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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 (200) (&urface by the vapor H
radical. The kinetic behavior of polymerization reactions is correctly predicted too.
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. INTRODUCTION cently, Tuyarotet al’®> have employed this modified TB
model to compute the energies, structures, and elastic prop-
Atomistic computer simulation has become a powerfulerties of polyacetylene isomers; they found that the resulting
tool in our understanding of complicated matter. Nowadaysgeometries and Young's moduli of the polyacetylene isomers
computer power increases rapidly, enabling us to simulat'® In €xcellent agreement with those from previabsnitio
more complex systems than before. On the other hand, SC§_aI.cuIat|ons, whereas some electron|c—structurg-related prop-
entists develop theoretical methods and efficient algorithm rties of the polyacetyler)e C°“"3 not be described. Ove.fa"'
in an attempt to deal with large complicated systems. Fof € TBf mpdel fr'om Horsflel¢t ".’II' has a good transferabil-
example, developin@(N) algorithms and generating tight- ity, which is available for realistic research although there are

binding (TB) potentials are attractive intensivel{D(N) ![|_m|tat|(]3r:rs]_ In it §S| mentpn_edta(ltj)ofve. I?ﬁsut:ally, fthebl_||r_1t1|ta-f
method, which is characterized with linear scaling with re- lons of this modet are originated irom (he transterability o

spect to the size of a system, is a promising tool for thdnteractions of C-C, C-H, antbr) H-H. Thus enhancing the

large-scale calculations of the electronic structures of hug&r"’meer""bIIIty of a TB”modeI for hydrocgrbon means tq im-
systems. The TB method, as we know, offers a good comP®V€ the transferability of the three kinds of interactions.

romise between the first-principle techniques, which are'*c noted that for the interactions of C-C, an environment-
P P b q dependent TB potential has been proposed more recéntly.

more accurate but much more costly, and empirical pote . . . ;
y P P nighe correction of environment dependent in this TB model

tials, which are cheaper to use but often not transferable t . . . . .
configurations being different from the fitted. Therefore or carbon is achieved by !ntroducmg rescaled d!stance be-
een atoms and a screening factor into the matrix elements

people can simulate some large complicated systems to g S ) . :
insight into concerned physical properties by using transferad pairwise interaction. Either of the rescaled distance and
able TB methods. the screening factor are the function of the number of atoms

There are many TB potentials developed so far, and nu\!vhich are located within overlap cutoff range of two inter-

merous significant results have been obtained within th&cting atoms. The more the number of the atoms within the
scheme of the TB methddHowever, as we know, the trans- overlap_ range is, the weakgr the |n.ter'act|on petween the two
ferability of any developed TB potential is limited to some atoms is. The transferability of this interesting carbor_1 TB
extent, because the on site and intersite terms as well odel was demonstrated_ to be better than freployed in
repulsive potential in the TB formalism are parametrizedt e above two TB potent!als. S . .
simply, also the basis set is minimal usually, and the fitting On the other hand, investigating reactions during the

procedure is artistic. Until now, generating TB potential with growth of d'?mo_”d f||m§ as yvell as thg Interaction bgtween
high quality has been a challenging task free polymerization radicals is also paid much attention. As

Recently, developing TB potential models is not only fo- we know, the processes of the reactions are governed by the

cused on systems consisting of one kind of element, but aISginetic behavior. On the theoretical side, it is significant to

extended to some binary systems such as33EaN?* SiH 5 evelop a TB model to correctly describe kinetic behavior of
CH%and so on. Especially, for hydrocarbon TB ’mode'l weSome reactions. For this purpose, we develop a version of TB
noted that Devidson and Pickett repofté¢ieir TB potential model;orP¥%rocaéb?n;€HT§£ﬁbgsed onlthe Env'rt%mtnﬁ]m'
based on the TB parameters for the C-C interactions given igepen ent b model of carbonour resuits snow that this

Ref. 10. This set of TB parameters shows a good result o HTB can describe the structures and energies of many dif-

hydrogenated diamond surfaces. Later on, Horsfeldl® erent hydrocarbons as well as energy barriers of some typi-
' ) cal reactions.

proposed a different version of TB model for hydrocarbon by
improving the version of Devidson and Pick&from which
most of the tested results are in excellent agreement with

experimental values or accuraad initio results except for In tight-binding approximation, the Hamiltonian is given
the kinetic behavior of polymerization reactiohisMore re- by

IIl. METHOD
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TABLE |. The parameters for C-H and H-Hk;, is in eV, the others are dimensionless.

ay a, ag ay S Wy

sso (C-H) —6.0507 0.07895 0.06860 3.89720 1.62 0.08
spo (C-H) 6.1105 0.00458 0.02860 3.08320 1.62 0.10

¢ (C-H) 12.00271 0.28742 0.34878 0.90000 1.5828 0.07649
sso (H-H) —4.97593 0.60000 0.39830 6.00000 0.98 0.082
¢ (H-H) 4.10159 1.80000 1.20580 1.17483 0.98 0.042

HTB:iE SlayaiJ,raai,a"‘i JZﬁ Ul&{ﬁ(ri,J)aiTan,ﬁ' )
, ),a,

Here, « and 8 stand for the atomic orbitals, angj for the
labels of the atoms:}, is atomic orbital energy of orbitak

where(r; ;) is a pairwise potential for atonmisandj, andf

is a functional expression of polynomial, is the eigenvalue
of the kth energy leveln, is occupation number in energy
level k.

Generally, the bonding characters of C-C, C-H, and H-H

in atomi, UIOL{,B is the hopp|ng parameters between atomicin a ComplicatEd hydrocarbon SyStem are different from one

orbital @ of atomi and atomic orbita]3 of atomj. As usual,
2s and 2p orbitals for carbon and g orbitals for hydrogen

atoms are taken into account in this TB model.
The total energy is written as

Eiot=Epst Erep )

where the band structure enerys= =y “ncey, and the re-

pulsive energy is expressed as a function as below,

Erep=2) f@ ¢<ri,,->),

matrix elements (eV)

-10 ‘ :

0 1 2

FIG. 1. Matrix elements ohS "

ones for the cases with,=1.
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another, which can be roughly characterized by different co-
ordination numbers of C or H. For carbon, Taegal 1 re-
ported that the bonding environment correction does strik-
ingly improve the fitting energy band structures and cohesive
energy curves for the various phases that are characterized
by different coordination numbers such as 2,3,4,6,8, and 12,
totally. However, owing to the fact that the coordination
number of H atoms are no more than 2, predominantly are 1,
we thus believe that the interaction between C and H is much
localized as well as monotonous so that the bonding environ-
ment correction nearby a bonded H atom is not so important.
As a consequence, we utilize simple formulas without cor-

25

pair potentials (eV)

r (Angstrom)

(r) (squarg andht "(r) (diamond in panel(a), and pair potentials of(r)¢ "
(triangle up and ¢(r)" " (triangle down in panel(b). The solid symbols stand for the cases appended by cutoff function, and the hollow
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TABLE II. The coefficients of the polynomial function. Clearly, in comparison with the cases without cutoff func-

tion, the amplitudes of the hopping matrix elements and pair

Co (eV) c; (ev'h) ¢z (eV?) function appended with cutoff function decay rapidly when
(C-H) 0.00001 0.54437 0.00298 r<1.9 A for C-H, and nearly vanish when<1.3 A for
(H-H) 0.001 0.60000 0.001 H-H. As a consequence, the cutoff functions used here do

effectively shorten the interaction range between atoms.

These allow us to take 1.9 A as the cutoff for C-H, and

rection of bonding environment arodira H atom to express 1.3 A as the cutoff for H-H in this model, reasonably.

the interactions of C-H and H-H. To perform molecular-dynamics simulation using the TB
In detail, the formulas together with related parameters ofnodel, it is necessary to obtain the attractive forces and re-

on site, hopping terms and pairwise potential for pure carbofulsive forces on atoms. The former is obtained according to

systems are adopted from Ref. 13. The on site terms corrghe Hellmann-Feynman theorem, and the latter is directly the
sponding to hydrogen are set simply equal to the atom"@radient ofE

orbital energy of hydrogerg! . The value ofEY is taken to

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

rep-

Ill. RESULTS

In order to reveal the properties of the generated model as
described in Sec. Il, we chose molecules, surfaces, and bulk
for test. In the following calculations, there is no periodic
condition imposed for molecular systems, but the periodic

_ L -1 conditions are applied for surfaces and bulks. In addition, we
Fe=t1+exd(r —ro)/wal} ® employ supercells to mimic the surface systems and the
rij denotes the distance between atomsand j, ay(k bulks concerned, the poikt=0 of the reciprocal lattice is
=1,2,3,4),r. andwy are parameters determined through fit- thus taken into account only.
ting. The role off, in Eq. (4) is to truncate the interactions We begin with we test for some small hydrocarbons, such
between atoni andj in a smooth manner. In the expression as CH, CH, CH;, CH,, C,H,, C,H,, C,Hg, and GHg. All
of repulsive energy above, the polynomiadf second order of these molecules are fully relaxed. Tables Il and IV, re-
for C-H and H-H is used in this model. spectively, list the calculated bond lengths, bond angles, and

The parameters in this model are obtained through fittingzohesive energies of the selected molecules together with
to LDA (local-density approximationresults (i.e., energy related experimental values. Our calculated bond lengths and
levels and cohesive energiesf small hydrocarbon mol- bond angles of these molecules are in excellent agreement
ecules, the obtained parameters are summarized in Table |. With those from experimenif, and the calculated energies are
order to show the effect of the cutoff function in E¢), we,  also consistent with experimental orfés.
based on Eq(4) and the related parameters in Tables | and Consequently, it is important to examine the features of
I, calculated the distance dependence of hopping matrix elthis model in estimation of barriers for some typical reac-
ements and pair functions for both C-H and H-H, as well agions, for example, the reactions between radicals, hydrogen
the distance dependence whegs=1, as shown in Fig. 1. and radicals, hydrogen and diamond surfaces. One of the

h(rij)zalraazexq—ag,rfj“"]fc. (4)

Here, the cutoff function

TABLE Ill. A comparison of bond lengthéin A) and related bond anglgs degre¢ 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 1.11CH) 1.138CH) 1.12CH)
CH, 1.16/CH) 1.134CH) 1.11(CH)
99.1(HCH) 98.6HCH) 102.4HCH)
CH;, 1.10CH) 1.114CH) 1.08CH)
120.QHCH) 116.8HCH) 120.QHCH)
CH, 1.1QCH) 1.09CH) 1.116CH) 1.09CH)
C,H, 1.09CH), 1.20C0Q) 1.23CO) 1.099CH), 1.206CC) 1.06C-H), 1.207C-C)
C,H, 1.16CH), 1.30CC) 1.074CH), 1.338CC) 1.113CH), 1.321CC) 1.08CH), 1.33CC)
120.5CCH) 121.QCCH) 116.3CCH) 121.4CCH)
119.3HCH) 117.8§HCH) 117.8§HCH)
C,Hg 1.19CH), 1.44CC) 1.119CH), 1.503CQO) 1.09CH), 1.526CC)
109.8CCH) 110.9CCH)
109.1HCH) 108.QHCH) 107.4HCH)
CsHs 1.13CH), 1.371CC) 1.114CH), 1.389CCO) 1.09CH), 1.397CCO)
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TABLE IV. Atomization energies of selected hydrocarbons. The
energies are in eV/atom.

This work TB (Ref. 9 TB (Ref. 7 Experiment(Ref. 15

CH, -345 —352 —-3.52 ~352
C,H, —3.98 ~4.38 —4.08
CH, -385  —3.93 -3.99 ~3.93
CHs —379  —3.75 -3.81 ~-3.71
CeHe —481  —4.79 —4.97 —4.79

typical reactions between hydrogen and hydrocarbons is

It was experimentally revealed that there is an energy bar-
rier of 0.52 eV in the above reactidh.On the theoretical
side, simulated by usingb initio methods, the theoretical
energy threshold of the reactidf) along the reaction coor-
dinate withC5, symmetry was estimated to be around 0.58 FIG. 2. The reaction for the polymerization of ethe®.Initial
eV’ Following the previous calculation, we obtained an en-geometry,(b) final geometry.
ergy barrier of 0.61 eV for the reactidf) using the present
TB model. Our calculated value of energy barrier is slightlythe atoms in the slabs are allowed to be relaxed until the
higher than the experimental result, yet comparable to théargest force on an atom is less than 0.01 eV/A. After relax-
value of 0.58 eV fromab initio calculation. From our calcu- ing, we found that the basic feature in the diamdga60
lation, the barrier along the linear reaction coordinate is at §2x 1) surface is symmetric dimer reconstruction. The bond
carbon hydrogen bond length of 1.51 A and a hydrogeriength of dimers and spacings between different atomic lay-
hydrogen bond length of 0.73 A, closer and shorter than thers in the clean surface are consistent with those fedm
ab initio resultd’ of 1.47 and 0.93 A, respectively. initio calculations:>?°as listed in Table V. In particular, our

Similar to Ref. 11, we also calculated polymerization re-calculations also show that there are bucklings in the third
action as shown in Fig. 2. Initially, the geometries gfHz  and forth interlayer spacings. The bucklings in both spacings
and GHs radicals are separate each other as shown in Figare found to be 0.20 and 0.04 A, respectively, in which, as
2(a), followed by approaching atom 3 towards atonjl&  compared with literaturé the value of the former is much
beled in Fig. 2a)] step by step to mimic the reaction between closer to the buckling of 0.26 A from LDA calculation, and
C,H, and GHs. In each step, we fixed the positions of atom the latter is yet much lower than the LDA value of 0.16 A.
2 and atom 3, and relaxed the rest of the atoms. The twdo go further, the above clean reconstruction is covered with
reactants, ¢H, and GHs, will interact with one another a monolayer of hydrogen atoms. After full relaxation, we
when the distance between the two carbon at@®rend 3is  found that the main feature of the hydrogen-terminated sur-
less than the cutoff value of C-C. The final geometry showrface also matches the LDA resdft€® and LEED (low-
in Fig. 2(b) is obtained through full relaxation. We found that energy electron diffractionmeasuremeft well, as summa-
there is an energy barrier of 0.4 eV in this reaction, which isrized in Table VI. Notably, LEED resuftSindicated that the
close to experimental values ranging from 0.25 to 0.38%V. second interlayer spacing in the hydrogenated diamond

Another test of this model is to check the accuracy of the(100)(2x 1) surface is 0.96 A with 0.06 A error. This, in
interaction between hydrogen and diamond surfaces. We sether words, corresponds to a 3.4% expansion relative to the
lected a slab model to mimic the clean diamond (100)(2bulk spacing. Clearly, the LDA results listed in Table VI
X 1) surface with respect to the chemical vapor depositiortannot describe such expansion, yet the calculated interlayer
(CVD) diamond film growth. The slab used here consists ofspacing from present model accords with the results from
12 atomic layers with 384 carbon atoms, the two surfaces ihEED measuremefit very well. In addition, the buckling
a slab are identical due to the inversion symmetry in it. All of with 0.18 A in the third interlayer spacing was found too,

TABLE V. A comparison of results from calculations for clean diamond (108){2 reconstruction.
lc_c is the dimer bond length of carbon atoms in surfakestands for the change of the spacing 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

le_c (A) 1.342 1.398 1.398 1.40 1.37
Ay, (%) -21.0 —25.4 —24.8 —24.0 —-24.0
Ayg (%) +1.0 +7.2 +8.26 +3.0 +3.0
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TABLE VI. A comparison of results from calculations and experiment for H terminated diamond (100)
X(2x1) reconstructionle_¢ andl_ are the dimer bond length of carbon atoms in surface and the bond
length between carbon atom and hydrogen atoms, respectivestands for the change of the spacing
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. 20

le_c (A) 1.57 1.62 1.62 1.67 1.61 1.55-1.65
leen (A) 1.06 1.09 1.12 1.17 1.01

Ay, (%) ~-12.0 -8.20 -9.24 -3.0 -9.0 -7

Ayg (%) +1.1 +0.7 +12.71 -0.3 -0.2 3.4

which is in excellent agreement with the value of 0.19 A —0.95 eV is the latest. So, the relative cohesive energy of
from LDA calculation. We furthermore considered an ab-BC configuration from our calculation is underestimated. Af-
straction of a hydrogen atom from the hydrogenated diater examining the geometry of BC configuration, we found
mond (100)(2< 1) surface. Our calculation shows that this that the hydrogen atom at the BC site causes an elongation of
reaction is endothermic, with reaction energy of 2.9 eV, bethe C-C bond by 46% from our calculations, being consistent
ing lower than the LDA result of 4.18 i We also esti- with the value of 50% from previous calculation using a
mated the reaction energy wha H atom is abstracted from local spin-density approximatic.

the monohydride dimer of diamond (100)X2) surface by

the vapor H radical, the reaction energy of 0.10 eV is pre- IV. SUMMARY

dicted based on our calculations, being higher slightly than In conclusion, we have developed a tight-binding model

the reaction energy of 0.04 eV from LDA calculatiofis. for hydrocarbons based on a previous carbon tight-bindin
Finally, the formation energy of one hydrogen atom as an y P 9 9

interstitial impurity in crystalline diamond has been carriedmOdel' The present model predicts the energies and struc-
out in supercell approximation. The supercell contains 6iutres totf Slma” hY?rOC.?r:bog rrkolg,jcules,dhydr((j)gr?ndatoms ?sdan
carbon atoms and a single hydrogen atom. The hydrogeﬁ;r;i):]': ('%%l;r('% i’;' sll:]rfalcj:e C(')ar?;(;g ’_?_Resey rr?e%?cnt?oﬁs
atom is located at three typical sites within the crystalline,t i h th llent ¥ f P barri f
i.e., T (tetrahedral AB (antibonding site lying in direction ogetner wi € excetent agreement of energy barmers o

; ; . some typical reactions with previous results demonstrate that
opposite to a C-C bondand BC(bond centersites. Taking . . g .
the cohesive energy of configuration wilhsite as a refer- this model has a good transferability. We anticipate that this

ence, the relative cohesive energies of BC and AB sites ar%otentiql mode! will be useful for the mollecuilar-dynarnics
—0.50 and 0.03 eV, respectively, implying that configurations'mUIat'on studies of the growth of synthetic diamond films.

with the BC site is more stable than the others. Previously,
several groupS~2>have calculated the relative cohesive en-
ergies of BC in an approximation of clusters by using ab This work was partially supported by the Fund of Chinese
initio calculations, the predicted relative energies of BC siteAcademy of Science, the Fund of Education Department of
range from—2.7 to —0.95 eV, among which the value of China, and the NSFC with Grant No. 69876035.
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