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Tight-binding models for compounds: Application to SiC
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A simple method for combining single element, tight-binding models into models for compounds is inves-
tigated. Using parameters fitted to silicon, carbon, indium, and phosphorous band structures, test cases for SiC
and InP band structures show excellent results, especially when on-site energy shifts are included through the
use of intra-atomic matrix elements. Two long-ranged silicon and carbon models are developed and combined
to test total energy results for silicon carbide. Total energies and band structures for the compound system are
in very good agreement with first-principles results, indicating that models for compound systems may be
readily produced from properly developed single element mofg&163-182@06)06631-3

[. INTRODUCTION inter-atomic parameters would describe interactions between
Si-Si, Si-C, and C-C. Additionally, the repulsive potential,
Tight-binding (TB) models have proven to be very useful which together with the electronic band structure energy
for the study of both semiconductor and metallic systemsgives the total energy, will likely also change depending on
especially in systems which are too large to study afa  whether the interaction is between Si-Si, Si-C, or C-C. The
initio techniques. A number of surface relaxations, clusterspn-site energies are held constant, presumably at some level
and bulk defects have been accurately analyzed via paramvhich would reflect the correct energies for a particular ar-
etrized, two-centered, tight-bindi@2CTB models:®De-  rangement of neighboring atoms.
spite the successes of TB techniques, the method has someHolding the on-site energies constant presents a drawback
notable limitations. One of the more important of these limi-to the models. First, the on-site energies, while often referred
tations is the treatment of compound or multielemental systo as atomic energies, are actually a combination of atomic
tems. Since most TB models are developed for systems conenergies and terms which depend on the arrangement and
posed of a single element, there is no specific path for usingype of neighboring atoms. As such, the on-site energies
these models in compound systems. In fact it appears ureould change noticeably with only moderate changes in the
known as to how much information is transferable from aneighboring atoms, and failing to make allowances for this
single elemen{SE) model to a model for a compound sys- fact can present a  significant limitation to
tem. Do SE models have only limited utility in making com- transferability!’'815 Even for a single element model, the
pound models or can models for compound systems be deffect of allowing the on-site energies to vary with changes
veloped directly from SE models? How transferable wouldin the neighboring atom locations is very noticealléor
such models be? These questions need to be addressed if Tl more complex compound system, not only can the intra-
models are to be developed and used as successfully in tlomic terms be important, but in some cases such ag SiO
compound environment as they have been in single elemeiand structures can be crucial to the understanding of the
systems. origins of various band shifts
We present here a simple method of using models devel- The other common approach to compound tight-binding
oped for SE systems to produce models for compound sysnodels allows for changes in the on-site energies, usually as
tems. By making accurate SE models which incorporate function of charge transfer, but sometimes as a function of
intra-atomic or crystal field parametefs?® a simple averag- the system straift’?>4*Since the on-site energies have a
ing of band structure parameters and repulsive energy termarge affect on charge flow, they represent a straightforward
results in a reasonable band structure and total energy modehy of controlling charge flow or of being determined from
for a compound system. While the most important interaccharge flow constraints. In these charge dependent models,
tion terms are the interatomic parameters, the intra-atomithe charge distribution must be solved in a self-consistent
terms provide a fine tuning mechanism to help describe shiftmanner. Some of these charge flow models are, therefore,
in on-site energies, due to the location and element type afeferred to as self-consistent tight binding modé&<TB).
the neighboring atoms. This fine tuning by the intra-atomicthe A drawback to these models is that the repeated diago-
terms has been shown to be important in Stfand structure nalizations(or equivalent technigyeneeded to determine the
studie$® and in silicon total energi€'s, but has not previ- charge density can seriously reduce the time advantage that
ously been used in total energy models for compound sysight binding has oveab initio methods. More importantly,
tems or for development of such models from SE models. the SCTB models do not parametrize the on-site interactions
Previous attempts at modeling compound systémithin ~ with respect to atomic position and atomic type, but instead
P2CTB generally fall into two categories. The first use charge flow criteria to effectively solve for the shifts in
category® relies almost completely on the interatomic pa-the on-site energies. Yet, P2CTB has had much success with
rameters to provide different values for interactions betweemarameterizing the interatomic interactions based on atomic
like and unlike atoms. Using SiC as an example, the separafmsitions and then transferring these interaction parameters
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to systems of interest. Therefore, it would seem equally validlater and Kostet! In an orthogonak p® basis for example,

to parametrize the shifts in the on-site energies in terms olve would have Hgg,(rij), Hspo(rij), Hppo(rij), and

the intra-atomic interactions and then use these parameteid,,, (rj;).

rather than self-consistently “solve” for them. Additional terms relating to the free, neutral atom are
The following section outlines the basic TB framework to written as

be used here and suggests a simple method for describing

compound interactions based on single element information. aBo=(ia|T+V||iB). (8

This method is then used to show that compound band struc-. ) )

tures for SiC and InP can easily be reproduced from param>ince these terms have no dependence on neighboring atoms,

eters found by fits to individual band structures of silicon, they are constant with respect to changes in the neighboring

carbon, indium, and phosphorus. Finally, the silicon and caratoms. For a&p® basis,a 8, reduce tos, and py, since the

bon band structure fits are developed into total energy mocRtomic orbitals are orthogonal to each other.

els for each element, and the models are combined to study The third set of parameters, the intra-atomic terms, are

SiC. It will be shown that the band structures and total enerWritten as

gies for SiC are in good agreement wib initio data, and ) )

indicate that compound models can be developed almost di- i, =i “|Vj|':3>- ©

rectly rom single element models. As with the interatomic terms these are parametrized as a

function of interaction type and distancels,(rj;),
Il. METHOD Lspo(Fij)s Tppo(rij), andlpp,(rij). Chadi has shown that the
The cohesive energl, in a two centered TB model as angular dependence for these terms is the same as for the
used here is ¢ interatomic terms?
The s on-site energ\E; is, then,

Ec=Epst Erep_ Eo, 1)

whereE, is the energy of an isolated atori, treats the (E9i=s0t 2 lsso(rij) (10
electron-electron and electron-ion interactions &ng is a .

repulsive potential that accounts for the ion-ion interaction ) . )

and for the overcounting of the electron-electron interaction@"d thepy on-site energye,, is written as

Erep is usually written as

(Ep)i=Pot+ 2 [l ppolrip) + (1151 ppa(rip], (1)
(Erepi=2 O(ry)). 2 )
_ : _ wherel;; is the direction cosine to the axis. ForEpy or

Here, ® is a two-body potential. _ E,, the direction cosinen;; or n;; is substituted fot;; in the
_ The value ofEy is found from summing over the occu- )0 formula. Being to some extent embedding terms, these
pied eigenvalues of the system, parameters represent the effect of the ionic field of the crystal
Ep=Se, 3 On the orbitals of atom and are sometimes referred to as
crystal field terms. These terms have been shown to be im-
where the states of the system are a linear combination of theortant in understanding the origins of band shifts in SiO

atomic orbitals, (Ref. 13 and in developing a simplified, transferable, total
energy model for silicod® By not explicitly including the
W) =2 48niali @). (4) intra-atomic terms in a parameterization, we force the inter-
o ) ) actions they represent to be included in the remaining terms.
Here the notatioma refers to atom’s « orbital. By treating these interactions separately, transferability both
The Hamiltonian matrix elements are given by within the polytypes of an element crystal and from single
i ) element to compound systems should increase.
(ialH[jB), ) Once a parameterization for the |, s, andp, terms has
with been obtained, a model can be applied to systems of interest.
However, many systems of interest are multielemental sys-
H=T+3,V,. (6) tems which require parameterizations for like element inter-

actions as well as unlike element interactions. The like ele-
T is the kinetic energy operator ad is the core potential ment interactions could be taken from SE models. The
from atomi. In the two center approximation, the number of remaining problem then is to describe the interatomic and
unigue centers ifia/|, |jB8), andH is limited to two. The intra-atomic terms, such as
interatomic interactions are

Hiajs= (2l TV + V)] B). @ (i V71i 8% (12

These terms are frequently parametrized by fitting to empirif’md
cal or first-principles data according to interaction type and  ALGBL A
distance, while the angular contributions are taken from (i |Vj li B, (13
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TB: Solid
DFT: Dash TB no-intra:Dot

where the superscript refers to the element type of atand
i

. 10
Here, we will test a simple way of approximating these
terms by averaging the single element terms, i.e., s

(i VD]j BBy = (i VI BN + (i a® V] BBY) /2. (14)

Similarly, the intra-atomic terms could be approximated
from

Energy(eV)
]

(@B B = (i VA B%) + (i aB| VB[ BBY)/2. (1) e
The repulsive term used for the compound interaction will
also be an average of the single element repulsive terms. )

This simple approximation can be motivated from a k-points
couple of considerations. First, we can consider the overlap . ) e L
of the orbitals that gives rise to the interactions that are pa- /G- 1. A comparison of tight binding areb initio band struc-
rametrized. For a system such as tetrahedral silicon, the of'és for SIC. The tight-binding parameters for the SIiC interactions
bital overlap is equally balanced between the two orbitals. |rjvere obtained from averaging th.e S-S ?nd C-C interaction param-

. . . . . .. eters. For one TB calculatio(solid), the intra-atomic terms were
a simple two-dimensional picture of this system, the orbitals . ) ;

. . . . . included while for the other TB calculatiofdotted, the intra-
(espemallys orbitalg can be viewed as ovgrlapplng Clrclgs atomic terms were left out, thereby freezing the on-site terms.
of equal size. If we replace some of the silicon atoms with
carbon atoms, then we have the overlap of two differing
sized orbitals which would be like the overlap of two differ- the cubic diamond phase at the SiC or InP lattice constant.
ing sized circles, say circla and circleB. If the circles are  These single element parameters were then used to construct
close to the same sizdiffer by about 209, the amount of the band structures for the compounds using the above aver-
overlapAB is very close to the average of the overlaps ofaging technique. Thab initio data were obtained from den-
equal circles, i.e.,AA+BB)/2. As the difference in the size sity functional theory, local density approximation, pseudo-
of the circles increases, the error in the averaged overlapotential calculation§™>° For silicon and carbon, 2%
versus the actual overlap increases. Thus, for the overlap @ints were fitted. Theske points arel’, X, L; the ten spe-
sphericals orbitals which differ only moderately in size, this cial k points needed for a well converged band enefigy
approximation is likely to be very good. Fprandd orbitals, ~ diamond; and fourteenk points which give a reasonable
being more ellipsoidal, the approximation is likely to be description of the band structure. For indium and phos-
valid only for smaller differences in size. However, chargephorus, only the last fourtednpoints were use¢see Fig. 1
transfer would likely improve the approximation because The fits were for one volume or lattice constant and in-
smaller orbitals are generally associated with more electronesluded four valence bands and the lowest conduction band.
gative elements. As the smaller orbitals draw a charge fronicach fit, being limited to first nearest neightian) orthogo-
the other atom’s orbitals, they will likely increase in size nal interactions and andp orbitals, involves the parameters
while the other atom’s orbitals decrease in size, thereby makdss,, Hspos Hpper Hppr Es, @andE,. The intra-atomic
ing the differing orbitals more similar in size. Thus, the ap-parametersl(,z,), and atomic valuessf and p,) are em-
proximation would actually remain effective for larger dif- bedded inEs andE,. Estimates of, and p, for each ele-
ferences in orbital size provided there was also a charge flooment were loosely based on the atomic eigenvalues created
that tended to make the differing orbitals more similar induring the pseudopotential generatidp,, was assumed to
size. be 3 of I ops (@s had been found previously to be acceptable

Finally, recent work has shown that single element, TB-for siIiconES) in order to break dowik, into pg, I,p,, and
LMTO parameters can readily be combined for the study ofl ,,... Due to symmetry, the sum of the angular prefactors for
compound system$. This fact, the authors noted, was in I'spo IS zero in both the single element and compound cases.
contrast to ordinary SE P2CTB band structure parametergll of the parameters are listed in Table I. It should be noted
which failed to reproduce certain compound interactionghat the large values for the intra-atomic elements is possibly
such as densities of states. An empirical shift of the SEdue to kinetic energy contributions from overlapping
P2CTB on-site parameters resulted in a much improved dererbitals?®~22Since no overlap parameters are included, some
sity of states. The work presented here removes the need fof their effect could be manifested in the intra-atomic terms.
an empirical shift by including the intra-atomic interactions. This assumption is supported by the fact that the intra-atomic

parameters tend to rise very rapidly as the lattice constant
Ill. RESULTS AND DISCUSSION decreases.

With all of the parameters determined, the band structures
of SiC and InP were then calculated and compare@dho

In order to make an initial evaluation of the above initio band structures. The results, as seen in Figs. 2 and 1,
method, two simple band structure test cases were pesre quite good. The valence bands are extremely well de-
formed, one for SiC and the other for InP, both in the zinc-scribed with much of the error actually coming from the fits
blende structure. First, TB parameters for Si, C, In, and Ro the individual elements rather than from the simple com-
were fitted toab initio band structures of these elements inbination of parameters. For example, the individual element

-15

A. SiC and InP band structures
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TABLE . First nn parameteréin eV) for Si, C, In, and P. The —1.63, 1.89, 2.34, ane- 0.98 eV, we see that the averaging
first six parameters were fitted, while the remaining six were deis actually quite good. As for the intra-atomic values, the

rived fromE; andE, (see text comparison is more difficult since many assumptions can go
: into determining these parameters. However, comparing the
Si C In P InP (Es,E,) fitted values, In:1.98,8.63, P:(—3.27,4.39, to
E, 71 18 27 —40 those in Tab]e [, it can be seen ?hajt pho_sphorus tended to
E 15.1 5.7 9.1 3.4 decrease indium’'gg andE, ; while indium did the opposite
H o7 017 206 120 for phosphorus. These shifts are similar to those given by the
ssr . . . . . . ; )
H 229 257 208 1.70 intra-atomic terms from the single element fits.
HSp" 3'10 2.85 2.88 1.82 Taking the averaged values frand allowing theE’s to
pra _1'92 _1'0 1 és _ 5'9 be fit produces a fitting error only slightly larger than the
ppm _5'0 _9'0 _5'4 _11'2 above fit, indicating that the set of averaged values are vir-
S0 1'4 3'0 0' 0 4'0 tually as good as fitted values. If now tEés are held at their
Po ' o : o atomic values, effectively setting all parameters to zero,
lssr 3.02 1.80 2.02 1.80 and only theH’s are allowed to be fit, théd values are
lspo 0.00 0.00 0.00 000 _150,1.84, 1.78, and-0.98 eV, respectively. With the
| 5.14 3.26 341 2.78
I

ppr exception ofH,,, these values are similar to the compound
ppr 2.57 1.63 17 139 fit; however, the error for this fit has increased by more than
30% over the compound fit. This rise in error indicates that
shifts in the on-site energies, as could be determined by
intra-atomic parameters, provide a useful fine tuning to the
modeling.

For the SiC compound fitHsg,, Hgps, Hpps, and

ppr are —2.72, 2.65, 3.02, and-1.87 eV, respectively.
While theE'’s followed the same trends as were seen in InP,

fits at thek- point X contained an error similar to that shown
in Figs. 2 and 1. Additionally, fronX to W the TB bands are

seen to be flat, while thab initio bands show some curva-
ture. This flatness, however, is due to a first nn model and i]';_|
therefore present from the initial fittings and will continue to

be present as long as the models remain first nn’s Bhlje the averaged values 6f, —2.44, 2.43, 2.98, and 1.46 eV,

conduction bands are not as well described as the valen%eo not agree with the compound fit nearly as well. This de-

bands, because only one conduction band versus four va-_.. ) . i
: . . Viation could, perhaps, be expected since the difference in
lence bands were fitted. Improvement in the conduction

. . . - ize between the silicon and carbon orbitals ideal rajage
bands should come with an improvement in the basis used, . . . |
. o indicated by the difference in silicon and carbon lattice con-
Good results were also obtained for the ten spdcipbints ; . .
showing thatk points which are not alona high svmmetr stant$ is quite large. In order to determine the error from
nowing P . 9 high sy y sing these values, thé values were fitted while théi

directions are also well described. For comparison, the plo o

. . .- “values were held at the averaged values. For this fit, the error
for SiC also has a band structure which used averaged inter-

o S X i
atomic values, but which froze the intra-atomic terms at theirWas less than 10% more than the fitting error in the com

single element value. The poor quality of this third bandpound fit, indicating that the averaged values-ofre actu-

i , e . ally a reasonable set of parameters.
structure illustrates the importance of shifting the on-site en- .
Next, the values forlE were set to the atomic values

ergies. ; : . (again, equivalent to setting thgparameters to zeyand the
It would be instructive to fit SiC and InP as compounds,H valu’es were fitted to SIC. The values fbi H
using only one set oH ,;,, but allowing each element to . sso)  Spo
. Y . H,,,,» andH, . that resulted were-2.44, 2.25, 1.20, and
have its ownEg andE,. For the InP compound fitisg;, ppe PP o
H H P —0.68 eV. The deviations from the values for the compound
spr» Hppo, andHp,, are =1.56, 1.89, 2.32, and-1.06 fit have increased greatly and the error for this fit has now
eV, respectively. Comparing these to the averaged value oubled. This increased error indicates not only that the av-
eraged values are very good by comparison, but also that for
104 DFT: Dash TB: Solid SiC shifts in the on-site energies are more important than
they were in the InP case.

B. C and Si Models

This section details two orthogonal, SE P2CTB models
for silicon and carbon. These models will be necessary to
make a more thorough test of the SE to compound method.
As above, the models were fit &b initio band structures and
total energies for each element in the diamond structure at a
number of volumes. For Si, 20 volumé&t% — 190% of the

r X W L T K X ideal tetrahedral volume, corresponding to first nn distances
of 1.8 to 2.9 A were used, while for carbon 31 volumes

FIG. 2. A comparison of tight-binding arab initio band struc-  (45% — 250% of the ideal tetrahedral volume, corresponding
tures for InP. The tight-binding parameters for the InP interactiondo first nn distances from 1.2 to 2.1) Avere used.
were obtained from averaging the In-In and P-P interaction param- Once again, a fit to the four valence bands and the lowest
eters. conduction band for the 2 points (mentioned abovewas

Energy (eV)
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performed at each volume. The basis is still limitecstand
p orbitals making the fitted matrix parametets,, Hgp, , 1 o\
Hopes Hpprs Es @ndE, . Initially, first and second nearest ] N
neighbor interactions were allowed. Once an approximate
distance dependence had been worked out from these param-
eters, it was generalized to cover all interactions within the &
specified cutoff region< 4.5 A). The fitting was then per-
formed again until reasonable results were obtained. A simi-
lar fitting process was performed fdr and thel , 5, param-
eters. The assumptions mentioned in the previous subsection
were used to help separate thg;,, Sp, andp, parameters
from Eg andE,.

Due to the wide range of volumes, a few compromises
had to be made in the development of the parameters. Addi-
tionally, for carbon, the desire to reproduce the graphite band Distance (Angstroms)
structure required further compromises. The origin of most
of the compromises was due to a three-body or, more spe- FIG. 3. The silicon parameters used in the models are plotted
cifically, a shell effect on the parameters. For example, beversus interatomic spacing.
yond the first nn shell theso and spo interactions were
nearly zero. Similarly, beyond the second nn sheflg and Figure 5 shows a comparison of Si total energies obtained
ppm were roughly zero. However, since the bond lengthswith the  present model and from first-principles
and thus the distance to the shells were changed so muck@lculations’®~* Overall the resuilts are very good, espe-

neighboring shells overlappéibr silicon, first nn shell: 1.8 cially for the lower energy, lower coordinated structures.
— 2.9 A; second nn shell: 2.9 — 4.8 A; and third nn shell: 3.40ne notable feature is the energy of the reldkedathrate

- 56 A) and created regions where parameters would bétructure, which is about a 0.013 eV/atom above that of the
both zero and nonzero depending on the shell. Some sort gfamond structure. This energy difference is only about half
three-body cutoff function or fully three centered termsOf the difference ofab initio calculations® However, this
could have been used, but it was best to stay completel§esult is quite good for an orthogonal model making it agree,
within the two-center approximation for now. Also, while it I this instance, more with a nonorthogonal mddeén with
has been shown before that a fit to diamond data alone @ther orthogonal models that give an incorrect ordering of
nearly sufficient to make a model for a number ofdiamond and clathrat&:*’
structures? it was considered expedient and judicious to  The more highly coordinated structures tend to show in-
make use of suggestions about the relative strengths and digteasing amounts of error. While the cubic metais, bcc,
tance dependence of parameters obtained from fits to oth@nd fco have the correct ordering, they are all too low in
polytypes of silicon or carbon. energy. Also, the volume per atom for these structures is too
The resulting band structures of carbon and silicon for allhigh and becomes worse as the nearest neighbors move out-
of the volumes are reasonably well described. Since they aard (or as the coordination increage3hese errors of en-
fitted and monoelemental, the carbon and silicon band stru&rgy and volume, while noticeable, are less than or compa-
tures are better than the band structures shown in Figs. 1 afi@ble to the results of other TB modets***and could be
2. The largest error in the fit tended to be in the conductiorforrected(were it important with small changes in the re-
band, which is to be expected since only one conductiofPulsive and electronic parameters. In the future, these struc-
band, versus four valence bands, was fit. Despite this errofures could be included in the fitting of all of the parameters.
the low points in the conduction band are reasonably close to

Inter-atomic (Hyfy): solid
Intra-atomic (Iogy): dotted
\ Repulsive: dash

Energy (e

those of theab initio bands. The graphite band structure was T
also reasonably well described although less accurately than @\ Inter-atomic (Hofyy ) solid
the diamond band structure. The main improvement in the ] O\ a4
graphite band structure over a first nn carbon moigetiue 1 ¥iops
to the inclusion of interplanar interactions, which splits the 1 Hspo
each of the degenerate lower bands into separate bands. 5 s
A plot of the fitted parameters is shown in Figs. 3 and 4, 3
while the Appendix discusses the formula and lists the pa—g 1,
rameters. Although not showiEs and E, had very large 0 { Ippo :
slopest® As mentioned above, some of this slope could be 1o
due to kinetic energy terms from overlapping orbit&s?® ] Hppr
Since the slope of thEg term is based on a two-body inter- S
action and is somewhat arbitrary from a tight-binding point Hsso . — . .
of view, it can be removed and put into the repulsive term. 1 15 2 25 3 35 4

However, this can only be done provided an equal amount is
removed fromE,, thus maintaining th&,—Eg separation,
and provided the corregbr at least reasonableontribution FIG. 4. The carbon parameters used in the models are plotted
from the intra-atomic parameters is left in bdgy andE,, . versus interatomic spacing.

Distance (Angstroms)
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40 tight-binding calculationg® but still represents an improve-
T DFT: Dash TB: Solid ment since at least one other orthogonal tight-binding nfodel
gives an incorrect orderin. The carbon dimer bond length
of 1.28 A is close to the first-principles value of 1.24*A.
Additionally, the relaxed fulleren€C60) agreed well withab
initio calculations’® Also in agreement with first-principles
calculations, the fullerene dimé€qy-Cgp) is predicted to be
bound, but the binding energy of 0.15 eV/dimer is only a
fraction of theab initio value of 1.2 eV/dimef® The center

to center distance for this dimer is roughly 9.5 A compared
to theab initio value of 9.1 A.

-4.2 4

43 ]

4.4

45

46

Energy/atom (eV)

47

-4.8

Clathrate

5o . . : . The lattice dynamical properties for carbon were gener-
60% 70% 80% 90% 100% 110% 120% ally good. Thecq;—cq, shear modulus for diamond was
Relative volume 8.8x 10* erg/cn?, in very good agreement with the initio

value?® The phonons LTO[), TA(X), TO(X), and
LAO(X) were 34.2, 25.6, 30.9, and 39.3 THz, respectively.
These phonon frequencies are in reasonable agreement with
the correspondingb initio values?’

Despite a few shortcomings, the silicon and carbon mod-
els are quite reasonable. For the present purposes, modeling
SiC, the models should be quite sufficient. The noted limita-
tions stem primarily from the requirement of fitting such a
large range of volumes. Additionally for the carbon model,
She requirement that the graphite band structure be described

this error is a reflection of a small error in the descriptifor (to some extentwas achieved although this is likely the
diamond of this first nn region and made worse in,Si reason for the low dynamical values

because it is the only interaction. Results for the zone edge
phonons were more reasonable with LTQ( TA(X),
TO(X), and LAO(X) being 16.3, 4.0, 15.0, and 12.2 THz, C. The SiC model

respectively, as compared to the initio valued® of 15.2, - ,

4.45, 13.5, and 12.2 THz, respectively. The result for the . 1he models for silicon and carbon are now combined to
shear modulug,;— cy,, 0.64X 102 erg/ent, is low com- simulate SiC. As in the earlier test cases, zinc-blende SiC
pared to arab iniltilo vz;IZL;e of 0.9& 1012 erg/cr’Tfs.“l This low  Should represent a good test of the method since the first nn

shear modulus value is common among orthogonal tight—She" of each atom i:'s _replacgd with atoms of t.he othg( type.
binding models which have reasonable phononHowever, one remaining adjustment, the relative position of
frequencied? the atomic energies, and p, for the two elements, is

The carbon model, Fig. 6, gives reasonable values for thgeeded. A sr_nall shift of silicon atomic values relative to the
linear chain, graphite, diamond, and BC8 structdfésThe carbon atomic values m.al_<es c_)nIy a_smaII difference in the
results for the more highly coordinated forms of carbon ard?@nd structure. From a fitting viewpoint, a number of values
acceptable although like silicon they have some error mosti{2ré €gually valid. However, the SiC total energown in
in the minimum volume, but also in the minimum energy. ~19- & depends strongly on the relative atomic values and
The carbon clathrate structure is about a 0.01 eV/atom highdfom this total energy information it is possible to determine
in energy than the diamond structure. As for silicon, thisthe correct relat|V(=T shift. Using these. vglues, the models were
result is much smaller than the result predictedabyinitio  then used to obtain the energy of SiC in the NaCl structure.

The energies for the two SiC structures are well described
although the NaCl form is about 0.3 eV/atom higher in en-
ergy than the first-principles results indicAfeWhile this
energy difference is noticeable, it is a significant improve-
ment over a SiC SCTB mod@lwhich could not reproduce,
within a 1.5 eV/atom, the energies of both the zinc-blende
and NaCl structures.

The bulk modulus is 2.4 Mbar, in close agreement with
the theoretical value of roughly 2.24 ME&>° The phonons
are also reasonably described as TQ(TA(X), TO(X), and
LAO(X), being 21.7, 7.0, 21.7, and 21.0 THz also in good
agreement witfab initio calculationg'®*°The shear modulus
Graphite Diamond (11— C1o) is 1.1 Mbar for a distortion o& = —0.0004. This

5 2 value is low compared with the first-principles restilof
2.56 Mbar and given the good bulk modulus it indicates that
Cio IS very close in value ta;;. Unlike the silicon and

FIG. 6. Tight-binding total energies for a number of carbon andcarbon values, the shear modulus for SiC changes values

SiC polytypes. All structures are for carbon unless otherwise notednore readily with different strain amounts; for somewhat

FIG. 5. A comparison of tight-binding arab initio total ener-
gies for a number of silicon polytypes.

The dimer Sj, unfortunately, was not well described,
having a bond length that came out too sh¢z01
versus 2.23 ARef. 39]. In fact, the S} total energy is very
flat in this region. For the diamond structure, this same re
gion (2.0—2.2 A for the first nn shell corresponds to the third
nn shell crossing from nearly zero to nonzero values. Thu

SiC (NaCly

Energy/atom (eV)

SiC (Zn-blende)

n.n. distance (Angstroms)
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larger strains the value drops, while for strains greater than
|e| = 0.01 the modulus increases. Further investigation sug-
gests that the possible origin of this behavior is the silicon 1o
model, which could be improved by allowing for three center
and overlap induced effects.
Figure 7 shows the TB band structure compared tcathe
initio band structure for zinc-blende Si@ith a nn distance
of 1.92 A). The band structure is quite reasonable although it
is not as good as in Fig. 2. These differences between the
two TB band structure@igs. 2 and Y are, in part, indicative
of the compromises made in developing the single element,
total energy models. It should be noted that the present band
structure is still much better than the band structimeFig.
2) which used frozen on-site terms. Had the present model
also_hel_d_ the on-site terms constant, its band structure would g5 7. A comparison of tight-binding arab initio band struc-
be significantly worse. tures for SiC. The tight-binding parameters were taken from the
The ionicity of the model can be calculated using Phillips’ sjlicon and carbon models. Again, compound interactions were an
ionicity measure® This method compares the size of the average of single element interactions.
gaps from the single elemefttompletely covalentand com-
pound(partially ionic) band structures. The present TB mod- IV. CONCLUSION
els produce an ionicity of 0.15 for zinc-blende SiC in rea-
sonable agreement with 0.18 reported by Phillips and Van A simple method is presented, which allows for the de-
Vechten®! The Mulliken charg# flow given by the model is  velopment of compound tight-binding models from single
roughly 1.7 electrons from the silicon to the carbon atomselement models. This method makes use of the fact that the
This charge flow appears quite large, especially compared toiteratomic parameters for a compoufuhlike-atom inter-
the SCTB value of 0.45 electroRSHowever, a recent cal- action are close to the average of the parameters for the
culation which projected aab initio plane-wave basis onto corresponding like-atom interactions. Use of intra-atomic
an atomic orbital basis also showed a charge transfer of 1.terms tends to make the averaging even better by properly
electrons’® Similarly, a Hartree-Fock calculation gave the separating interactions typically forced into the interatomic
charge transfer in zinc-blende SiC as 1.8 electfns. parameters and by allowing for shifts in the on-site energies.
As a final test, the energy of the the zinc-blen@€) Simple trial band structures indicate that single element pa-
structure was compared to the relaxed wurtzRel) struc- rameters when properly developed can be as effective as pa-
ture. The present model found zinc-blende to be 9 me\Wfameters which are fitted specifically to one particular com-
lower in energy than wurtzitéAb initio values give the zinc pound system. Total energy calculations for SiC, based
blende to be lower by 2—5 me¥#:>>°°Wwhile the present almost solely on single element models developed for silicon
result is roughly twice thab initio values it is better than the and carbon, give good results for the zinc-blende, NaCl, and
SCTB model, which predicts wurtzite to be lower than zinc-wurtzite energies. These total energy results indicate that
blende SiC by about 1 me¥?. these models can be even more accurate than previous mod-

"\ DFT: Dash  TB: Solid e

\ —
e —— <

Energy (eV)
=} 0

|
O

| N N NS NS FEEEE N

-10

-15
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TABLE Il. Constants for the interatomic terms.

Si C
sso Spo ppo ppm sso Spo ppo ppw
X1 9.08663 —1.42384 —7.40396 61.3467 —0.639531 8.27429  —17.7028 8.19099
X5 —17.0701 4.39884 12.7754  —69.7544 1.26939 —14.4521 49.6836  —6.82122
X3 6.26870 —1.06212 —4.30467 20.6038 —4.72901 10.03216  —34.8750 —0.873676
Xq 0 0 0 —2.34284 0 0 0 —0.845502
Xs 0 0 0 0 0 0 8.29007 0
Xg 0 0 0.542991 —0.579387 0 0 —32.3941 —0.167200
X7 —0.124956 0.0695169 0.330383 0.767627 0.030560 0.110718 32.29150.00827222
by 0 0 0 0 0 0 -1.0 0
b, 0 0 0 0 0 0 —10.0 0
bs 0 0 0 0 0 0 1.2 0
Si Cc

fi:ag 10.0 10.0
fi:a 2.8 2.05
fyora; 7.0 7.0

fyra, 4.0 3.5
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TABLE lll. Constants for the intra-atomic terms.
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Si C

SSo ppo ppm SSo ppo ppm
X1 -1.0 —76.6971 —38.4387 ~17.833 -0.5 -0.25
X, —2.0 111.9801 56.0059 22.7058 0 0
X3 1.0 1.96321 1.59764 -8.3577 0 0
X, 8.25 —0.725929 —1.32833 0.667 0 0
Xs 2.8 14.0004 7.01702 -0.3334 0 0
Xe -0.03 —246.407 ~123.231 1.0 0 0
X7 —40.0 223.536 112.314 50.0 0 0
Xg 3.1 8.23 8.23 1.23 0 0
Xo 0 2.31 2.31 0 0 0
a, 0 0 0 -2.0 -2.0 -2.0
a, 0 0 0 1.0 1.0 1.0
b, 0 0 0 20.0 20.0 20.0
b, 0 0 0 1.8 1.8 1.8

els fitted directly to SiC. Finally, the band structure results

element systems.
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For silicon,r, is 2.35 A and for carbon, 1.5445 A, while
and total energy results indicate that compound models mathe remaining constants are found in Table II.

be readily produced from models developed only for single The formula for the intra-atomic terms vary considerably:
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APPENDIX SSU=(X1+X2r+X3r2+x4r3+x5fl)/f2
This appendix lists the constants and the formulas for the +Xe {1+ exg x7(r —xg)]}. (A5)
silicon and carbon total energy models. As mentioned above, . is 0 d
a number of factors led to compromises having to be madé 9ain spo is 0. ppo andppm are
The emphasis in formulating the parameters was on the ac- . f./f (A6)
curate reproduction of band structures, rather than making 1hit2
simple formulas. As such, some of the formula are quitgyhere
lengthy. Relaxing any of the numerous criteria enforced in
the fitting could lead to a noticeable simplification of the fi=exgday(r—a,)], (A7)
formula. _ _
The atomic energies areS's,=—5.0, Spy=1.4, TABLE IV. Constants for the repulsive terms.
Cso=—9.0, and®py= — 3.0.
The interatomic terms for silicon and carbon follow the Si C
same formula: d, D, d, P
ro rao\2 5 X1 —71.9534 —6.59675 —2.56056 -0.1
Hapy(N) = | Xa+Xg| 7=+ X[ =] +Xar fa(r)+xs X, 432.806 —6.71808 —2.45038 —-20.
X3 -855.024 457941 4.79027 1.85
) o 2 f X4 587.287 44,9380 0 0
TXe| ) TX7\ 2(r) Xs 0 7.09646 2.44182 0
Xg 0 —1.86826 —1.24899 0
+byexgby(r—bg)]. (AD) 0 0.70027 1.16622 0
The functionsf,(r) andf,(r) are Xg 10 7:59196 22.3862 0
Xg 2.80 1.95272 1.24115 0
fiAr)=1+exda,(r—ay)]. (A2)
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f2=1+eXF[b1(r—b2)]. (AS)

The values for the constants in the intra-atomic formula are

in Table Ill.
The repulsive formula are

D(r)=da(r)/fa(r), (A9)

Da(1) =Xy + X /T + X3 /124 X4 /1 3+ XsSIN( Xl —X7),
(A10)
fa(r)=1+exdXg(r —Xq)]. (A11)

For silicon, the total repulsive potential ®(r)=®d4(r)
while for carbon it is

D(r)=D(r)+Dy(r)+P(r), (A12)

JAMES L. MERCER

where

P(r)=x.exd X,(r —x3)?]. (A13)

The values for the parameters are in Table IV. The more
complicated repulsive form for carbon can be viewed as the
price paid for carbon’s simpler intra-atomic terms. In gen-
eral, fitting of long-ranged parameters, which tended in some
cases to be zero and nonzero in the same region depending
on the shellfor examplesso being roughly zero beyond the
first nn region, was a difficult task. Added to this, the fitting
was made more diffcult by polynomials for which a small
change in the value of one parameter can lead to large
changes throughout the length of the curve. In the future, the
use of Hermite polynomials or similar piecewise functions
for much of the fitting might prove to be very helpful.
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