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A general formalism for time-dependent linear response theory is presented within the framework
of linear-combination-of-atomic-orbital crystalline orbital theory for the electronic excited states of
infinite one-dimensional lattice@olymers. The formalism encompasses those of time-dependent
Hartree—Fock theory(TDHF), time-dependent density functional theorfTDDFT), and
configuration interaction singles theof@lS) (as the Tamm-Dancoff approximation to TDH#&s
particular cases. These single-excitation theories are implemented by using a trial-vector algorithm,
such that the atomic-orbital-based two-electron integrals are recomputed as needed and the
transformation of these integrals from the atomic-orbital basis to the crystalline-orbital basis is
avoided. Convergence of the calculated excitation energies with respect to the number of unit cells
taken into account in the lattice summatiom$) (and the number of wave vector sampling points

(K) is studied taking the lowest singlet and triplet exciton states dfratis polyethylene as an
example. The CIS and TDHF excitation energies of polyethylene show rapid convergence with
respect tK and they are substantially smaller than the corresponding Hartree—Fock fundamental
band gaps. In contrast, the excitation energies obtained from TDDFT and its modification, the
Tamm-—Dancoff approximation to TDDFT, show slower convergence with respd€taod the
excitation energies to the lowest singlet exciton states tend to collapse to the corresponding Kohn—
Sham fundamental band gaps in the limitkof>o. We consider this to be a consequence of the
incomplete cancellation of the self-interaction energy in the matrix elements of the TDDFT matrix
eigenvalue equation, and to be a problem inherent to the current approximate exchange—correlation
potentials that decay too rapidly in the asymptotic region. 1899 American Institute of Physics.
[S0021-960629)30248-9

I. INTRODUCTION indicates that the optical absorption bands of polyethylene
below 8.8 eV correspond to the transitions to exciton

In many of the previous attempts to understand the elecstates:*° whose electronic structure is more suitably de-
tronic structures of polymeric systems, the notion of a bandcrihed as a linear combination of several singly excited con-
gap has often been invoked loosely to account for severglq rations rather than as one configuration in which an elec-

different experimental data such as the position of optica{ron is promoted from the valence band to the conduction
absorption band edge, the threshold of photoemission, a nd

the threshold of photoconduction. However, these experi- In contrast to numerous elaborate excited-state theories

mental data are associated with different physical processes . .
. . . jor molecular systems, relatively few studies have been de-
and should be interpreted in terms of different calculate

guantities. Careful experimental studies on crystalline poly-V oted to the development of quantitative excited-state theo-

mers such as those on polyethyl&feand on poly- ries for polymeric systems. Among these studies are the

diacetylené® have indeed revealed that the measured valueS"€€n’s function approach to the exciton spectra of poly-
of these quantities can be appreciably different from one anr_ner.lclélsyls(;tems advocated by _Suchfjﬁ‘ and by Rohlfing and
other, providing a motivation to develop a quantitative theo-LoUie™ ™ and the configuration interaction singlé€1S)
retical method that goes beyond the simple one-electrognd time-dependent Hartree—Fock the6MpHF) approach
band-structure picture. For example, the optical absorptiot the same problem by Vrko and co-workers!™*° The
band edge of polyethylene is located at around 7.GR&fs.  Green’s function approach adopted by Sdhdiis formally
1 and 3 which is lower than the observed photoemission ancequivalent to the TDHF methotbr the CIS method if the

photoconduction threshold of 8.8 efRef. 3. This result Tamm-Dancoff approximaticfi is invoked generalized to
0021-9606/99/111(24)/10774/13/$15.00 10774 © 1999 American Institute of Physics
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extended systems when the Hartree—F@dk) orbitals are  erate basis sets. Third, convergence of the calculated transi-
used as the reference orbitals. Vkaand co-workerS cal-  tion energies with respect to several calculation parameters is
culated the transition energies to the lowest exciton states afivestigated and discussed. The calculation parameters in-
polyethylene with the CIS and TDHF methods in combina-clude the number of unit cells taken into account in the lat-
tion with the STO-3G and 3-21G basis sets. The excitatioriice summationsN), the number of wave vector sampling
energies to the lowest exciton states calculated with thesgoints in the first Brillouin zoneK), and the size of basis
methods are systematically smaller than the calculated valueets. Convergence of the calculated transition energies of oli-
of the HF fundamental band gap, and are considerably closgomers with respect to the chain length is also addressed.
to the measured optical absorption band edge than the band The numerical applications are carried out for the lowest
gap, although they are still substantially overestimated. It hasinglet and triplet exciton states of an infinite chain of all-
also been shown by Suflat®*and later by othefé?’that the  trans polyethylene and its oligomersi{alkang. In this pa-
dynamical correlation effects can be conveniently incorpofer, we confine ourselves to the exciton states that are acces-
rated in the calculated excitation energies by using the quasible by the direct transitions. This treatment is justified since
siparticle energies generated from the second-order manyhe wave vector of a photon is in general extremely small as
body perturbation calculations instead of the canonical HFEompared with that of an electron and the change in the wave
orbital energies. Very recently, Rohlfing and Louie have cal-vector of the electron due to the excitation is negligibly small
culated the exciton spectra of semiconductor clusteesys-  in view of the wave vector conservation law. The results
talline semiconductors and insulatdrsand polymer® by  obtained from the numerical applications can be summarized
solving the Bethe—Salpeter equation for the two-particleds follows. First, although the convergence of the excitation
Green’s function. The calculated exciton spectra were foun@nergies with respect 8 is generally slower than that of the

to be in excellent quantitative agreement with the experimentotal energies or the band gaps, it is possible to obtain exci-
tal results. The TDHF methothlso known as the random- tation energies converged up to 2 decimal places in electron
phase approximation, RBAand its higher-order analogs VOlts by taking typically twice as large a value firas that
have also been used extensively in a different corffexthe ~ required to obtain converged total energies. The single-
calculations of polarizabilities and hyperpolarizabilities of excitation theories based on crystalline orbital theory consti-

polymers by Champagne and co-worké¥s?® and recently tute a distinct advantage over the oligomer extrapolation
by Otto, Gu, and Ladik® method, since the excitation energies obtained by the latter

sources involved in the extended-system calculations, thi@finite chain limit being roughly proportional to the inverse
single-excitation theories, which are the simplest excited®f the chain length with a large prefactor. Second, the CIS
state theories, undoubtedly constitute the most importarind TDHF excitation energies converge very rapidly with
class of excited-state theories for extended systems. In th[§SPect (oK, whereas the TDDFT and TDDFT/TDA excita-
paper, therefore, we explore the fundamental aspects and tHQ” energies exhibit much slower convergence. We co'ns,lder
performance of these single-excitation theories generalizetlis slower convergence to be a consequence of the incom-
to deal with infinitely long polymeric systems. Those single-plete cancellation of the self-interaction energy m_the matrix
excitation theories include CIS, TDHF, and time-dependengléments of the TDDFT and TDDFT/TDA matrix eigenvalue
density functional theoryTDDFT).2’~% This is the same €duation. Thus, this problemlls mhergnt to the_current ap-
direction pursued by Suhai and Vkacand co-workers, but Proximate exchange—_correlanon .fun.cnonals. Thlrd, the CIS
the present study brings about new contributions in the fol@"d TDHF methods yield the excitation energies to the low-
lowing three points. First, a general formalism of TDDFT is €St singlet exciton states that are substantially s.ma_ller than
given and implemented within the framework of linear- the HF fundamental band gaps, whereas the excitation ener-

combination-of-atomic-orbital(LCAO) crystalline orbital ~ 9i€S to the lowest singlet exciton states obtained from TD-
theory®-35 The Tamm—Dancoff approximation to TDDFT DFT and TDDFT/TDA tend to collapse to the corresponding

which was proposed earlier as an algorithmically simpler alKohn—Sham(Ks) fundamental band gaps. This is primarily
ternative to TDDFT and is denoted as TDDFT/TBRis due to the fact thz_it the matrix elemer_1ts of the TDDFT and
also implemented and studied. The general formalism giver] PPFT/TDA matrix eigenvalue equation are dominated by
in this article also encompasses those of TDHF and @S the KS orbital energy differences in the diagonal elements
the Tamm—Dancoff approximation to TDWRs particular and the two-electron integrals which add to the diagonal and

cases. Second, a computationally efficient triaI-vectoro_ff'di""g_Onal elements are di§propqrtionately_smaII. We con-
algorithni’~*! for the CIS, TDHF, TDDFT, and TDDFT/ sider _thls to be another maqlfestatlon of the mcomplete can-
TDA methods is described and implemented. In this algo_celllatlon' of the self-'lnteractlon energy. The details are de-
rithm, an enormous amount of two-electron integrals in theScrlbed in the following.
atomic-orbital basis are not stored but are recomputed
needed(direct algorithmt?) and the transformation of these
integrals from the atomic-orbital basis to the crystalline- In this section, we describe the formulas of time-
orbital basis is avoided. The adoption of the direct algorithmdependent linear response thedRefs. 30 and 43, and ref-

is particularly important for extended-system calculations.erences therejnfor the exciton states of infinite one-

since the size of the integral file would easily exceed severalimensional latticegpolymerg. The term exciton is used

giga bytes even for polymers with small unit cells and mod-here in distinction to a band-to-band transition. The formal-

q? THEORY
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isms presented here assume the use of a hybrid HF/DFT  plkekl — p(0)lkpkq] | 5lkpkql
functional, such that they encompass the formalisms of P9 pao pas

TDHF and TDDFT using pure exchange—correlation func- BZ ap (;F[kp:ql -
tionals as particular cases. The adiabatic approximtisn +E E 2 % DESFT J (9
assumed from the outset. The CIS and TDDFT/T[Ref. ns ks T IR Lo

36) methods are defined as the Tamm—Dancoff approxima-
tion to TDHF and TDDFT, respectively, although CIS basedSubstituting Eqs(6) to (9) to the time-dependent HF/KS
on HF determinant is usually viewed as the lowest-orde€quation
member of the hierarchical family of configuration interac-

X i BZ &P[kpkr]
tion theory for excited states. o o E 2 {F[kpkq]P[qur]_P[kpkq]F[qur]}:i pro

First, we assume that an infinitely long polymer is ini- T dq P aw pdr ~ aro a
tially in a stationary state, whose electronic structure is suit- (10

ably described by time-independent HF/KS theory employ-

ing periodic boundary conditions, and that the orthonormafnd collecting the terms which are multiplied by the
basis functiongy(r)} are the HF/KS canonical crystalline €XP(-iwt) factor, we obtain

orbitals for this unperturbed ground state, which are charac-

. . BZ
terized by energy bang, spino, and wave vectok. The KS z E I (O)lkpkg] glkgkel _ lkpka] 2 (0)kgki]
Hamiltonian (or Fock matrix and density matrix for the < ke pao aro pde ' qro

ground state, which are superscripted w(idh, are simply

(0)[kpkgl _ ko] BZ B gElkpkel
E Phal=g5 5. . P 1 Kk o kek
pgo PA“Kkpk, Cpo [Kpkgl Pq [ksky]
nKq | 9pger +§ kzk 27 Sl sur
and s sur g=0
(0)[kik] _ (0)[kgke] (0)[kpkgl
P'J(}' = 5” (Sklkj, (2) X quo' q — quo' P™a
(0)[kikal _ p(0)[kakil _ (0)[kakp] _ BZ a, [kgk(]
Piaa' - Paia' - Pabo ° _O’ (3) % g[qur] + 2 2 EB ﬁqu?"r [kskyl
wheree are the orbital energies, and we usgefor occupied wrSu Kk T aP[S'fkaU] S su
orbitals, a,b for virtual orbitals, andp,q,r,s,u for general . g
orbitals. These KS Hamiltonian and density matrices satisfy =deerT‘] . 11
the time-independent HF/KS equati6hs
B7 The terms multiplied by the exp{t) factor lead to the com-
2 2 (F(O)[kpkq]P(O)[qur]_ P(O)[kpkq]F(O)[qur]):o’ plex conjugate of the abov'e' equation.
q kg ¥ are pGo are The idempotency condition
4 oy
and the idempotency condition 2 2 P[kp:q]P[qu:r]z P[kr'}kr] , (12)
. T & P q P
(0)[kpkgl p(0)[Kgke] _ (0)[kpk/] _ _ o
% kZQ Pogo ** Paro Pors : ) strongly restricts the possible form of tHematrix in Eq.(8);

) ] ] the occupied—occupied and virtual—virtual elements ofdthe
We now apply an oscillatory perturbation, which can beatrix are zero. Rewriting

described as a single Fourier component,

[kakil _ | [kaki]

Gl = 1{glokd expr—iwt) + gl exp(int)), llkakil = [kl 13
(6) Kk ke

A =Ya (14)

where the matrixg represents a one-electron operator de-

scribing the details of the perturbation. The first-ordér-  and using the diagonal nature of the unperturbed KS Hamil-
eay) responseD of the density matrix to this applied pertur- tonjan and density matricéEqgs.(1) to (3)], we obtain a pair

bation is of equations
[Kpkal — p(O)lkpkql . pylKpke]
i P B V- dl el
with B2 ap | gplkaki
Dokal = 1rglfokal ey — i wt) + dIa* expliot)?. > — S| ek
pgo pqo qpo b Kp.ki 7 JP "b%j 1T
8 ! bj= lg=0
The first-order change in the KS Hamiltonian matrix is com- o kakil
posed of two terms: the change in the one-electron part de- 4+ % yE)k_bkj] = wxg?aki] (15)
scribed by Eq.(6) and the change in the two-electron part TP o0 " 7
induced by the first-order response of the density matrix,
namely, and
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(€[ki]_ [kal)y[lfaki]_g[kikal where the two-electron integrals are written in the Mulliken
lo ao alo lao H
notation
oL 3Fi[:(|:a] [koki]
— - | k k [k kil k
S S | gploll| Yo (P sl fw[ () (1)
J bjr g=0 | |
k k
+0”F|§:a] Tkokil | _ Tkaki] (16) Xl/f[sf]*(r’)l/fET'](r’)dr dr’. (21
(?PEE kol Yoj= = | = “Yaio - The last term in Eq.(17) is the contribution from the
;

9=0 exchange—correlation functional, and is writtei®a&’

For a general hybrid HF/DFT functional, the KS Hamil-

tonian matrix elements are written explicitly*4s*® xL';P:q]: j :ilp[kpl* g'jg]
K Kok Kok Kok Kok
F[pqpo h[pqerq]+‘]Lqpaq]_CHFK[quiTQ]jLXLquQ] ’ €7 of of [kpl% ,[kg]
with the one-electron part of the KS Hamiltonian matrix de- +(2ay Voot ay VPB) 'V(‘r”po? 'ﬁq,f )]dr
fined by o “p
(22)
Rk f l/,[kpl*(r)( — —V2 z E Z—) and similarly for theg spin counterpart. Hereis a sum of
P [r=Ra—NRy| appropriately scaled exchange—correlation functionals of
y :,{/[kq](r)dr (18 spin densitiep,, ,pg and gradient invarianty ., , Y., ¥ss -
q ’ The spin density)g(r) is related to the density matrix by
whereZ, is the charge of nucleu& at positionR, in unit
cell n and R; represents the translation vector in the chain  p (r)= 2 2 qugq] zp[kpl(r)ng'ff]*(r). (23

axis direction. The matrice$ andK are the Coulomb and
HF exchange contributiowith the mixing ratio ofcys),  Using the above deflnltlons, we fiffeP®

respectively, whose elements are written as gEkpkal
BZ a8 F[Jlgflf(s]
K, [3 k ke k
Bpd=% 3 3 IR a9 Pt
K k. [k, k]| kel [k
and =(p,*q| Is[s] 1) = ued, (py sl g )
[ks] k]
+(plfe IWrTIS ), (24)
1_ ky] [k [ks] [k [krkgl o C
Pqu 2 rz (p P |S )PI'SO' ! (20) with
|
(PP QL w | sElr ) =2 j Ve e VTl o drs f g gl =yl ylilgr 42 f T
9°f

9%f
P wsksl*zp[“)dr*?J Vpar V(b gl ———— gl y gy

X—
apa&')/aa &pa&y

5*f
) [Kpl* kgl ks]* k] j [kpl*
+pr5 V(s Yoa )—ap P dr+ | 4t
5t

9*f
el VO g+ a [ Vo, T ol Vo VL

aa

JVpa v (yhe* gl pp- V(LI* gl dr

IYaadYap

JVp V(R gl VooV  yradr

IYaaYap

92t

Vo VO ) Vo VA e 25
ap

and
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(pz |WaB|SkS] [k]) JV(lﬂ p]*w ). V(tﬂ[ks]* ‘/’[k]) dl’-l-f w[kp]* lﬂ[ks]*lﬂpg]dr

q“ IpaIpg
yhe ke kg T o Vgl yliydr+2 [ Vo, v(gle* ylid)
9% 9pdYppa P Pa pa  Tqa
2
&—f [kl * k]dr+f dl —Vp 'V(l/f[kS]*l,//[kr])dl’
P pIYaa 55 qa ap (97 s ¢ sg B
5*f
[kpl*  [Kql [kel* [k . [kpl*  [Kql
+prB.V(¢p5 Vo) Gy Vs Vig dr+4f Vpa V(yllol glid)
XLV V(w[kd* [k])dr‘i‘ZJ’ v V(l// p]*l// q]);v V(l/l[ks]*l//[kr])dr
Yaa9Vpp Pe Pat Y aa?Yap Pa s8 B
+2f Vp V(w[kp]*lpgﬁ?])wvﬁ) V(w[ks]*w_ )dr‘l'j Vpﬁ V(lp p]*lp q])
il (kg% Ik
Voo V(s ¢ g)dr (26)
'}’aﬁ

The BB and Ba matrix elements are readily obtained by eigenvalue problems, and each smaller eigenvalue problem

interchangingxr and 8 in the above equations wherever they is characterized by the exciton wavevecid introduced in

appear. the above equation. The matrix equation to be solved for a
Substituting Eq(24) into Egs.(15) and(16) and assum- given Ak has apparently the same for(@7) as before, but

ing that the electronic transitions occur with an infinitesimalthe A and B matrix elements are now defined by

perturbation g [alf akil =0), we obtain a non-Hermitian ki k] _

eigenvalue equatlon A

aio,bjr 5i §ab5k K 0'7'( €.
A B)\/X 1 0\(X +(ak+Ak] [k]| I +Ak])
o ll]=ele e @ o

[k +AK] [ki])
ir

B* A*/\Y 0 —-1/\Y PR (a[k+Ak b[k +Ak]|][k] [k])
HFCo T
with
[ki+ K], [k] [Kj]} [kj+AK]
+(a, W), "D, (31
Agfakblkrbk] 9ij Ganiqi; Sk ”T(ew '“:]) [k ki] [ki+AK]: [ki] [|k A|k] [k;]
iKl _— i TAK] Lk j AL LK;
_|_(a a]i[ki]“[kj]b[kb]) Bai(r,bjjf_(aa' Iy |b ! ). M)
7 [k+Ak] k] [kj+AK]; k]
Kal ko] 1 [T Tk —Chrdg-(a, Ko’ )
CHFﬁ”T(a[ b[ b]“[ | ]) [ki+ K], [k] [ki+AK] : [kj]
, +(a,; w,,|b. o). 32
+ (@l |y, 0Tl 28) ( W | (32)
ok Keki] o k] k] [k] Note that the dimension of the andB matrices of Eqs(31)
aiobjs | = (@, 0, [ and(32) is smaller by a factor ok? than those of Eqg28)
and (29) with K being the number of wave vector sampling
—Cucd (a a] [k |bkb][k]) . _ "
HFCo 7 points. For the direct transition@\k=0), the definition of
+(a0 a]iE,ki]|Wm| b[ka]j Tkj])_ (29 the A andB matrices is further simplified to

[ki kil _ o [kil __[ki]
At this point, we exploit the fact that the two-electron inte-  Aaiobjr— 91 Sandkk For( €5, ~ €")

grals appearing in Eq$28) and (29) vanish identically un-

k] k] [kj1 1, [Kj]
less (—katki—kj+kp) is an integral multiple of zr/R; +(a,! 70,

(Refs. 9-13 and 17-19This means that th& andB ma- —Cued (a[k]b k]“[k] k])
trices in EQ.(27) have nonzero elements only within the HFZor
blocks whose wave vector indexes satisfy the following con- +(an iaki]|Wm|J kil b[k ), (33)
dition:
K ki Kl Tkl kil s [k
2mar B o= (2,1, Bl )

ka—ki=kp—k,+ ——=AK, (30)

o R —Cupd, (@, Tl )
wheremis an integer. Therefore, the large matrix eigenvalue [k, k] [k] [k
problem (27)—(29) can be decomposed into smaller matrix +(a, i, W, | D). (34)
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Equations(27), (33), and(34) are solved to obtain excitation dimensions'®? The generalization of this algorithm to a
energiesw of TDHF or TDDFT. The Tamm-Dancoff non-Hermitian eigenvalue equation has been considered by
approximatio”’ amounts to substituting zero for tlema-  Hirao and Nakatsujf and for the particular form of Eq27)
trix elements in Eq(27), which leads to a simpler Hermitian by Olsen, Jensen, andrgenseri® It should be remembered
eigenvalue problem of the form that theA and B matrices are complex matrices and hence

AX = wX (35) we cannot reduce Eq27) to a Hermitian eigenvalue equa-

' tion of half the dimension as has usually been done in the

where the definition of thé matrix elements is the same as implementations for moleculé§:#14°505455The CIS and
before[Egs.(31) and(33)]. The eigenvalues correspond to  TDDFT/TDA methods can be implemented with minor

the excitation energies of CIS or TDDFT/TDA. modification to this algorithm outlined below. In the Olsen
algorithm, theA and B matrices in Eq.(27) are projected

IIl. IMPLEMENTATION onto a subspace spanned by a set of trial vectors
{(x®,yDy (x2 y@)y . (xM y(M)}, Each iteration in-

In HF/KS crystalline orbital theory, each canonical crys-
talline (Bloch) orbital is expressed as a linear combination of

atomic orbitals{x’(r)} in the form @B
xP) = % > (Aaiu,bjrxf)?)ﬁ Baio,bj-ryE)Fj)Z-)v (40)

volves the formation of matrix—trial vector products

=K 3l extlinkR)x(1), (39 Y

v(P) (p)
whereK is the number of wave vector sampling points in the ~ Yaic™ 2 2 (BRio. o X0t A i Y1) - (42)

. . . . . . ib
first Brillouin zone. The atomic orbitg’(r) is a real spa- . _
tial function centered in unit celh. The two-electron inte- 1he subspace representation of theand B matrices, de-

grals over the canonical crystalline orbitals are written innoted asA” andB’, is obtained by forming the inner product

terms of the atomic orbitals as of the trial vectors and the product vectors
[y g lkal| kel TKi]
(P Tls -3 S R T 2
k-1 1% ~[Kgl ~lkg* ~[k(]
B MVEAK I%n C“"E’J" CrarCrsr Corr Y (I IDx | (x5 Ta)
:é ; (Xalo' aio alo' am ) (43)

X expli (Kgl = ksm+ K )R} O v\ M (M) - (37)

when the condition(30) is satisfied; otherwise the integrals Likewise the subspace representation of the metric is ob-

vanish. The two-electron integrals over the atomic orbitalstaInGd as

are written as

(@O (M () E 2 XX, —y Ry, (44)
[ e @ o3 S o v 4

Likewise the two-electron integrals over the canonical crys-These matrices satisfy the following relations:
talline orbitals involving the electric second derivatives of

1%
exchange—correlation functionals vanish unless the condition _qu k (46)
(30 is satisfied. Nonvanishing integrals are related to the Bjq=Bip (47)
two-electron integrals over the atomic orbitals as P
Crq=Cap (48
kel [k ,
(pb A w, ) A
o . Dpg= —Dgp- (49
=Kt > X Cﬂgf,* Ci@l@;}* Cirl The approximate eigenvalues are obtained by solving the

w, v, N,k IL,mn

non-Hermitian eigenvalue equation of the reduced dimension
X expfi (Kql = ksm+k )R (@ v®|w,, N kM),
(39 ,

A" B"\/x c’ D’ X!
) =o' , ) ay (50
. B* A \Y -D* —c'¥\Y
where the definition of the two-electron integrals over the

atomic orbitals can be readily inferred from Eq25) and  Subspace size is increased iteratively until the approximate

(26), and is not given here. eigenvaluesw’ converge within the preset tolerance. The
In the present implementation of TDHF and TDDFT, the non-Hermitian eigenvalue problefd0) can be viewed as a

explicit formation of an enormous number of these two-Hermitian eigenvalue problem by considering the matrix in

electron integrals over crystalline orbitals is avoided by in-the left-hand side, which is positive definite for the ground

voking a trial-vector algorithmi’ which is based on the idea state>® as metric and 14’ as eigenvalues. Thus this matrix

of projecting the full matrices onto ones of greatly reducedequation can be solved by standard algorithms. Care must be
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exercised to ensure that the trial vectors employed in eachram packagé’ the details of which were described in our

iteration are linearly independetit®® since the subspace previous article$®>4°8-61\We employed the Slater—Vosko—

method described above implicitly uses trial vectors of thewilk—Nusair ~ (SVWN),%%%3  Becke—Lee—Yang—Parr

form {(y* x(D*) (y@* x@*) .. (y™M* x(MW*)Y also. In - (BLYP),5*%5 and Becke3—Lee—Yang—PaB3LYP) func-

our implementation, we diagonalize the metric of these triationals as representative local, gradient-corrected, and hybrid

vectors every time a new trial vector is added, and verify thatunctionals, respectively, in TDDFT and TDDFT/TDA cal-

the new vector does not introduce linear dependence in theulations. The CIS, TDHF, TDDFT, and TDDFT/TDA cal-

subspace. culations on oligomer&-alkane moleculgswvere carried out
The formation of matrix—trial vector products can beusing a development version of the-cHEM program

carried out conveniently in the direct atomic-orbital-basedpackage’’

algorithm, which is illustrated in the following for the prod-

uct formation of a trial vector and the two-electron integrals

involving the electric second derivative of a local exchange—'V- NUMERICAL APPLICATION

correlation functional, namely, First, we briefly address the cutoff criterion of two-

BZ a8 electron integrals employed in this study, which seems to be
> > 2 @M, | HTph (P particularly relevant to the following discussions. We em-
1b kT ployed the so-called ‘Namur cutoff criterion’ for truncating

BZ a,B the infinite lattice summationésee Ref. 68 for the perfor-

177 nao

=K*1§ ; > > > x@clircticllxcll mance of various cutoff criteriawhich was advocated by
! ]

7wk lmn Delhalleet al®® This criterion uses two parametdvsandN,
x expli (kil —kim+kn)R,} and the two-electron integrals over the atomic orbitals whose
' ! J unit cell indexes are in a certain range determined by these
o?f parameters are computed and included in the lattice summa-
(0) () (m) (n)
XJ X (Nx (1) gpo(ypTXx (Nx,”(rdr. (52) tions. Specifically, we compute the two-electron integrals of

_ _ _ the form (@ v\ (M (M) with the unit cell indexes in the
The summation can be carried out in four separate Step?ange

First, we form a density-matrix-like quantityvhich we call

trial density matrix defined by —M<I<+M, (56)
BZ —N<m<+N, 5

T M=k -1y > xPcli* el explik;(n—m)Ry}. o7

7o % CITTMT Tebr m—M<n<m+M. (58)

52 . . .
o . ( ) It is easy to obtain converged results with respect to param-
Second, we form an electron-density-like quantdnd their  eterM, since the two-electron integrals decay exponentially

gradients and gradient invariants with respect to the electrigjith increasing the distance between the atomic orbji&fs
variables if a gradient-corrected functional is being us®d and»(" or that between(™ and (. In contrast, the con-

each point of the numerical integration grid vergence of the results with respect to parambités gener-
ally much slower since the two-electron integrals may decay
pl(n)=2> > Tm M py M(py, (53)  asymptotically in inverse proportion to the distance between
Ak m,n the centers of the two charge distributions. The convergence
Third, we carry out numerical integration to obtain of the excitation energies with respect bare potentially
ap 21 t)ro)blematic since the trial density matrices defined by Eg.
N 0 | T 52), which are to be contracted with two-electron integrals,
SE‘)”"_Z f XE‘ (Dx(r) ap(,aprT(r)dr' (54 do not necessarily decay with increasing the unit cell index,

unlike the regular ground-state density matrices that decay

The computational cost of this process for one trial vector i%xponentially for insulatorssee Ref. 33 and references
on the same order of that of forming the eXChange_thereir).

correlation contributions to KS Hamiltonian matrix elements The calculated excitation energies to the lowest singlet

in thg grgund-state DFT calculf?\tions_, bepause thg abovgnd triplet exciton states of polyethylene with different val-
equation involves only two atomic-orbital indexes. Finally, ,as ofN are given in Tables I-IV. In these calculations, we
we backtransform this atomic-orbital-based product vector t¢, 514 M and K (the number of evenly spaced wave vector

that over the crystalline orbitals sampling points fixed at 6 and 60, respectively. The total

BZ «.p energies calculated by the ground-state HF and DFT meth-
> > 2 @i w,, | bl xe) ods converge up to 6 decimal places in hartreNat4. The
b ki calculated band gaps are expected to show slower conver-
[kl (K] _ n gence than the 'total energi®sbut they converge up.to 3
=> > C,a0 C.iv &XHiKk{IR)S,, . (55  decimal places in electron volts Bt=6. It can be noticed
v | from Table | that the CIS and TDHF excitation energies to
The single-excitation theories outlined in this and previ-the lowest singlet state show noticeably slower convergence
ous sections have been implemented in #@eYMER pro-  with respect tdN as compared with that of the total energies
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TABLE |. Convergence of the total energy pesH; unit (E), band gap  TABLE lll. Convergence of the total energy peptd, unit (E), band gap
(Eg), and vertical excitation energies to the lowest singlet and triplet exciton(E,), and vertical excitation energies to the lowest singlet and triplet exciton
states with respect to the number of unit cells included in the lattice sumstates with respect to the number of unit cells included in the lattice sum-
mationsN. The HF, CIS, and TDHF calculations are carried out using themationsN. The DFT, TDDFT, and TDDFT/TDA calculations using the
STO-3G basis set for an infinitely long athns polyethylene chain at the  BLYP functional and the STO-3G basis set are carried out for an infinitely
HF/STO-3G optimized geometryCC bond length: 1.5451 A; CH bond long alltrans polyethylene chain at the geometry given in Table I.

length: 1.0885 A; CCC bond angle: 112.40 °; HCH bond angle: 107.07 °)

TDA / eV TDDFT / eV

CIS / eV TDHE / eV - - - -
K E/hartree Eg/eV Singlet Triplet Singlet Triplet

K E/hartree Eg/eV Singlet Triplet Singlet Triplet

N
2 60 —77.629452 12.112 12.107 12.053 12.107 12.046
60 —77.160404 23.697 15.715 14.123 15.668 12.968 4 60 —77.629451 12.111 12,109 12.052 12.109 12.046
60 —77.160411 23.724 15.743 14.123 15.698 12.968 6 60 —77.629451 12.111 12109 12.052 12.109 12.046
60 —77.160411 23.725 15.753 14.123 15706 12968 10 60 —77.629451 12.111 12.110 12.052 12.110 12.046
60 —77.160411 23.725 15.760 14.123 15710 12968 14 60 —77.629451 12111 12110 12.052 12.110 12.046
60 —77.160411 23.725 15.761 14.123 15712 12968 18 60 —77.629451 12.111 12.110 12.052 12.110 12.046
60 —77.160411 23.725 15.762 14.123 15712 12968 22 60 —77.629451 12,111 12.110 12.052 12.110 12.046
22 60 -—77.160411 23.725 15.763 14.123 15.713 12968 26 60 —77.629451 12111 12.110 12.052 12.110 12.046
26 60 -—77.160411 23.725 15.763 14.123 15713 12968 30 60 —77.629451 12,111 12.110 12.052 12.110 12.046
30 60 —77.160411 23.725 15.763 14.123 15.713 12.968

=
o~ OPRNZ

noticed that the calculated total energies and band gaps are
or the band gaps. However, we can have these excitatiogonverged up to the decimal places given in the tables at
energies converged up to 2 decimal places in electron volts- 20 and they do not change Ksincreases. The calculated
atN=10, which is roughly twice as large a valueMfs that CIS and TDHF excitation energies are also insensitive to the
required to obtain converged total energies and band gapshoice ofK as long ak =20 (Table V). In contrast to this,
For the TDDFT and TDDFT/TDA excitation energies, con- the TDDFT and TDDFT/TDA excitation energies undergo
vergence can be achieved with a smaller valubl tiian that  noticeable changes upon increaskgthey do not converge
for the CIS and TDHF excitation energies. Therefore, it carup to 3 decimal places in electron volts urifilbecomes as
be said that we can obtain the converged excitation energigsrge as 80, although for practical purposes the excitation
by consistently taking into account only those two-electronenergies obtained witk =20 seem sufficiently close to the
integrals that are used in the preceding ground-state calculgonverged results. It is interesting to note that the SVWN
tions and taking a slightly larger value bfthan that for the and BLYP excitation energies to the lowest singlet exciton
total energy only calculations. We have observed that, alstates approach the corresponding KS band gaps. Among the
though the trial density matrices for trial vectors do not nec-calculated excitation energies to triplet states also, there are
essarily decay with increasing the unit cell index, the correthose states whose excitation energies approach the corre-
sponding density matrices for the converged solution vectorsponding KS band gaps. These results persist in the calcula-
of the lowest transitions of polyethylene do decay exponentions using larger basis sefgide pos} and those for other
tially. Tables I1-IV also indicate that the excitation energiespolymeric systems, and are not coincidental.
to the lowest triplet state are relatively insensitive to the ~ As we have noted previousf§,the excited-state wave
choice ofN. functions obtained from the TDDFT and TDDFT/TDA cal-

In Tables V-VIII, we summarize the convergence of theculations are very often dominated by only one singly ex-

calculated excitation energies with respecKtby holdingM  cited configuration, unlike those of CIS and TDHF which are
andN fixed at 6 and 14, respectively. It may be immediatelygenerally linear combinations of a number of those configu-

TABLE II. Convergence of the total energy pestd, unit (E), band gap  TABLE IV. Convergence of the total energy pest, unit (E), band gap
(Eg), and vertical excitation energies to the lowest singlet and triplet exciton(E), and vertical excitation energies to the lowest singlet and triplet exciton
states with respect to the number of unit cells included in the lattice sumstates with respect to the number of unit cells included in the lattice sum-
mationsN. The DFT, TDDFT, and TDDFT/TDA calculations using the mationsN. The DFT, TDDFT, and TDDFT/TDA calculations using the
SVWN functional and the STO-3G basis set are carried out for an infinitelyB3LYP functional and the STO-3G basis set are carried out for an infinitely
long alltrans polyethylene chain at the geometry given in Table I. long alltrans polyethylene chain at the geometry given in Table I.

TDA / eV TDDFT / eV TDA / eV TDDFT / eV

K E/hartree Eg/eV Singlet Triplet Singlet Triplet K E/hartree Eg/eV Singlet Triplet Singlet Triplet

60 —76.948040 12.185 12.187 12.165 12.187 12.164 60 —77.636782 14.417 13.443 13.145 13.442 13.117

60 —76.948039 12.185 12.188 12.165 12.188 12.164 6 60 —77.636782 14.417 13.441 13.141 13.440 13.114
10 60 -—76.948039 12.185 12.188 12.165 12.188 12.164 10 60 —77.636782 14.418 13.443 13.141 13.442 13.114
14 60 -—76.948039 12.185 12.188 12.165 12.188 12.164 14 60 —77.636782 14.418 13.444 13.141 13.443 13.114
18 60 -—76.948039 12.185 12.188 12.165 12.188 12.164 18 60 —77.636782 14.418 13.444 13.141 13.443 13.114
22 60 —76.948039 12.185 12.188 12.165 12.188 12.164 22 60 —77.636782 14.418 13.445 13.141 13.443 13.114
26 60 —76.948039 12185 12.188 12.165 12.188 12.164 26 60 —77.636782 14.418 13.445 13.141 13.444 13.114
30 60 —76.948039 12.185 12.188 12.165 12.188 12.164 30 60 —77.636782 14.418 13.445 13.141 13.444 13.114

N N

2 60 —76.948043 12.185 12.187 12.165 12.187 12.164 2 60 —77.636780 14.410 13.465 13.176 13.459 13.147
4 4

6
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TABLE V. Convergence of the total energy pesH; unit (E), band gap  TABLE VII. Convergence of the total energy pesid, unit (E), band gap
(Eg), and vertical excitation energies to the lowest singlet and triplet exciton(E), and vertical excitation energies to the lowest singlet and triplet exciton
states with respect to the number of wave vector sampling piintsie HF, states with respect to the number of wave vector sampling p&infhe
CIS, and TDHF calculations are carried out using the STO-3G basis set fobFT, TDDFT, and TDDFT/TDA calculations using the BLYP functional
an infinitely long alltrans polyethylene chain at the geometry given in and the STO-3G basis set are carried out for an infinitely longdratis
Table I. polyethylene chain at the geometry given in Table I.

CIS / eV TDHF / eV TDA / eV TDDFT / eV

N K E/hartree Eg/eV Singlet Triplet Singlet Triplet N K E/hartree Eg/eV Singlet Triplet Singlet Triplet

14 20 -—-77.160411 23.725 15761 14.123 15.712 12968 14 20 -—77.629451 12111 12106 12.034 12.106 12.028
14 40 -—77.160411 23.725 15.761 14.123 15.712 12.968 14 40 —77.629451 12111 12109 12.050 12.109 12.045
14 60 -—77.160411 23.725 15761 14.123 15.712 12968 14 60 —77.629451 12111 12110 12.052 12.110 12.046
14 80 -—77.160411 23.725 15.761 14.123 15.712 12.968 14 80 -—77.629451 12.111 12.110 12.053 12.110 12.046
14 100 —77.160411 23.725 15.761 14.123 15.712 12968 14 100 —77.629451 12111 12110 12.053 12.110 12.046

rations. In our example, the TDDFT and TDDFT/TDA two-electron integrals of the typ@b|ji) are replaced by the
excited-state wave functions of the lowest singlet excitorexchange—correlation integrals of the tye|(v|jb) in Egs.
states of polyethylene are dominated by the configuration ifi33) and (34) on going from TDHF (CIS) to TDDFT
which an electron is promoted from the highest valence bangTDDFT/TDA). These two-electron integrals are supposed to
at the Brillouin zone center to the lowest conduction band atancel spurious self-interaction energies in the orbital ener-
the same position in the Brillouin zone. In the correspondinggies e (see Ref. 7L However, while the interaction between
CIS and TDHF excited-state wave functions, on the othethe two charge distributions in the former integrais|ji) is
hand, the contributions from the configurations having dif-Coulomb type, which may decay in inverse proportion to the
ferent wave vectors are mixed. It should be noted that thelistance between these two charge distributions, the latter
weight of each singly excited configuration in the CIS andintegrals @i|w|jb) decay exponentially due to the particular
TDHF wave functions exhibits correct scaling with respectform of the current approximate functionals. While in the
to K; asK increases, the weight decreases in proportion ta|S and TDHF calculations, the self-interaction energies in
K ~*2such that the sum of the squared weights equal to unityre properly cancelled by the two-electron integralb|{i),
and the overall shape of wave functions remains unchange¢h the TDDFT calculations, the cancellation is incomplete
However, the TDDFT and TDDFT/TDA wave functions do because of the too rapid decay of the integral§w|jb).
not have this correct scaling properties, and they are mor8ince parametel physically corresponds to the size of the
and more dominated by a single configuratiorkdacreases. system’?we can regard the slow convergence of the TDDFT
This means that the TDDFT and TDDFT/TDA excitation and TDDFT/TDA excitation energies with respect Koas
energies to the lowest singlet exciton states of polyethylengeing due to the fact that the contribution of the integrals
approach the diagonal elements of thematrix in the limit  (ai|w|jb) become disproportionally small relative to that of
of K—co. Since the diagonal elements of tAematrix is a ¢ asK becomes large. The observation that the TDDFT and
sum of the KS orbital energy differenceg@—ei[('ﬁ]) and TDDFT/TDA excitation energies to the lowest singlet exci-
two-electron integrals and the latter quantities are proporton states tend to collapse to the KS band gaps and that the
tional to K1, one of the TDDFT and TDDFT/TDA excita- associated wave functions do not exhibit correct scaling be-
tion energies collapses to the KS band gap in the limit othavior with increasingK is likewise accounted for by the
K—o0., incomplete cancellation of the self-interaction enerdisese
From the viewpoint of the matrix elements, the slow also the discussions given by Perdew and co-wofRef3.
convergence of the TDDFT and TDDFT/TDA excitation en- Obviously, the above-mentioned problems in the TD-
ergies with respect t& is a consequence of the fact that the DFT and TDDFT/TDA excitation energies are closely re-

TABLE VI. Convergence of the total energy pesH, unit (E), band gap  TABLE VIIl. Convergence of the total energy pesld, unit (E), band gap
(Eg), and vertical excitation energies to the lowest singlet and triplet exciton(E,), and vertical excitation energies to the lowest singlet and triplet exciton
states with respect to the number of wave vector sampling p#&iniehe states with respect to the number of wave vector sampling p#&intehe
DFT, TDDFT, and TDDFT/TDA calculations using the SVWN functional DFT, TDDFT, and TDDFT/TDA calculations using the B3LYP functional
and the STO-3G basis set are carried out for an infinitely longrafs and the STO-3G basis set are carried out for an infinitely longratis
polyethylene chain at the geometry given in Table I. polyethylene chain at the geometry given in Table I.

TDA / eV TDDFT / eV TDA [ eV TDDFT / eV

N K E/hartree Eg/eV Singlet Triplet Singlet Triplet N K E/hartree Eg/eV Singlet Triplet Singlet Triplet

14 20 -—76.948039 12.185 12195 12.149 12195 12.148 14 20 —77.636782 14.418 13.443 13.141 13.442 13.113
14 40 -—76.948039 12.185 12.190 12.162 12.190 12.161 14 40 -—77.636782 14.418 13.444 13.141 13.443 13.114
14 60 -—76.948039 12.185 12.188 12.165 12.188 12.164 14 60 —77.636782 14.418 13.444 13.141 13.443 13.114
14 80 -—76.948039 12.185 12.187 12.166 12.187 12.165 14 80 —77.636782 14.418 13.444 13.141 13.443 13.114
14 100 —76.948039 12.185 12.186 12.166 12.186 12.165 14 100 —77.636782 14.418 13.444 13.141 13.443 13.114
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TABLE IX. Convergence of the total energy pest, unit (E), HOMO- TABLE XI. Convergence of the total energy pestd; unit (E), HOMO—-
LUMO energy differencey), and vertical excitation energies to the lowest LUMO energy difference), and vertical excitation energies to the lowest
singlet and triplet excited states of aléns nalkane HCH,),H molecules singlet and triplet excited states of &l&kns nalkane HCH,),H molecules

with respect to the chain length The HF, CIS, and TDHF calculations are with respect to the chain lengthh The DFT, TDDFT, and TDDFT/TDA
carried out using the STO-3G basis set at the geometry given in Table I. calculations using the BLYP functional and the STO-3G basis set are carried
out at the geometry given in Table I.

CIS / eV TDHF / eV

. . . . TDA / eV TDDFT / eV
n E/hartree Eg/eV Singlet Triplet Singlet Triplet

E/hartree Eg/eV Singlet Triplet Singlet Triplet
5 —77.618442  26.7 17.685 14.414 17.666 13.293

10 —77.389427 25.0 16.542 14.203 16.516 13.063 5 —78.100733 144 14.852 13.802 14.835 13.622
20 —77.274919 241 16.041 14.143 16.004 12994 10 —77.865080 13.0 13.268 12.763 13.258 12.749
40 —77.217665 23.9 15.855 14.128 15.811 12976 20 —77.747256 124 12.485 12.259 12.485 12.250
©?® —77.160411 23725 15763 14123 15713 12,968 40 —77.688344 122 12.213 12100 12.213 12.098
& —77.629451 12111 12.110 12.052 12.110 12.046

&Crystalline orbital calculations withi=30 andK =60.

&Crystalline orbital calculations withl=30 andK =60.

lated to the well-known common flaw that many of the
current approximate functionals share; the exchange poteriFig. 1). Insofar as the total energies are concerned, we can
tials generated from these functionals decay too rapidly ireliminate the effects of terminal groups by taking the energy
the asymptotic regiorf"’®7”In the TDDFT calculations on difference of twon-alkane molecules with different chain
molecules, serious numerical errors manifest themselves &ngths. Since total energies are size-extensive quantities,
the excitation energies approach the negative of the highestich a treatment can be justified and the resulting energy
occupied KS orbital energi€§,which are typically signifi- differences converge reasonably rapidly with increasing
cantly higher than the excitation energies of the several lowHowever, it is difficult to think of a similar extrapolation
est singlet or triplet excited states. For extended systems, tfigheme for excitation energies and band gaps. These tables
effects of this flaw seem to be more acute since the negativi@dicate that the calculated excitation energies and band gaps
of the highest occupied KS orbital energies may often belo not converge up to one decimal place in electron volts
lower than the excitation energies to the lowest exciton stategven atn=40. Considering that these quantities of an infi-
(for example, the highest occupied KS orbital energies ohitely long polyethylene chain converge up to 2 decimal
polyethylene are at 4.9, —4.9, and— 6.1 eV, respectively, places in electron volts a=14 (vide antg, the single-
at the SVWN/STO-3G, BLYP/STO-3G, and B3LYP/ excitation theories based on crystalline orbital theory consti-
STO-3G levels These results suggest that considerable cautute a distinct advantage over the oligomer extrapolation ap-
tion must be given to the calculated TDDFT and TDDFT/proach. In other words, the periodic boundary conditions are
TDA excitation energies of extended systems when they arparticularly suited for the calculations of excitation energies
compared with the experimental data. and band gaps of infinitely extended systems. This conclu-
Tables IX—XII compare the calculated excitation ener-sion, however, does not deny the practical usefulness of the
gies ofn-alkane molecules containing 5, 10, 20, and 40 caroligomer extrapolation approach. The oligomer extrapolation
bon atoms with those of an infinitely long polyethylene approach is in many cases complementary to the crystalline
chain. Due to the terminal groups of the oligomers, whoserbital theory approach, since it provides important informa-
effects decay roughly in inverse proportion to the chaintion about the convergence behavior of the properties of oli-
lengthn, the calculated quantities ofalkane molecules ex- gomers and one can check the soundness of both the ap-
hibit very slow convergence with respectripalthough they proaches by comparing the properties of infinitely extended
smoothly approach the limiting values of the infinite chainsystems obtained from them. It should also be noted that the
predicted by the crystalline orbital calculationsreiscreases TDDFT and TDDFT/TDA excitation energies to the lowest

TABLE X. Convergence of the total energy pegts, unit (E), HOMO- TABLE XII. Convergence of the total energy pesld, unit (E), HOMO—-
LUMO energy differencelty), and vertical excitation energies to the lowest LUMO energy differencek), and vertical excitation energies to the lowest
singlet and triplet excited states of al&ns nalkane HCH,),H molecules singlet and triplet excited states of &l&ns nalkane HCH,),H molecules

with respect to the chain length The DFT, TDDFT, and TDDFT/TDA  with respect to the chain length The DFT, TDDFT, and TDDFT/TDA
calculations using the SVWN functional and the STO-3G basis set are caralculations using the B3LYP functional and the STO-3G basis set are car-

ried out at the geometry given in Table I. ried out at the geometry given in Table I.
TDA / eV TDDFT / eV TDA / eV TDDFT / eV
n E/hartree Eg/eV Singlet Triplet Singlet Triplet n E/hartree E /eV Singlet Triplet Singlet Triplet
5 —77.404 006 145 14.894 14.093 14.889 14.005 5 —78.109 761 16.8 15.614 14275 15598 13.995

10 —77.176009 131 13.393 12964 13.382 12960 10 —77.873262 15.4 14.279 13.584 14.270 13.551
20 —77.062012 125 12.592 12413 12592 12412 20 —77.755013 14.7 13.697 13.251 13.694 13.225
40 —77.005014 123 12.305 12.228 12.305 12.227 40 —77.695890 14.5 13.517 13.167 13.517 13.143
©?® —76.948039 12185 12.188 12.165 12.188 12.164 «?* —77.636782 14.418 13.445 13.141 13.444 13.114

Crystalline orbital calculations withl=30 andK = 60. &Crystalline orbital calculations withl=30 andK =60.
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TABLE XIIl. The total energies E), negatives of the highest occupied
18.04 o @ orbital energies € €), band gaps ), and vertical excitation energies to
17.04 B the lowest singlet exciton state of an infinitely long @é#ns polyethylene
. chain at the B3LYP/6-31G* optimized geomet(@C bond length: 1.5344
16.0- LIPS A; CH bond length: 1.1005 A; CCC bond angle: 113.60 °; HCH bond angle:
105.94 °).
15.04 o
1a0d © °© oo4d E/ ~el E,/ TDA?/ TDDFT*/
— T T Theory hartree eV eV eV eV
16.0 o) F
HF/STO-3G —77.159644 9.72 23.80 15.89 15.84
15.04 o o HF/3-21G —77.637596 10.85 17.85 12.53 12.51
1404 o L HF/6-31G —78.036449 10.84 16.88 11.70 11.68
= - HF/6-31G* —78.068975 10.92 17.02 11.77 11.75
2 13.01 o = HF/6-31G** —78.075058 10.90 17.00 11.75 e
5 12,0 8 6 d SVWN/STO-3G —76.948513 5.09 1225 1225 12.25
E ' SVWN/3-21G —77.462437 6.66 8.81 8.82 8.82
Z 604 ('é) L SVWN/6-31G ~ —77.862181 658 8.07  8.08 8.08
% SVWN/6-31G* —77.881935 651 8.01 8.01 8.01
E 15.04 o I SVWN/6-31G* —77.886817 6.55 8.03 8.03 cee
'6 14.04 | BLYP/STO-3G —77.629772 515 1218 12.18 12.18
& © . BLYP/3-21G —78.146333 6.36 8.81 8.82 8.82
13.0 ° - BLYP/6-31G —78.554066 6.27 8.09 8.09 8.09
12.04 ) o4 BLYP/6-31G* —78.571183 6.20 8.03 8.04 8.04
' — — BLYP/6-31G** —78.576883 6.24 8.06 8.06 s
16.0~ (dyr B3LYP/STO-3G —77.636834 6.30 14.49 13.52 13.52
d B3LYP/3-21G —78.144078 7.51 10.67 9.95 9.94
15.04 i B3LYP/6-31G ~ —78.549646 7.43 9.90  9.19 9.18
140d © B B3LYP/6-31G* —78.568977 7.36 9.86  9.14 9.14
; * o B3LYP/6-31G** —78.574563 7.39 9.88 9.16 S
13.0 °¢ Experimenf 8.8 7.6 7.6
12.01 i 2CIS or TDDFT/TDA calculations wittN=14 andK = 60.
5 ' ' T40 204000 TDHF or TDDFT calculations wittN= 14 andK =60.
CHAIN LENGTH ‘References 1 and 3.

FIG. 1. The vertical excitation energies to the lowest singi#ed circles
and triplet(open circleg excited states of alirans nralkane HCH,),,H mol-
ecules and of an infinitely long alfans polyethylene chain as a function of
the chain lengthn. The theoretical models employed are tt@ CIS/
STO-3G and the TDDFT methods at tki® SVWN/STO-3G,(c) BLYP/
STO-3G, andd) B3LYP/STO-3G levels.

exciton state of polyethylene is concerned, however, the cal-
culated excitation energies show reasonably rapid conver-
gence with respect to the basis set size. The present results,
nevertheless, do not rule out possible important roles of dif-
fuse basis functions. Experimentally, the optical absorption
band edge of polyethylene is located at around 7.6 eV, which
is substantially lower than the threshold of photoemission
singlet states ofi-alkane molecules rapidly approach the cor- (8.8 eV).1* We compare the latter experimental data with the
responding HOMO-LUMO orbital energy differencesras first ionization potential of polyethylene, i.e., the negatives
becomes larger, which is consistent with the results of thef the highest occupied orbital energies. Approximating the
crystalline orbital calculations. ionization potential by the negatives of the highest occupied
In Table Xlll, we summarize the excitation energies toorbital energies is justified by the Koopmans’ theorem for
the lowest singlet exciton state calculated by using five difthe HF calculations and by the theorem proven by Levy,
ferent basis sets ranging from STO-3G to 6-31G¢dntain-  Perdew, and Sahffiand by Almbladh and von Bartfifor
ing Cartesian 6d functionsThe geometry used is the one the DFT calculations. It should be noted that the previous
optimized at the B3LYP/6-31G* level and is in good agree-experimental studiegRef. 5 and references thergimter-
ment with the experimental data obtained from x-ray diffrac-preted the threshold of photoconduction as corresponding to
tion studies’® We observe that the Tamm—Dancoff approxi- the fundamental band gap. In this paper, we confine our dis-
mation introduces practically negligible errors in the cussions to the optical absorption band edge and the thresh-
calculated TDDFT excitation energies, as we noted in ounld of photoemission. The theoretical interpretation of the
previous study on moleculé8.Since in the crystalline or- threshold of photoconduction will be discussed in our forth-
bital calculations using complex orbitals we cannot bring thecoming papef?
TDDFT matrix eigenvalue equation to one of half the dimen-  The CIS and TDHF methods yield the excitation ener-
sion, the Tamm-Dancoff approximation reduces the cpuwies to the lowest singlet exciton states that are substantially
time usage roughly by a factor of two without changing thelower than the band gaps, and are significantly closer to the
calculated results significantly. measured optical absorption band edge than the band gaps.
We expect that the basis-set dependence will be greatdtis result substantiates our expectation that the CIS and
on the excited-state properties that involve the virtual orbit-TDHF methods describe more appropriately the optical ab-
als than the ground-state properties that are primarily deteisorption process than does the simple band-to-band transition
mined by the occupied orbitals. Insofar as the lowest singlepicture. Quantitatively, however, the calculated CIS and
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TDHF excitation energies are significantly higher than thechange in the hybrid functional, and the choice of the mixing
experimental values. We consider that the CIS and TDHFatio seems too arbitrary for the purpose of calculating the
description of the exciton states to be a zeroth-order descrixcitation energies.

tion, on the basis of which we can incorporate the electron

correlation effects systematically. The negatives of the highV. CONCLUSION

est occupied orbital energies obtained from the ground-state In this article, we present the general formalism for time-

HF calculations overestimate the measured phomemissm&bpendent linear response theory for extended systems
thresholq by 2 few glectron YOItS‘ The HF theo'ry and HF-yithin the framework of LCAO crystalline orbital theory,
based single-excitation theori¢SIS and TDHF fail to re-  \hich encompasses the formalisms of TDHF, CIS, TDDFT,

produce the correct ordering of the optical absorption bandq TpPFT/TDA as particular cases. These single-excitation
edge and the photoemission threshold. Sun and Baftletteqries are implemented in an efficient direct algorithm that

have shown that a large proportion of the error in the ionizagmpioys trial-vector techniques to avoid the explicit forma-
tion potential of polyethylene could be eliminated by incor-jon of two-electron integrals over the crystalline-orbital ba-
porating the electron correlation effects via seco_nd—or(_jegis_ The methods are applied to polyethylene to study the
many-body perturbation theory. We expect that the inclusioRjependence of the calculated excitation energies on the sev-
of electron correlation in the same model would lead 10 &yg| parameters of the calculations and to compare the calcu-

significant improvement in the excitation energies. _ lated excitation energies against the experimental data. The
The TDDFT and TDDFT/TDA methods yield the exci- important results are summarized as follows.

tation energies to the lowest singlet exciton state, which are First, the CIS and TDHF excitation energies exhibit no-
in fair agreement with the experimentally measured positioqiceamy slower convergence with respect\dhan the total

of the optical absorption band edge. As we have observed ignergies and band gaps calculated at the same theoretical
the STO-3G calculation results, these excitation energies ai@odel. However, we can obtain converged excitation ener-
practically the same as the corresponding KS band gaps €Vefiles with respect td\ by taking roughly twice as large a
for basis sets larger than the STO-3G. As one mighiajue of N as that required to obtain the converged total
anticipate’"®" the negatives of the highest occupied KS energies and band gaps. The CIS and TDHF excitation ener-
orbital energies underestimate the experimental values by gies show, on the other hand, very rapid convergence with
few electron volts. This is due to the too rapid decay of therespect toK. The CIS and TDHF excitation energies and
approximate exchange potentials generated from the currefave functions obtained in this way might be considered as
approximate exchange—correlation functionals. As a consegppropriate zeroth-order descriptions of optical absorption
quence, the TDDFT and TDDFT/TDA methods also fail to processes of many polymers, which are much more realistic
reproduce the correct ordering of the optical absorption ban¢han the simple band-to-band transition pictures. Quantita-

edge and the photoemission threshold, although the origin afvely, however, these calculated excitation energies are sig-
the failure is different from that of the HF and HF-basednificantly overestimated, the errors being as large as a few

single-excitation theories. Despite the agreement between th@ectron volts.
TDDFT excitation energies and the experimental data, it Second, we find that the TDDFT and TDDFT/TDA ex-
seems too hasty to conclude that the TDDFT and TDDFTkitation energies exhibit slow convergence with respeét.to
TDA methods are superior to the CIS and TDHF methodsalthough, for practical purposes, the calculated excitation
for extended systems, for the following two reasons. Firstenergies obtained with a reasonably small valu& efould
the wave functions obtained from the TDDFT calculationshave sufficient numerical precisigas compared to the con-
do not show correct scaling with increasikgdue to the verged values this result indicates that the TDDFT and
incomplete cancellation of self-interaction energies. We exTDDFT/TDA methods employing current approximate func-
pect the wave functions to keep their shape unchangéd astionals may no longer be a theoretically sound procedure
increases ifK is sufficiently large. Second, the calculated when they are applied to extended systems within the frame-
excitation energies to the lowest singlet exciton states fallvork of crystalline orbital theory. We consider that the slow
higher than the negative of the highest occupied KS orbitatonvergence is a consequence of the incomplete cancellation
energy. It has been shown that substantial errors manifesf the self-interaction energies and is closely connected to
themselves as the excitation energies approach this threshatte well-known too rapid decay of the exchange—correlation
energy, and the excitation energies above this threshold apotentials generated from the current approximate
not reliable, when the current approximate functionals arexchange—correlation functionals.
used’® None of the methods studied here correctly reproduce
The HF/DFT hybrid functional provides calculated re- the experimental findings that the optical absorption band
sults which are in between those obtained from the HF-baseedge of polyethylene, i.e., the excitation energy to the lowest
single-excitation theories and those of TDDFT using thesinglet exciton state, occurs lower than the threshold of pho-
pure exchange—correlation functionals. Consequently, th@emission, which corresponds to the first ionization poten-
ionization potentials and the excitation energies are signifitial. The most promising direction of future research to over-
cantly closer to the experimental data than are the Koopeome this failure will be to incorporate the electron
mans’ ionization potential and the CIS and TDHF excitationcorrelation effects in the calculated excitation energies ob-
energies, respectively. However, these numbers are obviained from the HF-based single-excitation theoffeén-
ously strongly dependent on the mixing ratio of the HF ex-other possible solution is to employ a theoretically more rig-
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orous exchange functional, which does not introduce selfR. Mcweeny Methods of Molecular Quantum Mechani@d ed.(Aca-

interaction errors, in the TDDFT and TDDFT/TDA

calculations. The exact multiplicative exchange potential,

demic, San Diego, 1992
#4S. Suhai, Phys. Rev. B1, 16553(1995.
S. Hirata and S. Iwata, J. Chem. Ph$87, 10075(1997).

method, which has recently been implemented within thess Hirata and . Iwata, J. Phys. Chem182, 8426(1998.

LCAO KS framework® will be one such functional.
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