap range is, the weaker the interaction between the
atoms is. The transferability of this interesting carbon T
model was demonstrated to be better than that10 employed in
the above two TB potentials.

On the other hand, investigating reactions during
growth of diamond films as well as the interaction betwe
free polymerization radicals is also paid much attention.
we know, the processes of the reactions are governed by
kinetic behavior. On the theoretical side, it is significant
develop a TB model to correctly describe kinetic behavior
some reactions. For this purpose, we develop a version of
model for hydrocarbons~CHTB! based on the environmen
dependent TB model of carbon.13 Our results show that this
CHTB can describe the structures and energies of many
ferent hydrocarbons as well as energy barriers of some t
cal reactions.

II. METHOD

In tight-binding approximation, the Hamiltonian is give
by
©2001 The American Physical Society08-1



9

B. C. PAN PHYSICAL REVIEW B 64 155408
TABLE I. The parameters for C-H and H-H.a1 is in eV, the others are dimensionless.

a1 a2 a3 a4 r c wd

sss ~C-H! 26.0507 0.07895 0.06860 3.89720 1.62 0.08
sps ~C-H! 6.1105 0.00458 0.02860 3.08320 1.62 0.10
f ~C-H! 12.00271 0.28742 0.34878 0.90000 1.5828 0.0764
sss ~H-H! 24.97593 0.60000 0.39830 6.00000 0.98 0.082
f ~H-H! 4.10159 1.80000 1.20580 1.17483 0.98 0.042
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1 ai ,a1 (
i , j ,a,b

va,b
i , j ~r i , j !ai ,a

1 aj ,b . ~1!

Here,a andb stand for the atomic orbitals, andi , j for the
labels of the atoms.«a

i is atomic orbital energy of orbitala
in atom i, va,b

i , j is the hopping parameters between atom
orbital a of atom i and atomic orbitalb of atom j. As usual,
2s and 2p orbitals for carbon and 1s orbitals for hydrogen
atoms are taken into account in this TB model.

The total energy is written as

Etot5Ebs1Erep , ~2!

where the band structure energyEbs5(k
occnk«k , and the re-

pulsive energy is expressed as a function as below,

Erep5(
i

f S (
j

f~r i , j ! D , ~3!
15540
c

wheref(r i , j ) is a pairwise potential for atomsi and j, andf
is a functional expression of polynomial,«k is the eigenvalue
of the kth energy level.nk is occupation number in energ
level k.

Generally, the bonding characters of C-C, C-H, and H
in a complicated hydrocarbon system are different from o
another, which can be roughly characterized by different
ordination numbers of C or H. For carbon, Tanget al.10 re-
ported that the bonding environment correction does st
ingly improve the fitting energy band structures and cohes
energy curves for the various phases that are characte
by different coordination numbers such as 2,3,4,6,8, and
totally. However, owing to the fact that the coordinatio
number of H atoms are no more than 2, predominantly ar
we thus believe that the interaction between C and H is m
localized as well as monotonous so that the bonding envir
ment correction nearby a bonded H atom is not so import
As a consequence, we utilize simple formulas without c
ollow

FIG. 1. Matrix elements ofhsss

C2H(r ) ~circle!, hsps
C2H(r ) ~square! and hsss

H2H(r ) ~diamond! in panel~a!, and pair potentials off(r )C2H

~triangle up! andf(r )H2H ~triangle down! in panel~b!. The solid symbols stand for the cases appended by cutoff function, and the h
ones for the cases withf c51.
8-2



o
bo
rr

m

siv
n

fit-
s
n

in

I.

n
e
a

c-
air

en

do
ms.
nd

B
re-
to

the

l as
bulk
ic
dic
we
the

ch

e-
and
with
and
ent

re

of
c-
gen
the

TIGHT-BINDING POTENTIAL FOR HYDROCARBONS PHYSICAL REVIEW B64 155408
rection of bonding environment around a H atom to express
the interactions of C-H and H-H.

In detail, the formulas together with related parameters
on site, hopping terms and pairwise potential for pure car
systems are adopted from Ref. 13. The on site terms co
sponding to hydrogen are set simply equal to the ato
orbital energy of hydrogen,Es

H . The value ofEs
H is taken to

be 1.5 eV. The hopping parameters and pairwise repul
potential of either C-H or H-H interactions are expressed i
same form as below,

h~r i j !5a1r i j
2a2 exp@2a3r i j

a4# f c . ~4!

Here, the cutoff function

f c5$11exp@~r i j 2r c!/wd#%21. ~5!

r i j denotes the distance between atomsi and j, ak(k
51,2,3,4),r c andwd are parameters determined through
ting. The role off c in Eq. ~4! is to truncate the interaction
between atomi and j in a smooth manner. In the expressio
of repulsive energy above, the polynomialf of second order
for C-H and H-H is used in this model.

The parameters in this model are obtained through fitt
to LDA ~local-density approximation! results ~i.e., energy
levels and cohesive energies! of small hydrocarbon mol-
ecules, the obtained parameters are summarized in Table
order to show the effect of the cutoff function in Eq.~4!, we,
based on Eq.~4! and the related parameters in Tables I a
II, calculated the distance dependence of hopping matrix
ements and pair functions for both C-H and H-H, as well
the distance dependence whenf c51, as shown in Fig. 1.

TABLE II. The coefficients of the polynomial function.

c0 ~eV! c1 (eV21) c2 (eV22)

~C-H! 0.00001 0.54437 20.00298
~H-H! 0.001 0.60000 0.001
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Clearly, in comparison with the cases without cutoff fun
tion, the amplitudes of the hopping matrix elements and p
function appended with cutoff function decay rapidly wh
r<1.9 Å for C-H, and nearly vanish whenr<1.3 Å for
H-H. As a consequence, the cutoff functions used here
effectively shorten the interaction range between ato
These allow us to take 1.9 Å as the cutoff for C-H, a
1.3 Å as the cutoff for H-H in this model, reasonably.

To perform molecular-dynamics simulation using the T
model, it is necessary to obtain the attractive forces and
pulsive forces on atoms. The former is obtained according
the Hellmann-Feynman theorem, and the latter is directly
gradient ofErep .

III. RESULTS

In order to reveal the properties of the generated mode
described in Sec. II, we chose molecules, surfaces, and
for test. In the following calculations, there is no period
condition imposed for molecular systems, but the perio
conditions are applied for surfaces and bulks. In addition,
employ supercells to mimic the surface systems and
bulks concerned, the pointk50 of the reciprocal lattice is
thus taken into account only.

We begin with we test for some small hydrocarbons, su
as CH, CH2, CH3, CH4, C2H2 , C2H4 , C2H6, and C6H6. All
of these molecules are fully relaxed. Tables III and IV, r
spectively, list the calculated bond lengths, bond angles,
cohesive energies of the selected molecules together
related experimental values. Our calculated bond lengths
bond angles of these molecules are in excellent agreem
with those from experiment,14 and the calculated energies a
also consistent with experimental ones.15

Consequently, it is important to examine the features
this model in estimation of barriers for some typical rea
tions, for example, the reactions between radicals, hydro
and radicals, hydrogen and diamond surfaces. One of
TABLE III. A comparison of bond lengths~in Å) and related bond angles~in degree! of hydrocarbons
from present calculations with those from previous theoretical calculations and experiment.

This work TB ~Ref. 9! TB ~Ref. 7! Experiment~Ref. 14!

CH 1.17~CH! 1.138~CH! 1.12~CH!

CH2 1.16~CH! 1.134~CH! 1.11~CH!

99.1~HCH! 98.6~HCH! 102.4~HCH!

CH3 1.10~CH! 1.114~CH! 1.08~CH!

120.0~HCH! 116.8~HCH! 120.0~HCH!

CH4 1.10~CH! 1.09~CH! 1.116~CH! 1.09~CH!

C2H2 1.09~CH!, 1.20~CC! 1.23~CC! 1.099~CH!, 1.206~CC! 1.06~C-H!, 1.207~C-C!

C2H4 1.16~CH!, 1.30~CC! 1.077~CH!, 1.338~CC! 1.113~CH!, 1.321~CC! 1.08~CH!, 1.33~CC!

120.5~CCH! 121.0~CCH! 116.3~CCH! 121.4~CCH!

119.3~HCH! 117.8~HCH! 117.8~HCH!

C2H6 1.19~CH!, 1.44~CC! 1.119~CH!, 1.503~CC! 1.09~CH!, 1.526~CC!

109.8~CCH! 110.9~CCH!

109.1~HCH! 108.0~HCH! 107.4~HCH!

C6H6 1.13~CH!, 1.37~CC! 1.114~CH!, 1.389~CC! 1.09~CH!, 1.397~CC!
8-3
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B. C. PAN PHYSICAL REVIEW B 64 155408
typical reactions between hydrogen and hydrocarbons is

CH41H→H3C2H2H→CH31H2. ~6!

It was experimentally revealed that there is an energy b
rier of 0.52 eV in the above reaction.16 On the theoretical
side, simulated by usingab initio methods, the theoretica
energy threshold of the reaction~6! along the reaction coor
dinate withC3v symmetry was estimated to be around 0.
eV.17 Following the previous calculation, we obtained an e
ergy barrier of 0.61 eV for the reaction~6! using the presen
TB model. Our calculated value of energy barrier is sligh
higher than the experimental result, yet comparable to
value of 0.58 eV fromab initio calculation. From our calcu
lation, the barrier along the linear reaction coordinate is a
carbon hydrogen bond length of 1.51 Å and a hydrog
hydrogen bond length of 0.73 Å, closer and shorter than
ab initio results17 of 1.47 and 0.93 Å, respectively.

Similar to Ref. 11, we also calculated polymerization
action as shown in Fig. 2. Initially, the geometries of C2H4
and C2H5 radicals are separate each other as shown in
2~a!, followed by approaching atom 3 towards atom 2@la-
beled in Fig. 2~a!# step by step to mimic the reaction betwe
C2H4 and C2H5. In each step, we fixed the positions of ato
2 and atom 3, and relaxed the rest of the atoms. The
reactants, C2H4 and C2H5, will interact with one another
when the distance between the two carbon atoms~2 and 3! is
less than the cutoff value of C-C. The final geometry sho
in Fig. 2~b! is obtained through full relaxation. We found th
there is an energy barrier of 0.4 eV in this reaction, which
close to experimental values ranging from 0.25 to 0.36 e18

Another test of this model is to check the accuracy of
interaction between hydrogen and diamond surfaces. We
lected a slab model to mimic the clean diamond (100)
31) surface with respect to the chemical vapor deposit
~CVD! diamond film growth. The slab used here consists
12 atomic layers with 384 carbon atoms, the two surface
a slab are identical due to the inversion symmetry in it. All

TABLE IV. Atomization energies of selected hydrocarbons. T
energies are in eV/atom.

This work TB ~Ref. 9! TB ~Ref. 7! Experiment~Ref. 15!

CH4 23.45 23.52 23.52 23.52
C2H2 23.98 24.38 24.08
C2H4 23.85 23.93 23.99 23.93
C2H6 23.79 23.75 23.81 23.71
C6H6 24.81 24.79 24.97 24.79
15540
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the atoms in the slabs are allowed to be relaxed until
largest force on an atom is less than 0.01 eV/Å. After rel
ing, we found that the basic feature in the diamond~100!
(231) surface is symmetric dimer reconstruction. The bo
length of dimers and spacings between different atomic l
ers in the clean surface are consistent with those fromab
initio calculations,19,20 as listed in Table V. In particular, ou
calculations also show that there are bucklings in the th
and forth interlayer spacings. The bucklings in both spaci
are found to be 0.20 and 0.04 Å, respectively, in which,
compared with literature,20 the value of the former is much
closer to the buckling of 0.26 Å from LDA calculation, an
the latter is yet much lower than the LDA value of 0.16 Å
To go further, the above clean reconstruction is covered w
a monolayer of hydrogen atoms. After full relaxation, w
found that the main feature of the hydrogen-terminated s
face also matches the LDA results19,20 and LEED ~low-
energy electron diffraction! measurement21 well, as summa-
rized in Table VI. Notably, LEED results21 indicated that the
second interlayer spacing in the hydrogenated diam
(100)(231) surface is 0.96 Å with 0.06 Å error. This, i
other words, corresponds to a 3.4% expansion relative to
bulk spacing. Clearly, the LDA results listed in Table V
cannot describe such expansion, yet the calculated interl
spacing from present model accords with the results fr
LEED measurement21 very well. In addition, the buckling
with 0.18 Å in the third interlayer spacing was found to

FIG. 2. The reaction for the polymerization of ethene.~a! Initial
geometry,~b! final geometry.
en

TABLE V. A comparison of results from calculations for clean diamond (100)(231) reconstruction.

l C2C is the dimer bond length of carbon atoms in surface,D stands for the change of the spacing betwe
concerned atomic layers relative to the value of bulk-terminated structure.

This work TB ~Ref. 9! TB ~Ref. 6! LDA ~Ref. 19! LDA ~Ref. 20!

l C2C (Å) 1.342 1.398 1.398 1.40 1.37
D12 (%) 221.0 225.4 224.8 224.0 224.0
D23 (%) 11.0 17.2 18.26 13.0 13.0
8-4
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TABLE VI. A comparison of results from calculations and experiment for H terminated diamond (
3(231) reconstruction.l C2C and l C2H are the dimer bond length of carbon atoms in surface and the b
length between carbon atom and hydrogen atoms, respectively.D stands for the change of the spacin
between concerned atomic layers relative to the value of bulk-terminated structure.

This work TB ~Ref. 9! TB ~Ref. 6! LDA ~Ref. 19! LDA ~Ref. 20! Expt. ~Ref. 21!

l C2C (Å) 1.57 1.62 1.62 1.67 1.61 1.55–1.65
l C2H (Å) 1.06 1.09 1.12 1.17 1.01
D12 (%) 212.0 28.20 29.24 23.0 29.0 27
D23 (%) 11.1 10.7 112.71 20.3 20.2 3.4
Å
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which is in excellent agreement with the value of 0.19
from LDA calculation. We furthermore considered an a
straction of a hydrogen atom from the hydrogenated d
mond (100)(231) surface. Our calculation shows that th
reaction is endothermic, with reaction energy of 2.9 eV,
ing lower than the LDA result of 4.18 eV.22 We also esti-
mated the reaction energy when a H atom is abstracted from
the monohydride dimer of diamond (100)(231) surface by
the vapor H radical, the reaction energy of 0.10 eV is p
dicted based on our calculations, being higher slightly th
the reaction energy of 0.04 eV from LDA calculations.22

Finally, the formation energy of one hydrogen atom as
interstitial impurity in crystalline diamond has been carri
out in supercell approximation. The supercell contains
carbon atoms and a single hydrogen atom. The hydro
atom is located at three typical sites within the crystallin
i.e., T ~tetrahedral!, AB ~antibonding site lying in direction
opposite to a C-C bond!, and BC~bond center! sites. Taking
the cohesive energy of configuration withT site as a refer-
ence, the relative cohesive energies of BC and AB sites
20.50 and 0.03 eV, respectively, implying that configurati
with the BC site is more stable than the others. Previou
several groups23–25 have calculated the relative cohesive e
ergies of BC in an approximation of clusters by using
initio calculations, the predicted relative energies of BC s
range from22.7 to 20.95 eV, among which the value o
v.
s,

-

g

.

rf.
i,
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20.95 eV is the latest. So, the relative cohesive energy
BC configuration from our calculation is underestimated. A
ter examining the geometry of BC configuration, we fou
that the hydrogen atom at the BC site causes an elongatio
the C-C bond by 46% from our calculations, being consist
with the value of 50% from previous calculation using
local spin-density approximation.26

IV. SUMMARY

In conclusion, we have developed a tight-binding mod
for hydrocarbons based on a previous carbon tight-bind
model. The present model predicts the energies and st
tures of small hydrocarbon molecules, hydrogen atoms a
interstitial impurity within bulk diamond, and hydrogenate
diamond (100)(231) surface correctly. These prediction
together with the excellent agreement of energy barriers
some typical reactions with previous results demonstrate
this model has a good transferability. We anticipate that t
potential model will be useful for the molecular-dynami
simulation studies of the growth of synthetic diamond film
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