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Self-Consistent Pseudopotential Method

for Localized Configurations: MOleculeéd"

Marvin L. Cohen, M. Schlﬁter,+‘
James R. Chelikowsky and Steven G. Louie®
Department of Physics,vUniversity of California

and

Inorganic Materials Research Division,

" Lawrence Berkeley Laboratofy, Berkeley, California 94720

Abstract
A method is developed to use pseudopotentials
in a éelf—consistent manner to describe localized
configurations such as molecules, surfaces, |

‘impurities, vacanciés, finite chains of atoms, 3 e

-adsdrbafes‘and solid interfaces. .The method is

deséribed and specific application is made to the

Si2 molecule.

We have developed a method which extends the pseudo-
potential scheme to locaiized'configurétions. These calcu-
lations are done self-consistently and the approach is
applicable to problems such as solid surfacés;‘localized
impurity and vacancy stétes, atomic and molecular states,
finite chains or layers, adsorbatés, and interfaces between

solids. The scheme has many of the advantages of the

 pseudopotential method in that it uses a simple plane’wave‘

expansion and the starting potential can be obtained from



experimental data. It goes beyond the usual pseudopotentlal
approach through the requlrement of self-con81stency oWe.
treat here the case of a silicon dlatomlc-molecule_both to
.illustrate the method and to demoﬁstratelthe interestiné'
results which are p0851ble for molecular calculatlons ,'This
'is the flrst molecular calculatlon u51ng self con31stent .
‘pseudopotentlals to our knowledge. » | | |

- Pseudopotential’methods have evolQed-conslderablyrelnce_
" thelr introduction1 ih‘the'laterlésols{i-The dse of.modelp
pote_ntials2 and the emplrical pseudopotential method (EPM)s'F
have yielded‘a great‘deal of lnformatioh about solid state
.propertiee such as band structure, optical response functions'b
»}ahdfelectronic_charge,densities.“ In all of theee cases .

the systems considered were assumed infiﬁitedand periodic;
and possiblelextensions of the method to local cohfigura-vf
tions in solids e.g. localized impurities or sollds.withodt
-long range periodicity were not obvious;=_Ah attempts was
made to use the pseudopotential scheme:to stddy amorphods;
materials.- Complex cells were repeated 1nf1n1tely and the
effects of the complexity of the unit cells on the calculated
properties yleldedplnformatlon about how the promlnentr
features of the strhcture (e.g. even and oddAnumberedvrings
of bonds) influenced the properties (e.g. electronicvdeneity’
of,states). A true amorphous system ﬁas hot generated,.but
information gained from studies of increaeingly complex cells

was.extremely useful.



The method discussed here is somewhat rélated to the
above scheme, and it is divrectly applicéble tovthevspécific
problem of‘inferest. The method is straightforward and
initially-involves putting the local configufation of
interest into tﬁe structure factor. In the pseudopotential
formulation, the crystalline pseudopotential form factors,
V(g); afe Qritten in terms of atomic potentiél form factors,r

V_(G) through the structure factor S(G),
vie) = I s(ev_(6)
B

5(6) = €' la (1)

wherelg ié.é peciprocél lgtticg Qect@r and-za are the bésis
vectors to the various atoms in a primifi&e pell;v The basic
‘scheme is to include in S(G) the essential features of fhé?
locai cbnfigufatioh.-vIn the césé'bf a moiééule;”fhé strﬁcfure‘
factor cah be constructed to create a cell with a moleéule \
and sufficient empty space around the'molecule to providevv
isolation from the next molecule when the cell is repeated.
For a surface, USual periodicity can be retained in two
dimensions and a slab of space can be inserted to provide é
surface in the third dimension. The impurity or vacancy
problem requires a cluster of host afoms surrognding’the'
site of iﬁterest. Ultimately the cell chosen is repeated
.indefinitely to allow the use of the pseudopotential method..
A similar;'but not self-consistent approach has been used by

Kleinman et al.s‘to calculate surface properties in Al.
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Self- cons1stency however is essentlal 1n‘obta1n1ng
'reallstlc solutlons since the calculatlons w1ll start w1th
potentlals derlved for bulk calculatlons. It_lsznecessary.
to allow the electrons to react to the boundary conditlons
'1mposed by the local conflguratlon and the resultlng |
readjustment and screenlng 1s a fundamental part oF the -
problem. For example, in the molecular case or the surface
case, charge will first spill out 1nto the reglons chosen t01
be empty space between the conflguratlons of 1nterest.r In.
;practlce the self~ con81stency requirement results in a.
potential which pulls the charge back to the molecule or |
surface in thevappropriate way. Also,»the self- con31stent
screenlng potential has to be- completely general and -is. not necessar-
ily a superp031tlon of atomic potentlals.' | o | "_‘ = |
In the scheme described above, the conflguratlon of
atoms and spaces can be as complex as desired. The ultlmate!
limitation on the number of atoms is the amount of computer
_tlme necessary to-generate the elgenvaluesvand elgenfunctlons
through solution of the secular equation; ‘Thebbasis set is - - -
formed by Bloch waves expanded in terms.of free'electron
eigenfunctions. |
The starting potential can be an ionicbmodel potential’
fit to atomic term values and screened approprlately or-a
potential obtalned from measurements on bulk SOlld state
properties. In ‘both cases the results are_the same.once

self-consistency is reached. The problemsAwith the method
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come mainly via the artificial long-ranged symmetry.imeSed,

~ but most of the consequences can be dealt with. Some examples
are: . the interaction between configurations;‘the fact that
the~potenfial which should depeﬁd dontinuously‘oﬁ‘anevector,
q, is approximated by'form factors at g'suequal to thé2§'$ '.
of the cﬁoseﬁ‘lattiée structure; and theAsymmetry of the
configuration to some extent dictates thébchoice of lattices. |
Most of the abo?e_poteﬁtialvproblems argveliminated.or‘?

) reduced'by:tAking large enOughvcélls and cells of the

| approbriate structure or symmetry. In the'diéfomic-molecule-

case which has D__ symmetry, the most convenient lattice

h
strudtureﬂié hexagonal with Dgn symmetry. ‘Thus the o
rotational symmetry of the wavefunction is éimuiaféd“byv'
sets of six-fold "stars" of plane waves. Test caléulétiéﬁg'
on the Si2 molecﬁle inAa trigonal lattice with DSd symmetry:
- show that the self-conSistent‘resultsvare weakly'depehdent
~on the chosen "crystal structure" provided convergencé is
reached i.e. enough plane waves arevtaken into éccount;_
ThéSi2 moleculé calculation was done in_fhe following
way. The molécule was placed in a hexagonal lattice with‘_.
a c¢/a ratio chosen such that the distance between any two
atoms not belonging'to the same molecule was larger.thaﬁ
three bond lengths. The molecule bond length was taken from.
 experiment to be 2.25 Zvin the ground state7 which'diffefs

considerably from the 2.34 A for the Si crystal. The first

step in the self-consistent calculation was performed using



the superposition of two atomic potentials taken from
empirical crystal calculations. A continuous_curvesof.the_
form
al(qz-a2) ' - e
. V(q) = 5 - . : - (2)
: exp(a3(q -a,))+1 P -

was fit fo'the few crysfallinevform factor‘valuee tolbrovide
- potentlal values at the new "molecule G- vectors" lThef»,'
dlsper31on of the elgenvalues 1n k—space Wthh is a measure
of the 1nteract10n of the dlfferent molecules w1th each
other. was of the order of 0.8 eV at thls stage; it decreased'
to about 0. 2 eV 1n the course of self con51stency. from
this startlng calculatlon the total charge p(r) was evaluatedlo
in terms of its Fourler components p(@) and arHartree—llke'

screening potential

T uwezp(G) :
V,(G) = —————pm (3)-
H~ 2 '.
' chgl
defined by
AV, (r) = <4me"p(r) - )
as well as an exchange potential given by
= [3) (5,2y1/3,2 1/3 o N
Vx(r) = —[§EJ(3H ) p(r) _ - (5)

were cOmputed{ The use of a statistical ekchange‘of the
above form for atoms, molecules and solids has been proven
to yield satisfactory results. The_calculation of Vx(rl |
)1f3

requires knowledge of the function p(r . For this purpose



'_ p(g) waé éQaluated on a grid bf points.(”lQOOO'per'unit cell),
the cube robt was taken.at each grid point aﬁd tﬁé fesult |
vwas transformed back into a Fourief series resulting in
VX(Q); The.sumvof these potentialé was added to a.bare ion
.'pseudopotential'obtained from empirical’atomic'calculations.z
The loéal "6n the Fermi sphere" approximation to this
orgihally ﬁon—lodal potential was used and a continuoué
curve of the form

a

4 .
(q) = _% (Cos(azq)+a3)eauq v ~(B)
.. aq . o L o

V. .
ion

v was»fif to the resuits. -The ﬁse-of this atomic ionic
potehtial-in the mélecular case 1is also justified by the
{‘following. Ifithis potential is used iﬁ a self-consistent 5
bandAstructure calculation for tﬁg crystai excellent results
are obtained. In fact the final self~consistent crystal
potential is essehtially identical . | to the
original empirical crysfalliné potential (Fig; 1).

The computational procedure was then continued uﬁtil
self-consistency was reached. The process of reaching self-
consistency can be speeded up by interpolating appropriately
between output and input potentials for consecutive steps.

We thus néeded five-steps to reach sélfconsistehcy of the
eigenvalues to within 0.05 eV. The resulting potentials

% (r), v, ,(r) and Vx(r) are plotted in Fig. 1 along the

ion %

line, connecting the two Si atoms. The total self-consistent
potential is also shown and compared to the émEirical input
potential which gives the best description of Si-atoms in

the crystalline phase. The interesting results are fhaf:f



a) thé Hartree screening_potential is ¢ssentiai1y
featureless | | - o

‘b) the exchangé potential 1s comparable in strength to-
vthe total self con81stent pbtentlal |

c) the total selfcon31stent potentlal is con81derably
deéper than the emplrlcal startlng potentlal because of
the increased exchange potentlal.
iAls§ indicafed in Fig; 1 are the occupled molecular one—-iA

'

‘electron energy levels o, at -1.30 ryd 0~ .at -0 96 ryd

S

6p'at -0.71 ryd and L at -0.69 ryd.

S

In Fig. 2 Qe display charge density contpurs fof'the-
foﬁr.occupied mblécular'levels. The Charge density values
are;givén in 2e/QC where QC“= HOU'Z?-iS'the unitAcell volume;vf
The léwest levei Og contains mostly s—like'charge‘in>a
bonding-like configuration with its maximum between the

two atoms. The next higher level ¢ " has antibonding s-like

S
character. Some admlxture of p- -states quantlzed along the
molecular axis is present. The- wavefunctlons of the thlrd
occupied levei are predominantly p-like at the two atoms
and overlap forming a o-type bohding state.. The fourth
(oCéupied) and fifth (empty) level are quési-degéneraie.

The dccupation of one of thesé levels 1ifts the exact

- degeneracy in'the course of self-consistency by about OQUSVeV
which is émaller than the artificiéi dispersioh of 0.2 eV’
of the levels. The wavefunctions are mostly p-like in

: v % #
character and form w-type bonding states. The cp and 7



V03043081 97

-G-

“antibonding levels lie at higher energies and are unoccupied.
vThis would leave the molecule in a singief groﬁnd state
configurétion. Exper1mentally7 the ground state 1is found

, ; (Hund's rule)
to be a Z triplet,Awhlch in our model is quasiAdegenerate
with the singlet state. The inclusion of spin-dependent _
correlation pOtentialé would be necessary to distinguish
between the two states. The total charge density corres-
pohding to the four occupied'levels is prosented in_Fig,_3;
ffthe units of the indicated values are the same as in Fig. 2.
'To obtéin a measure for the amount of charge in the bond
we proceed as in Ref. 4 and 1ntegrate the charge plle up
over a‘reglon defined by the outermost closed contour.

B
within computational accuracy identical to the crystalline-

4Thls-ylelds a value of Z_ = 0.138 (in units of e) which is -

value of ZB,: 0.125. |
Concluding we may say that the stfength of this new
"kind of self-consistent calculation 1lies in the fact that
it is.a straightforward extension of fhe well established
pseudopotential method which is known”to yield highly' |
accuréte results for the electronic structure of crystals.

Part of this work was done under the ausplces of the

U.S. Energy Research and Development Admlnlstratlon
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Figure Captions

Fig. 1. Molecular potentials plotted along a llne connectlng

Fig.

Fig.

the two Si atoms. Also 1nd1cated are the molecular
orbital energies.
2. Charge density contours for the four occupiéd mole-

cular orbitals. The values are given in 2e7Qc where

Qc = 400 A3 is the unit cell volume.

molecule in the

3. Total charge den81ty of the Sl2

ground state.
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