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Electron correlation corrections to the excitation energy of the lowest-lying singlet exciton state of

polyethylene are evaluated with the aid of the quasiparticle energies obtained from second-order
many-body perturbation theory and from the second-order inverse Dyson equation. A simple
approximation is proposed to avoid the evaluation of the quasiparticle energies for high- and

low-lying energy bands, which is particularly problematic in extended-system calculations. The

inclusion of both the electron correlation effects and diffuse basis functions is important for the

proper description of the exciton state. The electron correlation corrections calculated by this
method appear to be too large, probably due to the neglect of the screening effects of the
guasiparticle interactions. @000 American Institute of Physid$0021-96060)31017-0

I. INTRODUCTION relation effects and, potentially, the use of an even larger

basis set is warranted to obtain the excitation energies of
There are two extremal approximations to the excitedpolyethylene with reasonable accuracy.

state theory of extended systems—one in which electrons are |n this study, we attempt to rectify these errors by in-
treated nearly free and one in which they are treated agluding electron correlation effects in the excitation energies
tightly bound to the individual units constituting the and in the ionization potentials with the aid of many-body
systems. The low-lying excited states of many insulators Green’s-function theor¥:!2 The same approach was taken
with large band gaps do not fall into either of these categoearlier by Suhat®'* by Liegener and Ladik®>~'" and re-
ries, and are considered in-between these two extremaently by Rohlfing and Loufé!°for the excitation energies
cases:® As such, the electronic transitions associated withgnd by Sun and Bartléft for the ionization potentials. The
these excited states cannot be described appropriately eith%proach taken by Suhai and by Liegener and Ladik amounts
as band-to-band transitions or as excitations within the |nd|t0 invoking the quasipartic|e energies calculated by many-
vidual units; but, they should be handled by the theories thagody perturbation theory in solving the Bethe—Salpeter equa-
allow excited-state configurations of the interacting units tojgn for the two-particle Green's function. Rohlfing and
mix. Configuration interaction singlesCIS) and time- | ouie, on the other hand, based their calculations on the
dependent Hartree—FockTDHF, also know as random quasiparticle energies obtained from density functional
phase approximation, RPAheories are among the simplest theory with a local exchange-correlation functional. We
such theories that can provide the zeroth-order descriptionghoose to employ the quasiparticle enerffiesalculated

of these excited states. We have recently applied these thegom  second-order many-body  perturbation  theory
ries to the lowestlying exciton state of a&tBns [MBPT(2)] (Refs. 10, 17, 22, 23and from the second-order
polyethylené’ The exciton binding energies calculated by jhyerse Dyson equatiofDysor(2)] (Refs. 10, 17. Many-
these theories with the 6-3T@asis set were, however, not body perturbation theory offers a systematic route to im-
more than 50% of the experimental findings, and accordinglyrove the quasiparticle energféslt is, however, important
the calculated excitation energies were excessively higheg realize that the MBP®) quasiparticle energies are well-
than the experimental values. Experimentally, the thresholefined only for the energy bands near the Fermi level and
of photoemission of polyethylené8.8 eV), which corre-  they frequently diverge for high- and low-lying energy
sponds to the first ionization potential, occurs at a highepands. Consequently, the original computational procedure
energy than the position of the optical absorption band edggroposed by Suhai and by Liegener and Ladik may not be
(7.6 eV), which is associated with the lowest-lying singlet applied straightforwardly to many extended systems; the ex-
exciton state° Neither the CIS or TDHF methotith the  citation energies calculated with this procedure are fre-
6-31G" basis setcan reproduce the correct order of thesequently erroneous. The Dys@ quasiparticle energies do
physical quantities; they predict the first ionization potential,ot in principle, suffer from this divergence problem, but, in
which in these models is equivalent to the negative of the,ractice, it is very cumbersome and time consuming to make
highest occupied orbital energ§to be lower than the exci- the quasiparticle energies converge for high- and low-lying
tation energy of the lowest-lying singlet exciton sthfEhese energy bands. In this study, we propose an approximation to
results indicate that the inclusion of dynamical electron coripis method which amounts to substituting the CIS amplitude
for the electron—hole amplitude of the Bethe—Salpeter equa-
dElectronic mail: bartlett@qtp.ufl.edu tion. This method, which we may safely apply to the low-
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lying excitons of insulators with large band gaps, requires  The interaction of a quasielectron and a quasihole is de-
the quasiparticle energies of only the few highest occupiedcribed as a sum of the unscreened exchange term and the
and lowest virtual energy bands and thereby avoids the discreened Coulomb term in the curly bracket of E2). The
vergence problem of the MBRZ) quasiparticle energies and unscreened exchange term is a regular two-electron integral
also reduces the overall computational costs significantlydefined by

We apply this method to the lowest-lying exciton state of

polyethylene. (plkel glkal|r Tkrl stk
Il. THEORY 1
. _ o = f ¢Lkp]*<rl>wgkq1<rl>mekfl*<r2>

We construct the exciton wave functigh) of an infinite 172
ope-dimen;ignal_Iatticepolymelj, which is accessible by a X tﬂ[skS](rz)drldrz. 3)
direct transition, in the form

BZ . . . . . .
with the canonical HF crystalline orbitals being linear com-
— QP At  a L . .
|1>_; ; Adii) a1 itk |0), (@) binations of atomic orbitals,

where we designate the ground-state wave functiofOby

The operatoé;[ki] create§ a quasielectron with e_ngrgy band wékp](r): iz 2 C[kgl eXﬁinkpRt)XL”)(r). ()

a and wave vectok;, while the operatoéi[ki] annihilates a VK= &

quasielectroncreates a quasihglevith energy band and

wave vectork;. We denote the energy bands that are occuHere, R, is the translational perio& is the number of unit
pied in the ground state Hyj and those that are unoccupied cells in the systentthat approaches infinityand the atomic

in the ground state by,b. The electron—hole amplitude orbital x{{(r) is a real spatial function centered in unit cell
AaQi?ki] and the corresponding excitation energyare deter- n. The crystalline orbital coefficiem{s{:u‘g]} are determined
mined by solving the Bethe—Salpeter equation for the twoby solving the Hartree—Fock—Roothaan equation of crystal-
particle Green’s functioh:!2 Within the usual approxima- line orbital theory?”?® The screened Coulomb term contains
tions, the equation reduces to the matrix eigenvalue problerthe interaction operator that depends on the excitation energy

of the form®2526 o (see Refs. 15, 16, 18, 25In this work, we simply ap-
87 proximate this term by a regular two-electron intedfa®
1Tk T1 s TR T Tk ly,
(S A+ 3 3 (@it jTnls) namely
! |
[kilplkjl i [ki1i [kily ~ ( glkil k1] [KT[kil
Tin[k; at“ilpt il wi it~ (at ilptl| jritital), 5
— (kI [ W(o) Ui AGE, = wAZE, ), @) ( |W(w)lj )~( 1] ). (5
where k=2 for singlet excitons ana&=0 for triplet exci- The quasiparticle energies used in E2). are computed

tons. The quasiparticle energieS” employed in this work by the MBPT2) or Dysor(2) methods. Invoking the diago-
are obtained from the MBRZ) or Dysor(2) methods(see  nal approximation to the irreducible self-energy part trun-
below and the corresponding quasiparticle orbitals are theated at second order, the inverse Dyson equation reduces

canonical HF crystalline orbitals,z/LkP](r)}. to!®17
|
e LSS § 2| plkslalkal| jIIptkal)[2— o] (plksl alkal | T lkely (plksl ool kT alkaly*
€pfk,] ~ €plk ‘ Dyson2) | _HF HF HF
p[ p] p[ p] j a,b k] ,kb ep[yksr?]r( )+ GJ[kJ]_Ea[ka]_Eb[kb]

BZ Tk STk ks e LTk STk
2|(| [kI]p[kp]“ [k]]b[kb])|2_ m[“ [ki] p[kp]“ [k]]b[kb])(| [k']b[kb]“ [kJ] p[kp])*]
+i2j % 2 Dysor?) F AF ,

H HF
Kj Ko €plkyl T €blky] ~ Eilk] T €jlk)]

(6)

with the wave vector indexds, andk; being given for each wherem andn are integers. Equatio(6) has to be solved

set of (,,k;,kp) by the relation®?>%° iteratively to find the Dysof2) quasiparticle energies
{e,?[yf;’]“z)}. This can be accomplished straightforwardly if the
mar root of the equation is sufficiently distant from all the singu-

Kot kj=Katkyt ——, (7)  larities of the right-hand side of E¢6). This is generally the

! case with the quasiparticle energy bands near the Fermi

level, but many of the roots that belong to high- and low-
B 2nm lying energy bands are embedded in the manifold of singu-
Kit+kj=kp+kp+ R’ ®  Jarities. In principle, one can avoid false roots due to these
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singularities and ensure convergence by introducing a conthis procedure for high- and low-lying energy bands as the
plex damping factor in the denominators, which tends to zerdasis set and the number of wave vectors become larger.
at convergence. In practice, however, we find it increasingly  Alternatively, one can employ the MBRJ) quasiparti-
cumbersome to obtain converged quasiparticle energies hyle energie¥?>?3which are calculated by

Bz

M[BPT(2)_ +2 E 2

2|(p[kp]a a]|J k]b Kpl |2 m[(p a[kallj[k b[kb])(p[kp]b kb]“ k]a a]) ]

Pl HF
ab ki kp p[k]+€j[k-]_ alky] ~ €blky]
BZ .
2|(|[k] |J[k b[kb)|2 f}{[“[k]p[kp]“[k]b[kb])(|[k]b[kb|J[k]p[kp]) ]
+2 2 9
17D Kk []+fb[kb1 '-EE] ,“['E]

with k, andk; being given by Eq(8). The evaluation of the

MBPT(2) quasiparticle energies does not require an iterative Aw=2 2 IAHFkllz{ a[k,] e ) (ea[k ,[k])}

procedure, and hence it can be carried out an order of mag- al K ' 13
nitude faster than that of the Dys@y quasiparticle energies. (13
However, the MBPT2) quasiparticle energies are well- This expression suggests that we need to calculate the qua-
defined only when the corresponding HF orbital energies ar&iparticle energies of only those orbitals that are associated

in the energy range given By with appreciably large absolute valuesAﬂ [k]- The wave
HE . . functions of the lowest-lying exciton states are generally lin-
€Homo~ Eg <Ep[k ]<5Lumo+ [SH (10 ear combinations of configuration in which an electron is

promoted from one of the few highest-lying occupied bands
where EQF is the HF fundamental band gap. The MBRI  to one of the few lowest-lying virtual bands, and hence the
guasiparticle energies may diverge outside this energy rangeontributions from the high- and low-lying energy bands to
and they are very frequently erroneqirsthe sense that they Aw are negligible. This approximation, therefore, allows us
do not form smooth energy band curyésr high- and low- to avoid the divergence problem of the MBRJT quasiparti-
lying energy bands. cle energies and the slow convergence of the D{&oqua-

It should be noted that the substitution of the HF orbitalsiparticle energies for high- and low-lying energy bands and
energies for the quasiparticle energies together with the amlso reduces the computational costs significantly. We shall
proximation for the screened Coulomb term, E5), reduces show that the approximation reproduces the major part of the
Eq. (2) to the CIS equation for extended systérifs® dynamical correlation effects on the excitation energies of
the lowest-lying exciton state of polyethylene. It should be
kept in mind, however, that thad hocassumption made

HF HF k [k kilh[ki]
(€ark] ~ €irk) al[k]+2 E {re(@l itk ]jTT il here thatA:,Fk] well approximatesAJy, ; may become less
Tk ks [k ] - appropriate for systems with smaller band gaps, and E).
— (@bt jHatit )}Abj[kj]:wAai[ki]- (1) should not be applied for semiconductors with small band
gaps.

In this particular case, the total energy of an excited state is
the expectation value of the Hamiltoni&h and the corre-
sponding excitation energy can be expressed as lll. RESULTS AND DISCUSSION

The method outlined above is implemented in Hoe Y-
0= E 2 |Aa|[k |2 (Ga[k] I[E_]) MER program>! The CIS calculations are carried out using
' Davidson’s trial-vector algorithfd with the atomic-orbital-

BZ based two-electron integrals evaluated by direct or disk-

+ AH_F* r(atkililkil] Lkl plkily based algorithm. The details of the CIS implementation are
; 2 k% ailki b'[k]{ ( i given in Ref. 4. The methods for computing the MBRJT

~ (alklplh|j il (12 and Dysoi(2) quasiparticle energies are implemented with a

minor modification to the program for evaluating the

For insulators with large band gaps, it is not unreasonable tY/BPT(2) energies,’ which uses the atomic-orbital-based
expect the electron-hole amphtu@&,[k_ obtained from Eq. two-electron integrals stored externally. We apply these
HE ! N methods to calculations of the total energy, the fundamental
(2) to be close tOAai[ki] from Eq. (11). By approximating band gap, the energy of the highest occupied orbital, and the
1 by AgiF[kJ and using the relatio12), we may write  excitation energy to the lowest-lying singlet exciton state of
the electron correlation corrections to the excitation energiepolyethylene. The HF and CIS methods are carried out using
in a compact form as basis sets from STO-3G, 3-21G, 6-31G, 6-316-31(+)G

Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7342 J. Chem. Phys., Vol. 112, No. 17, 1 May 2000 S. Hirata and R. J. Bartlett

TABLE I. Total energy per ¢H, unit (E), band gap k), negative of the  clusion of diffuse basis functions. This observation indicates

highest occupied orbital energy-(e), and vertical excitation energy to the that the lowest virtual orbital of polyethylene has Iarge spa-
lowest-lying singlet exciton stat@w) of an infinitely long alltrans polyeth-

ylene chain calculated by the HF and CIS methods within the frozen cordi@l spreaq and the Iowgst-lying singlet exciton St'.dte_ of po'Y'
approximation at the B3LYP/6-3TGoptimized geometryCC bond length:  ethylene is of substantial Rydberg character. This is consis-
1.5344 A; CH bond length: 1.1005 A; CCC bond angle: 113.60°; HCH tent with the fact that the lowest-lying singlet excited states

bond angle: 105.94° The values of the parameters1(N,K) used in the _
HF and CIS calculations aref6,.14.18 for STO-3G, 3.21G, 6-31G, of n-alkane molecules are Rydberg states. In contrast, the

6-31G'; (20,40,40 for 6-31(+)G and 6-31¢,+)G. calculated energy of the highest occupied orbital converges
rapidly with the size of the basis sets. The negative of this
Basis set E/hartree EfJev  —elev  wlev calculated valug10.9 eV} approximates the ionization po-
STO-3G —77.159 644 23.81 9.72 15.89 tential of polyethylene by virtue of Koopmans’ theorem, and
321G —77.637595 17.85 10.85 1253 it may be compared with the measured photoemission
e Jaoeeore 1702 1002 1yy  Meshold®8 eV,
6-31(+)G" 78036869 1355 10.87 0.85 . When the basis set does not contain diffuse basis func-
6-31(+,+)G 78037116  12.30 10.91 917 tions, the HF and CIS calculations fail to reproduce the cor-
Experiment 8.8 8.8 7.6 rect order of the photoemission threshold and the optical

- absorption band eddeThe addition of diffuse basis func-
See also Ref. 4. . e . o . .
bThe 6-31G basis set augmented with an s-type diffuse functiontONS rectifies this qualitative error. The negative of the high-
(£=0.0438) for carbon atom. est occupied orbital energiL0.9 eV} and excitation energy
‘The 6-31G basis set augmented with an s-type diffuse function(9.2 e\) calculated with the 6-34,+)G basis set are, how-

(£=0.0438) for carbon atom and an s-type diffuse functign-0.0360)  ayer, substantially higher than the measured photoemission
for hydrogen atom.

The photoconduction threshold), the photoemission threshold-(), threshold (88 eV) and Opt.iC(?lI absorption band edge.6
and the optical absorption band edgs as reported in Refs. 5 and 7. eV), respectively. The deviation between the calculated and

observed photoemission threshold (1088=2.1eV) is

solely ascribed to the dynamical electron correlation effects

(the standard 6-31G basis set augmented with an s-type difsee pelow. The error between the calculated and observed
fuse function for carbon and 6-31+,+)G (the standard qycitation energies (9-27.6=1.6eV) may be reduced

6-31G basis set augmented with an s-type diffuse functiog|ighy by further addition of diffuse basis functions, but we
for carbon and an s-type diffuse function for hydropethe  .,hgider that the major part of the error is again ascribed to
N_'BPT(Z) and Dysoi2) calculations are perfo.rmed with ba- 4,0 dynamical electron correlation effects. This point is sub-
Sis sets up 0 6-31)G and 6'316’. respectively. The 1s stantiated by calculations for-alkane molecules using vari-
core energy bands are kept frozen in the CIS, M@’,Ta.md. ous diffuse basis sets performed with thecHEM program
Dysor(2) p_rocedures. We employ the Namur cutoff cr|ter_|on package” For example, the excitation energy of the lowest-
for the lattice summationS, we have computed the atomic- lying singlet excited state of-pentangat the structure simi-

orbital-based two-electron integrals of the form lar to the one we used for an infinite chagalculated by the
@), \ (M (MY Wi i i i
(O™ (M) with the unit cell indexes in the range CIS method in conjuction with the 6-31G, 6{31)G,
—M<I<+M, (14  6-31(+,+)G, 6-312+,2+)G, and 6-31(2,2+)G** basis
_N<m<+N, (15) setg are 12.1, 19.1, 9.6, 9.4, and 9.4 e\(, respecyvely. The
excitation energies of pentane are consistently higher than
m—M<n<m+M, (16 the corresponding excitation energies of polyethylene by
about 0.4 eV, and the results obtained from the 6+31)G

hereM andN th ters defining the cutoff crite- . :
Wherewl anciy are the parameiers cetining e cuioft ee- 6-31(2+,2+)G** basis set do not differ from each

rion. The values of the parametdyt andN, as well as the

number of evenly spaced wave vector sampling pdiis other '?};],more than ka ferzﬁw tenths of an ele.|<:tcr;0'n volt.
the first Brillouin zone used in the calculations, are given in Fulihira and Inokuctfiand Less and Wilsorinterpreted
the tables. their experimental results as indicating that the fundamental

The results of the CIS calculations are compiled in Tabld®@nd gap of polyethylene coincided with the ionization po-
I. First, we note that the calculated excitation energies ardential within a fraction of an electron volt. The cal_culated
consistently smaller than the corresponding fundamentaf@lues of the fundamental band gap and the negative of the
band gapé;® which results are consistent with the experi- highest occupied orbital energy are significantly different
mental findings that the optical absorption band edge offom each other, apparently not supporting this interpreta-
polyethylene does not accompany photoconduction, but i§on. However, these calculated quantities exhibit different
associated with an exciton transition. It should be noted thagasis-set dependence, and it is not unreasonable to expect
time-dependent density functional thedyDDFT) employ-  that these calculated quantities might converge to values
ing popular local and gradient-corrected functionals yieldgvhich are close to each other at the basis set limit. Indeed,
excitation energies that coincide with the corresponding funwe observe that the calculated energy of the lowest virtual
damental band gafisSecond, it may be noticed that the orbital approaches the vacuum level as we add diffuse basis
calculated excitation energies and fundamental band gaps dimctions to the basis set. The HF calculation on pentane
pend significantly on the basis set. The calculated values afsing the 6-31(2 ,2+)G** basis set also indicates that the
these quantities decrease by several electron volts upon ifewest virtual orbital lies higher in energy than the vacuum
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TABLE II. Total energy per GH, unit (E), band gap E4), negative of the  the original procedure ill-conditioned since some of the or-

highest occupied orbital energy-(€), and vertical excitation energy to the bitals in the MBPT2) quasiparticle energy bands inevitably
lowest-lying singlet exciton stat@w) of an infinitely long alltrans polyeth-

ylene chain calculated by the CIS method using the M&P&nd Dysoii2) cause zero or a near-z.ero qenom'natlor in ©Y. )

(given in the parentheseguasiparticle energies within the frozen core ap- The MBPT(2) quasiparticle energies of the highest oc-
proximation at the B3LYP/6-31G optimized geometryCC bond length:  cupied orbital converge rapidly while increasing the size of
1.5344 A; CH bond length: 1.1005 A; CCC bond angle: 113.60°; HCH the hasis sets. They reproduce the measured value of the
bond angle: 105.94° The excitation energies are obtained by employing the hot . threshold (8.8 V) ith titati
quasiparticle energies of the four highest occupied and four lowest virtuaP"0 oemlgsmn resho T € wi quantitative
bands. The values of the parameteks,il,K) used in the MBPT) and accuracy?’ The large deviation of 2.1 eV between the HF
Dysor(2) calculations are(9,9,9 for STO-3G, 3-21G, 6-31G, 6-3¥G  results and the experimental value is, therefore, ascribed to
(10,20,29 for 6-31(+)G. the dynamical electron correlation effects. The calculated

fundamental energy gaps and excitation energies exhibit

Basis set E/hartree EgleVv —eleV wleV ) . X

slower convergence with respect to the basis-set size. Upon

a . . . . .

STZ?ESG ‘Z-ggé g%g ig-ggig-;g ;-gi Eg-gg 1;-% 232437) inclusion of electron correlation effects in the orbital ener-
631G 78210773 13401372 844 (8.7) 8.22 (8.55 gies, occupied energy bands generally shift upward and vir-
6-31G —78.331327 13.55 (13.89 8.75(9.02 8.29 (8.63 tual energy bands shift downward. The calculated fundamen-
6-31(+)G® —78.221061 10.95 8.97 6.92 tal energy gaps and excitation energies, therefore, undergo
Experiment 8.8 8.8 7.6 larger changes than the calculated highest occupied orbital

— ; ; — energies, upon inclusion of the electron correlation effects

#The excitation energies obtained by the method originally proposed b)(lv. hin th h . he f | d
Suhai taking into account the MBPJ) and Dysoi2) quasiparticle ener- ithin the present sc em?’ since t. € tormer values are de-
gies of all the bandsexcluding & core bandsare 12.06 and 12.33 eV, pendent on the virtual orbital energies as well as on the oc-
b[?SpectiveB/- . _ . ~ cupied orbital energies while the latter depends only on the
he 6-31G basis set augmented with an s-type diffuse funCtlonOCCUpied orbital energies. As can be seen in the table,

(£=0.0438) for carbon atom. MBPT(2 he CIS .. . d the di
The photoconduction thresholdg), the photoemission threshold-(), ] @ CorreCt_S the excitation energies towar. the di-
and the optical absorption band edg® as reported in Refs. 5 and 7. rection of experimental value, although the corrections ap-
pear to be too large; the excitation energy calculated with the

6-31(+)G basis set is 6.9 eV and is lower than the experi-

level by no more than 0.3 eV, while the excitation energy tomhe?ttil value(7];6| ev. Itbcar_] be |tnferre§i fr(_)m '[ables | and I(Ij.f
the lowest singlet state is smaller by a few electron volts tha at the use of larger basis Sets containing two or more ait-
use basis functions on carbon and hydrogen would lead to a

either the fundamental band gap or the negative of the high- . S
est occupied orbital energy. further decrease in the MBRZ) excitation energy, although

The results of the calculations using the MBRTand such calculations are prohibitively expensive due to the ne-

Dyson(2) quasiparticle energies are given in Table II. Thecessity of taking enormously large truncation radii for the
MBPT(2) and Dysor2) calculations require large external lattice summations in crystalline orbital calculations. It
storage for two-electron integrals, which limits the size ofShOU!dI bte rememl_aherled _thtat ”,:. the phr_eient .ﬁtugy the
the basis sets that we can explore with these methods. It m asielectron—quasinole - interaction,  which = wi € a
be immediately noticed from the table that the results ob- creened interaction and is expected to be weaker than the
tained from the Dysof®) calculations exhibit parallel behav- bare elect_ron—ho_le interaction, is approximated by the bare
ior to the corresponding results obtained from the MEBT Coulomb interaction, Eq5). Therefore, the decrease in the

calculations. The fundamental band gaps, the negatives citation energies upon inclusion of electron correlation ef-
the highest occupied orbital energy, and the excitation ene ects might as well be exaggerated due to this particular ap-

gies calculated from the Dys(®) method are consistently proximation to the interactiotf*® It may _be said that the
larger than the MBPD) values by a few tenths of an elec- electron correlation effects on the excitation energy of poly-
tron volt. In the following, therefore, we confine our discus- ethylene evaluatepl by MBRZ) W'thm the scheme presented
sions to the results obtained from the MBRJTcalculations. here are substantially overestimated, probably due to the ne-

The conclusions drawn from the MBRZ) results apply ?IeCt of the_ lscrteemng (ejffects_r(])fICouTI(r:mb mtergctl(t)_n beE-
equally well to the Dysof®) results, ween quasielectrons and quasiholes. The approximation, Eq.

The excitation energies obtained from the original pro_(13), is unlikely to be responsible for the overestimation of

cedure of Suhd?! using the MBPT2)/STO-3G quasiparti- the electron corre_latipn effects, sincg it reproduces reason-
cle energies of all the energy bantixcluding the 1s core ably well theT excitation energy _obtamed from the original
energy bandss 12.06 eV. The approximate method outlined procedure with the STO-3G basis set.

in the previous section yields the calculated excitation en-

ergy of 12.31 eV using the corresponding quasiparticle enerj—v' CONCLUSION
gies of only the four highest occupied and the four lowest  We point out that the Green’s-function method proposed
virtual energy bands, which are in the range of Bd). We  previously for computing excitation energies using the
consider that the approximation is reasonably good, since MBPT(2) quasiparticle energies is not necessarily applicable
accounts for 97% of the exciton binding energy predicted byto extended systems, since the MBPTquasiparticle ener-
the original procedure, with substantially reduced computagies are ill-defined for high- and low-lying energy bands. For
tional costs. It should be noted that the increase in the wavisulators with large band gaps, the electron correlation cor-
vector sampling points or the use of larger basis set rendergctions to the excitation energies obtained from this original
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procedure are approximated reasonably well by the sum ofR. S. Knox, Theory of ExcitongAcademic, New York, 1963

the differences between the HF orbital energies and quasi?Y. Takeuti, Prog. Theor. Phy48, 421(1957; Suppl. Prog. Theor. Phys.
particle energies weighted by the square of the correspondglMZ’ /ZI‘:’ (1?[59- 4B, F. Bassani, . Phys. € L328 (1970

ing CIS amplitudes. This approximation requires the evalua-4S.'Hiraatr:’ :\/Ia.mHea;j-Cl%orzf;?r;hd.R. J¥S|.3art|ett, 3. Chem. Phys. 10774
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