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Environment-dependent tight-binding potential model
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We present a tight-binding model which goes beyond the traditional two-center approximation and allows
the hopping parameters and the repulsive energy to be dependent on the binding environment. Using carbon as
an example, we show that the approach improves remarkably the transferability of the tight-binding model. The
properties of the higher-coordinated metallic structures are well described by the model in addition to those of
the lower-coordinated covalent structures.

Tight-binding molecular dynamic6TBMD) has recently is inadequate. In order to generate a tight-binding model that
been emerging as a useful and powerful scheme for atomistisas good transferability over a wide range of coordination
simulation study of structural, dynamical, and electronicnumbers, one can include multicenter interactions by allow-
properties of realistic materialsThe advantages of TBMD ing the interatomic interactions to depend on the binding
are that it includes explicit quantum-mechanical calculationgnvironment.
into molecular dynamics and it is much faster tlemninitio In this paper, we present an approach that goes beyond
methods. The scheme becomes even more attractive amcditional two-center approximations and allows the tight-
promising due to recent developments in orblealgorithms  binding parameters and the repulsive potential to be depen-
for electronic calculation and the use of paralleldent on the bonding environment. We tested this model for
computers—° Nevertheless, generating accurate and transfethe case of carbon and show that, in contrast to previous
able tight-binding models for molecular dynamics simulationtwo-center models, the new approach describes properly the
of realistic materials is still a very challenging task. In the higher-coordinated metallic structures in addition to the dia-
last several years, a lot of effort has been devoted to thenond, graphite, and linear chain structures.
development of transferable tight-binding potentfat¥’ Re- In this approach, the environment dependence of the hop-
sults from these studies indicated that the tight-binding apping parameters is modeled through incorporating two new
proach is quite successful for strongly bonded covalent sysscaling functions into the traditional two-center integrals.
tems such as carbon and silicon. However, even for thes€he first one is a screening function, which mimics the elec-
systems, the accuracy of existing models for the highertronic screening effects in solids such that the interaction
coordinated metallic structurege.g., simple-cubic,B-tin, strength between two atoms in the solid becomes weaker if
bce, and fce structurgsre still far from satisfactory. there are intervening atoms located between them. This ap-

We note that previous work on tight-binding potentials proach allows us to distinguish between first- and farther-
almost invariably adopts the two-center approximation forneighbor interactions within the same interaction potential
the hopping integrals> While the two-center approximation without having to specify separate interactions for first and
greatly simplifies the TB parametrization, neglecting multi- second neighbors. The second function scales the distance
center interactions is justified only when the electrons ardetween two atoms according to their effective coordination
well localized in strong covalent bonds. For systems wher@umbers. Longer effective bond lengths are assumed for
metallic effects are significant, the two-center approximatiorhigher-coordinated atoms. The strength of the hopping pa-

TABLE |. The parameters obtained from the fitting. The tight-binding parameters are in the unit of eV and the
interatomic distances are in the unit of A.is dimensionless.

a; az ag ay B B2 Bs )
Vssr —8.9491 0.8910 0.1580 2.7008 2.0200 0.2274 4.7940 0.0310
Vsp{, 8.3183 0.6170 0.1654 2.4692 1.3000 0.2274 4.7940 0.0310
Vope 11.7955 0.7620 0.1624 2.3509 1.0400 0.2274 4.7940 0.0310
Vpp17 —5.4860 1.2785 0.1383 3.4490 0.2000 8.5000 4.3800 0.0310
[ 30.0000 3.4905 0.00423 6.1270 1.5035 0.205325 4.1625 0.002168
Aeg, Aep 0.79881 0.029681 0.19667 2.2423 0.055034 0.10143 3.09355 0.272375
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TABLE II. The coefficients(in unit of eV) of the polynomial functiorf ().

Co c C, Cs C4

12.201499972 0.583770664 0.33641890D 3 —0.5334093735 10 4 0.765071719% 10 ©

rameters between atomandj is therefore dependent on the nearest-neighbor interactions dominate. Note that expression
coordination number of the atoms: weaker interaction(1) reduces to the traditional two-center form if we Bgt =
strength for larger-coordinated structures. This model pref;; andS;;=0.

serves the two-center form of the tight-binding hopping in-  The screening function is modeled as

tegral while taking multicenter effects into account.

We use a minimal basis set of oseand threep atomic _expi&i;) —exp(— &) @
orbitals to construct the tight-binding Hamiltonian for carbon I exp( &) rexp(— &)’
with the hopping parameters and the pairwise repulsive po-
tential expressed as with
—a @ Fip+rj Fs
h(rij)zalRij Zexq_a3Rij4](1_Sij)- (1) EU-:Blzl ex%_ﬂz - }, (3)
ij

In this expressionh(r;;) denotes the possible types of whereg,, B,, and B; are screening parameters. Note that
interatomic hopping integral®/ss;, , Vsps s Vppos Vppr, OF &j depends not only on the distance between atoarsdj,
pairwise repulsive potentiap(r;;) between atoms andj. but also on the positions of the neighbors of atanadj.
rij is the real distance arf@; is the scaled distance between The maximum screening effect occurs when the atoim
atomsi andj [see Eq.(4)]. S; is a screening function. The just sitting on the line connecting the atomsand j
parametersy;, a,, as, ande, and parameters for the scal- (rj +ry; is minimum. The screening function decays rapidly
ing functionR;; and the screening functidg); can be differ-  when the neighboring atoms move away from the line join-
ent for different hopping integrals and pairwise repulsive po-ing atomsi andj. The screening function varies smoothly
tential. These parameters will be determined in the fittingirom 0 to near 1 a$ is increased.
procedure. In general, we require tt&t is near 0 ifi and] The scaling between the real and effective interatomic
are nearest-neighbor atoms, and close to 1 otherwise so thdistance is defined by
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0.0 TABLE IV. Elastic constants, phonon frequencies, andr@isen param-
(a) fcc eters of graphite calculated from the present TB model are compared with
= _50. \}i—_ the previous TB mode(Ref. 9 and experimental resuli®Ref. 19. Elastic
g T N - constants are in units of ¥dyn/cn? and the phonon frequencies are in
= hertz.
§ 4.0 \———-‘- bec terahertz
Q2 linear chain ™~ g¢ Present Previous
model model Experiment
> -6.0
> . C11—Cia 8.94 8.40 8.80
< _g.0- >~ diamond Eaq 48.99 49.92 47.46
W] - - 2
graphite Aoy 26.07 29.19 26.04
¥(Ezg,) 1.73 2.00 1.63
-10.0 | | . | | YAy 0.05 0.10
1.2 1.4 16 1.8 20 22 24
Nearest-neighbour distance (A)
0 The effective coordination number is given by
2 gi=2 (1-S)), (5)
_ j
§
5 4 whereS;; is also in the form of the screening function de-
S fined abovdbut with different parametersNote that when
2 6 andj are nearest-neighbor atonf§; is close to 0 andy;
) counts almost one neighbor. On the other hahgdis close to
w.g 1if i andj are not nearest-neighbor atoms, so thatounts
Graphite only a small fraction of a neighbog; defined as(5) thus
- 01'2 . 1'4 l 1I6 ' 1!8 ‘ 2'0 provides a continuous and smooth function for counting the
- ‘ : S N neighbors. In this paper, the parametersSprin Eq. (5) are
Nearest-Neighbor Distance (A) g pap b 39 a. (5

chosen before the band structures and binding energies are
FIG. 2. (a) The binding energies as a function of nearest-neighbor dis-fltted' These_ parameters arg;=2.0, ,=0.0478, and
tance for carbon in different crystalline structures calculated using theB3=7.16. Using these parametes, are calculated to be
present TB model are compared with the results from the first-principle2.08639, 3.17678, 4.41022, 6.23620, 10.38529, and
LDA (with gradient correctioncalculations. The solid curves are the TB 11.89829 for the linear-chain, graphite, diamond, simple-
results and the dashed curves are the LDA res(BisThe results obtained cubic, bec, and fcc structures, respectively. These values give
from the two-center TB model of Ref. 9. The LDAresuliashed curvésn 5 yazsonable representation of the effective coordinations in
(b) are calculated without gradient correction.
these structures.
Besides the hopping parameters, the diagonal matrix ele-
} 4) ments in this model are also dependent on the bonding envi-
' ronments. The expression for the diagonal matrix elements is

o
Rij:rij 1+§

gi—go)+(gj—go
o 9o

whereg; andg; are the effective coordination numbers of _

atomsi andj, andg, denotes the coordination number for a eNi_eNO*’; Aey(rij), ©®
reference atom in a reference structure. We will use the dia-

mond structure as the reference structure for group IV elewhereAe,(r;;) takes the same expression as Eg.and\

ments. denotes the two types of orbitals or p). ;o ande,  are
chosen to be-6.041 and 1.024 eV, respectively.
TABLE IIl. Elastic constants, phonon frequencies, and iGisen pa- Finally, we express the repulsive energy term in a func-

rameters of diamond calculated from the present TB model are comparetional form as in the previous tight-binding model for carbon
with previous TB mode(Ref. 9 and experimental resultRef. 18. Elastc  developed by Xwet al. ,9 that is,

constants are in units of ¥dyn/cn? and the phonon frequencies are in
terahertz.

Eiep= f rii 7

Present Previous rep E' 2 b ”)>’ @)
model model Experiment

a (h) 3585 3.555 3567 where_¢>(rij) is a pairwise potential between atotinand j _

B 4.19 4.56 4.42 andf is a functional expressed as a four_th-order polynomial

C11~ C12 9.25 6.22 9.51 with argumentx=2;(ry;), i.e., f(x)=22;gcnx”.

Caa o A e The parameters in the model are determined by first fitting

,,i?x“)) 2573 52 42 2420  to the electronic band structures and then the cohesive en-

Yros) 32.60 33.75 32.0 ergy versus volume curves for linear chain, graphite, dia-

UAX) 30691; 3146735 359-2 mond, simple cubic, bcc, and fcc structures, respectively ob-

g"f) 030 016 : tained from the self-consistent first-principles density-

VTO((X)) 1.50 1.10 functional calculations. The local density functional

NAX) 0.98 0.62 calculations were performed using the Ceperly-Alder local

exchange-correlation energy as parametrized by Perdew and
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Zunger® gradient corrections for the exchange-correlationclear that the present tight-binding model improves signifi-
energy were also included following the generalized gradientantly the transferability of the model to describe the ener-
approximation proposed by Perdew and Wah@he elec- gies of the metallic structures. The model also describes ac-
tronic wave functions were expanded in a mixed basis sefurately the binding energy of the hexagonal diamond
containing plane waves up to an energy cutoff of 25 Ry andstructure, which is about 0.2 eV/atom higher than that of
4 localized orbitals per carbon atom. The sampling grid foreypic diamond.

Brillouin zone integration _of the total-energy and electronic  \we have also calculated some phonon frequencies and
charge calculations contains 60, 90, 50, 165, 165, andk146 g|astic constants for diamond and graphite structures. The
points, respectively, for the diamond, graphite, linear chainyeg its are listed in Tables 11l and IV in comparison with the

an?_rt]hef.ts{!mp!e CUE'C’ bc(cj;, a}tnhdhfcc §tructu'rehst. the | results of previous TB models and experimental values. The
ener N clji;nrgc;?\dperrzrmﬁe V\gn d lﬁ]ae\g?rc\g:i'r? stﬁﬂ:t (;ng\;er_ results also show overall improvements over the previous
"9y » graphite, model using the two-center approximation. In particular, the

10 times the weight for bcec and fcc structureBecause the : . .
hglastlc constants of diamond obtained from the present

use of a minimal basis set is inadequate for describing t del . h bett t with th i al
higher-energy bands, we focus our fitting on the oc:cupiedno €l aré in much betler agreement wi € experimenta

energy bands and some states above but near the Fermi levif@- The vibration frequencies calculated at zero tempera-
Additional checks have also been made to ensure that tH&re are slightly higher than the experiment values. Since the
model gives reasonable results for the elastic moduli an§XPerimental values are obtained at room temperature, we
phonon frequencies in the diamond and graphite structure§€lieve that the vibration frequencies from the present tight-
The parameters obtained from such fitting are listed in TableBinding model should be in even better agreement with ex-
| and 1. periments if one takes into account temperature effects.

In Fig. 1, the band structures obtained from the present In summary, we show in this paper an empirical scheme
model for carbon are compared with the first-principles cald0 incorporate environment dependence of interactions into
culation results. The tight-binding model reproduces venithe tight-binding model. We demonstrated that the inclusion
well the occupied bands for carbon crystalline structure®f three-center interactions into the tight-binding model im-
with coordination numbers varying from (Bnear chain to ~ Proves the transferability of the model to describe the higher
12 (fcc). The lower part of the conduction bands in simple- coordinated metallic structures. This approach is very suc-
cubic, bce, and fcc structures and the band gap in the digeessful in describing the band structures, banding energies,
mond structure are also fairly well described. Due to theand elastic and vibrational properties of carbon structures
absence of higher-energy orbitals in the basis set, our mod#&ith coordination numbers ranging from 2 to 12. We antici-
does not have a good fit to the conduction bands of the threleate that it will improve the transferabilities of the tight-
lower-coordinated covalent structures. However, a good debinding models for silicon, germanium, and transition-metal
scription of the occupied energy bands should be adequaglements.
for studying the total energies and structural properties of Ames Laboratory is operated for the U.S. Department of
condensed phases. Energy by lowa State University under Contract No.
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distance for carbon in different crystalline structures are prefor Energy Research, Office of Basic Energy Sciences, and
sented in Fig. @). Results from the previous tight-binding the High Performance Computing and Communications ini-
model of Xuet al.® using the two-center approximation is tiative, including a grant of computer time at the NERSC at
also shown in Fig. @) for the purpose of comparison. It is Livermore.
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