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Triplet excitation energies are calculated from the response eigenvalue equation for the coupled
cluster singles and doubl¢€CSD model using an integral direct approach and an explicit spin
coupled triplet excitation space. The cost of one linear transformation for the triplet excitation
energy is about two times the cost of one linear transformation for the singlet excitation energy. The
triplet excitation spectrum of benzene is calculated using from 147 to 432 basis functions. The
calculated triplet excitation energies are compared with experimental and other theoretical values.
© 2000 American Institute of Physids$S0021-9606)0)30742-5

I. INTRODUCTION formulations?®~26This work describes a CCSD implementa-
tion of triplet excitation energies using the integral-direct
Excitation energies may be calculated using two differ-technique of Koctet al?>2%
ent strategies. One approach is to calculate the total energies Triplet excitation energies at the CCSD level have pre-
of each individual state and obtain the excitation energy asgiously been presented by Stanton and BaFﬁenjsing a
the energy difference between two states. Models that usspin-orbital basis formulation. We explicitly spin couple the
this approach are i.e., multireference configuration interaceperators of the excitation space to triplet spin. The param-
tion (MRCI)! and multireference perturbation theory etrization we use constitutes a generalization of the one used
(MRMP), i.e., CASPTZ™ The other approach is to use in the singlet caé?® and leads to working equations of
response-function methods where excitation energies are caimilar structuré” The explicit spin coupling leads to a sig-
culated directly from a response eigenvalue equation. Exnificantly more efficient formulation than using the spin-
amples of this approach are the response eigenvalue equatiorbital basis.

for self-consistent fieldSCP,” also known as the random After introducing the coupled cluster response eigen-
phase approximatiofRPA), and coupled clusteiCC) wave  value equation in Sec. Il we describe the explicit parametri-
functions. zation of the triplet excitation space and its use to obtain an

CC response theory was originally introduced Dby efficient implementation of the linear transformation that is
Monkhorst and later generalized by many auttforsin CC required for the calculation of triplet excitation energies. In
response theory the ground state energy is obtained by solgec. Il we outline the implementation and in Sec. IV we
ing a nonlinear set of equations, while the excitation energiegeport calculations of triplet excitation energies for benzene.
are obtained by solving a linear response eigenvalue probFhe last section contains some concluding remarks.
lem. In order to obtain accurate excitation energies, a bal-
anced description is required of the ground and excited
states. In coupled cluster theory the accuracy of excitatio- TRIPLET EXCITATION ENERGIES IN THE
energies therefore depends on how accurate the singIéNTEGRAL'DIRECT CCSD MODEL
determinant reference function describes the ground stat@,. Coupled cluster theory

how well the ground state is described by the truncation in The single-reference coupled cluster ansatz for a closed

the coupled cluster operator, and how accurate the eXCitatiosrfhell svstem is
manifold can describe the excitation process to the state o Y
interest. |CC)=exp(T)|HF), (1)

Since the coupled cluster approach was introduced i o 0 the reference state is taken to be the Hartree—Fock

quanltum Ch(?fmi.Str%_lB t?}f _method has gaicne;]d igcreas_ing||HF> state. For aN-electron state the cluster operaiotrun-
popularity, offering an efficient treatment of the dynamical .. ¢ 4t excitation leve,

correlation'® The coupled cluster singles and doubles

(CCSD model has been implemented using different T=Ty+Ty+---+Ty, 2
where for example the one- and two-electron cluster opera-
@E|ectronic mail: khald@kemi.aau.dk tors are

0021-9606/2000/113(18)/7765/8/$17.00 7765 © 2000 American Institute of Physics



7766 J. Chem. Phys., Vol. 113, No. 18, 8 November 2000 Hald, Hattig, and Jgrgensen

We describe the calculation of triplet excitation energies

TF% t'Eai, (3 where the excitation operatet, (and consequently the pro-
jection manifold(HF| r‘;) are explicit spin coupled to have
1 ~ triplet spin.
_ b _ b
Tz—(ai;(bj) ta EaiEbj=5 azb‘i,j t3°E,Ep;, (4)
with

B. Triplet excitations

tﬁb:(1+5ai,bj) tﬁb- ) From the annihilation and creation operators of second
Indicesi,j,k,| anda,b,c,drefer, respectively, to the occupied duantizationa® anda, one can construct spin coupled single
and unoccupied orbitals in the reference state. A shorthan@Xcitation singlet and triplet excitation operators as
notation for the cluster operators are

She=—(a},8q,+a)5a B)=iE (17)
pa palaat 8ppdq pq:
=3 t,7,, ©) V2 V2

. 1 1
wheret, are the cluster amplitude and, are the corre- T;§=E(agaaqa—a;§5aqﬂ)=ﬁqu. (18
sponding excitation operator. Inserting the CC ansatz into the

Schralinger equation and multiplying from the left with The operatorE,;T,; is a triplet tensor operator with zero

exp(—T), we obtain the similarity transformed Schinger  spin-projection on the-axis, since it satisfié8
equation

[, S Toy1=0 (19
exp(—T)H exp(T)|HF)=E|HF). (7) q
an
In second quantization the electronic Hamiltonlrcan be .
written as [S. . SYTE=2(S2°Ta ). (20

1 There are three different ways to couple four different par-
H=E hpququE E (Pq|rs)epqrs. (8)  ticles to triplet spin. Thus the triplet excitation space is
Pd pars spanned by the operators
whereE are the generators of the unitary group and
5(TaiEpi— ThiEa)) = al,a; aagﬁaiﬁ - a;ﬁajﬁagaaia-

€pqrs= EpqErs— 9grEps- 9 2
The cluster amplitudes are determined by projecting the @)
similarity transformed Schringer equation onto a manifold 1
Lo : =(TaiEpi—TpiEai) = @l ai.al sa; 5~ al sai,43] a;
of excitations out of the reference state: 2\ lai=bj Tbjai aaia®bptip FapipYhaja;
22
|w)=7,HF), (10) (22)
1
QM=<,LL|GXF(—T)H|CC>=O. (11) E(TaiEbj""Tbani): a;aaiaagaaja—a;ﬁ.awagﬁam,
The CC energy is obtained by projection onto the reference (23
state for a>b andi>j. As our triplet excitation operators we
E=(HFH|CC). (12  choose
Coupled cluster response functions have been derived 7)Tainj=(TaiEpj+ TojEa) @>b, i>], (24)

using different strategiést®!® The excitation energies are _ B . .
poles of the linear response function, and are determined as T aioj=(TaiEpj— ThiEai) (a1)>(bj). (29

the eigenvalues of the nonsymmetric coupled cluster Jacd¥e note that ifa=b andi #j or a#b andi=]j there is only
bian one way to obtain a triplet excitation operator in accordance
with Egs.(24) and(25). The diagonal elements vanish since

and without constraints in the summation indices similar to
the singlet operator in E¢4). Introducing amplitude$”)R3°
and(‘)Rf‘-b which satisfy the same symmetries as the opera-
A,,={ulexp(—T)[H,7,]|CC). (16)  tors Ty, and () T,p;, respectively, we obtain

AR = Ry (13 TaiEai=0. The operatof ") T,;; has the symmetries
We have used that by choice ff} the metric of the eigen- (T =T, = (O = — (T, 26
value equation can be made diagonal: aibj biai ajbi biaj (26)
while the operatof )T ,,; has the symmetries
S/.LV:</‘L|eXF(_T) TV|CC>: 5;/,1/' (14) (-) (=)
o . Taibj= =" 'Thjai- (27)
The coupled cluster Jacobian is defined as S )
In our subsequent derivation it is convenient to be able to
_0Q, write the two-electron triplet excitation operators both with
A= o (15

In standard CC theory, the Jacobian becomes
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D. The CCSD model
ORy= > IRE(ToEat TaEe) . . _
c>dk>1 Following Ref. 25, the CCSD amplitude equations can

1 be written as
n (+)REF(TckEdI + TaiEci)

2
okd Q,=(ulexp(— T~ T)H exp(Ty+T,) |HF)
1 N
=5 C%I ORATLEq, (28) = (ulexp(—T,) H exp(T,)|HF) =0, (42)
-) (-)ped where we have introduced the; similarity transformed
Rp= > R (TekEai = TaiEci) Hamiltonian
ck=dl
=5 ;I R ToEa— TaiEew) H=exp(—Ty)H exp(Ty). (42)
_ E (,)REFTCkEdI . (29 Since theT, operator is a one-particle operator, the transfor-

& mation of the Hamiltonian conserves the particle rank and

can be expressed as
The triplet double excitation operators may therefore be ex-

pressed both with and without constraints in the summation

indices. Alternative spin-coupling schemes for the triplet O=h+a= hoE +E 3o e 43
double excitation operators have been given in Ref. 30. 0=2 MocBpat 5 2 oarsours: “3

C. Triplet basis where the integralé,, andg,q,s are calculated as

The triplet excitation manifold is defined by the excita-

tion operators
P hog=21 AfpAlhun, (44)
a
TalHF)=[(3);), (30
gpqrs 2 AszErAh Ahs(MV|PU) (45
(TaiEpj+ TpjEa) [HF)= |(+) > a>b, i>j, (31
ab . . AP and A" are effective molecular orbitdMO) transforma-
(TaiEpj— TojEa) IHF)=[(—) i ) (ai)>(bj), (32 tion matrices(particle and holedefined as
and forms together with the projection manifold, -
X =C[1-1t;], (46)
(F(3) | = S(HFI T, (33
A"=C[1+t,]. (47)
1
abr )| == T +E.T
()] 8<HF| (EjpTia* EiaTjp), (34 In the last equations,
1
()= g (HFl (EjpTia— EiaTo), (35 0 0
b=, ol (48)
an orthonormal basis. It is convenient to note that al
+)|E TalHF) = lP P Saibi el (36) where the orbitals are ordered with the occupied orbitals pre-
aibj,ckdl»

ceding the unoccupied orbitals.
Using theT;-transformed Hamiltonian, the CCSD Jaco-

1. . :
ab(—)|Ecde,|HF)=§Pf}b Saib.ckdl (37) ]Ealan can be expressed in the coupled cluster douleD)
orm
where the permutation operatd?ﬁ P,] , andl3ij are de-
fined as A ={plexp(—To)[H, 7, ]exp(T,)[HF)
ab ab ba
PIRAT = AT+ AT, 39 = (TR, 7, JIHE) + (allTRL 7L TRIHE). (49
PO(ARY) =AZP—AR?, (39)

- ab  ~ab This enables us to write the CCSD triplet Jacobian in matrix
Pi(AP) =ATP- A, (400 form as
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(@ pylH1|HF) (g S HF) (O HEIHF)
A= | (Dol AoHF)  (Pp [HE2+ARHF) (Opg [HE+AZIHF) | (50)
(O [HiHF)  (Pup A +ARHF) (Pup [AEY+AHZ|HF)
|
where Explicit expressions for the transformed vectors are given in
AP S Tables | and Il. For convenience we have introduced some
Hl_[H+[H'T2]'TV1]' (52) notational simplifications. We use an over-bar to indicate
~ (D) that the index has been transformed with tR&; ampli-
HZi_[H'TVZi]’ (52) tudes, and have introduced two different intermediates,
AQ=[[A,T,],7,. ] 53 _
2= [[ 2] Zi] ( ) pqrs:_% (3)REAqusv (57)

E. Transformation of the trial vectors

. . . . . — = (B)R2
When solving large eigenvalue equations, iterative tech- Bpars é RgBpars- (58)

nigques are required. The key computational step is the linear ) ) )
transformation of a trial vector with the Jacobian matrix. Welikewise we have introduced the “barred” particle and hole
describe how to perform a linear transformation using arfnatrices,

atomic orbital(AO) integral driven approach.

The trial vector in the triplet case is K;pu: _Ek CIRAP, (59
R,
Ah h
R=| IR, |. 69 M= ORAL. (60
(—)R2
Here the different parts of the vector contain the independerit!- IMPLEMENTATION
parameters. The transformed vector can be written The AO integrals are calculated in distributions with
p=AR, (55)  three free and one fixed AO index,
or in terms of the singles and doubles components, |f¥B’y=§JanS with = g. (61)
®py A CR+AL MR +ABR, All distributions with § belonging to the same shell are cal-
Fp, | = Ay PR+ AL IR+ AR, | (56) culated simultaneously and then written to disk. The distri-

butions are subsequently read back in one at a time in a loop

(=) (3) (+) (=)
P2 At Rt Agt Ra T Agst TRy over thes index belonging to the shell in question. Inside the

TABLE IlI. Intermediates in CCSD triplet linear transformation from the
right.

3),M= PRCOED_s CROEQ_> q—. (HRAC+ (F)RAC)E R R . .
pi'= = R DB -3, ORE WED -3 gaui+2 SR+ CIROF Global intermediates Local intermediates

TABLE |. The linear transformed vector components.

acq— PR IR (HRac4 () O ~ ~ ~ ~ ~ ~
F gt i Oiet 2 Zea R TR acka™ 2 Zai(RGH R Giie P8F = Guigy + et Duape (+)B5i'}j:9aiﬂj+9a75j+20d(+)R?jdgacﬁd

_ oA ~)pedn
( )pEiFBj:gaiBJ_galﬁj_chd( RS 00pa
3),(H)

1~ .
Paibj = Epij[zaﬁAZaA,%b(+7;)3i’:ﬁj+zkltﬁlk)(+)rkilj+2kl R T

R 0 - A" a 0
b (Dmac W) b (W) b (1= it = Gty + Zcatii Yera (Hrkilj:QUki*‘gljm ‘*‘EcdH)RiCj Jidke
+P(Ee VR WER -3, (IR WE -t i WCoq (7)Fki|jzgkilf_gkﬁj—22cd(7)Ridegkc|d
— 22 (+)ijkc (1)Cckai+ (3)P§?br?)] ~ ~ ~ ~ ~
(l)cckajzgkiac_Edltﬁdglckd (1)Cckaj=g§ckj+gackf

OB O
_ 1, v~ = = ckaj gack] gack_/
(s)pgib)j = S pARAD ¢ )PSiFBj +3t P Oy =280 ORP Ly
- - CD cai= Gaike+ Sait2L WD, ..=(=, +L.=
+P§b(_22 (7)Rigc (I)E(1)+22k (7)Riab (l)E(Z-)‘f‘E kt cb (3)C ai ckai aikc :ﬂ il “=kcld ot ckai - aikc N atke
! ¢ ! be ko Stk el =2 it$*Giake D ckai= Gaike+ Jarke
+22 (_)R'Ckb (1)Cckaj_2§:ck (_)'#j)kc (1)Cckai+(3)Pg?br}))]
(1)Efalc): Fbe— EdkltEIbLlckd (3)E£lc): Foe™ ZkObkke T 22 gii (7)Rglbglckd

by
+2 g2 R Grake

_ _ . b3
Do = Sap APl Boplis — Zat i DDt St §° CER - St i (3)Eﬁ)

- - . o Co A e
+ Ecktﬁ(c(l)Dckbj"'ZEck((ﬂijlfJ"( )R})@ D eyqi (1)E(k?): Fiit Zcaitii Licka (3)Eﬁ):':kj—zlgknj +2Azcdl( IR G1dke
+Zca 2 ORIGcig
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& loop, one integral distribution is kept in core together with TABLE lil. Operation counts of the singlet and triplet excitation energy

two packed result vectors and the tig amplitudes in the implementations. The nomenclature refers to Tables Il and Ill in Ref. 27 and
. . éﬁe corresponding triplet terms. The intermediates are restricted to have a

squared form_as well as some.small |nt_ermed|ates. The total_ i um size of the ordeX202.

memory requirement for the triplet excitation energy calcu-

lation is thus of the order of \B?0%+ N2, whereV and O Term Singlet Triplet
are the' number of virtual and occqpled orbitals, respectlvely, T intermediate NOX(N+0) 2NO*(N+0)
and N is the total number of orbitals. For comparison the A terms V204 2v204
requirement for the ground state calculation 3¥20?2 BF terms 1/4N*0%+4N30? 3/8N*02+ B6N30?
+ NS, C terms 2vio® 5v30°

To get an effective algorithm for the calculation of the D terms 2veo? 3vio®
; ; ionE terms N2V 0? 2N2v0?
linear transformed vectors, we have considered the operatio o

t th torizati f th d I th G terms N302+N2VO 2N20%2+N?3VO

count, the vectorization of the code, as well as the memory ;.\ NVO? INVC?
gnd scra_tch—spa.ce requirements. The use of global and Ipcal terms V20?2
intermediates gives a significant reduction in the operation Jterms VO
count. The global intermediates do not depend on the trial Sum 1UN*0%+4V30%+V20*  3/8N*0%+8V30%+2v20*

vector, and are therefore only constructed once. The locat
intermediates on the other hand depend on the trial vector ' ' _ _ o _
and are recalculated in each linear transformation. The addfor calculating the integral-direct triplet excitation energies
tional scratch-space requirements from the use of intermed!so can be found. It should be noted that the terms
ates do not exceed a few timg40?. ZQﬂAgai\ﬁpr&j , Eckiicka(s)Dckbj, St CER,

For most contributions the implementation follows the 5, t3° (3)E(k?), Ecktﬁ(C(l)Dckbja and zck((ﬂijkC
outllnes_ de_scnbed in Rgfs. 26 and 27,_ with stralgptf%rg/vard+(—)R]r)® (3)D,,.o; 0CCUr both in the calculation &Fpyan
generalizations accounting for the antisymmetry O)fR_ij and()prane. These terms are only calculated once and then
with respect to permutation of() and (). An exception  g4ded to eithef") prrans OF ) prrane. The only difference is

is the BF terms, due to the different permutation symmetries.
1 . In Table Il the operation count is listed term by term.
BF+ P AP (*)}BF . . .
Paibj =5 QEB AgaNgn ' Paig s (62 Furthermore the operation count for the implementation of

the singlet excitation energy is given. The scaling of the
where we employ the full symmetry of tHe)RZ to reduce triplet implementation is between 1.5 and 2 of the corre-
the operation count. Introducing intermediates similar tosponding singlet implementation. However the number of

those defined in Ref. 26, singlet and triplet double excitation coefficients are not
equal. For four different indices we have 50% more param-
(PIMINZ | =§ (HEIRAAT,, (63)  eters in the triplet case.
IV. BENZENE TRIPLET EXCITED STATES
PIM)\ 18— Ah A h PIMNS A D ) , ) ,
( )Mv,ii _AyiAéﬁ'Ec: (TNG; jAS), (64) In this section we report calculations of the lowest triplet
excitation energies of benzene using the CE&f. 3)
(PIOM 25, =(PIMIM 2 = (PIVOM? (65  and the CCSD model. We use the same geometry as in
P 1 older CASPT2(Ref. 32 and SOPPARef. 33 calculations.
I, = ((ay|BOE(By|ad))(1+ 68,5 Y (66) 7o understand the excitation spectrum recall that kel
the BF terms can be computed as 7 electron calculation gives the molecular orbitala,],
1 ley, le,,, and I,y and the 7 electron ground state
(M)Q%”:_ 2 ngy(M)Mifj, (67) configuration hgule‘l‘g. The excitation spectrum contains
U255 ' valence 7 electron states originating from the con-

figurations  |3,1e} 1e; (“*Ey,, "By, MB2)  and

poh =2 (MQBL+ MO8 AP AR, (68)  1aj,lef lep,(**E,g). The excitation spectrum also con-
ap tains Rydberg excitations. We consider here only rilze3
and Rydberg series representing excitations out of tee, Jor-
1 bital. The excitation ¢,4,— 3p,,3d;) are classified as Ryd-
(P)QEEH:— E Jj[;y(P)M%, (69) berg m7* excitations while excitations of the typee
Y245 ' —3s,3p,,3d,,3d,) are classified as Rydbergo* excita-
tions.
Paio] = Pij 2/; YOS5 ALAR. (70 To give a proper description of the Rydberg states the

standard aug-cc-pVDZ and aug-cc-pVTZ basis sets have
For the last equation we have used thatth&®, coefficients been augmented with two diffuse functions centered at the
are antisymmetric with respect to interchange of two occu<enter-of-mas¢CM). The saturation of diffuse CM functions
pied indices, and thu@M% =0. at the aug-cc-pvDZ level has previously been
TheT intermediates can be calculated from BE in-  investigated*3! We denote the basis sets used aug-cc-
termediates as in Ref. 27, where an outline of the algorithnpVDZ-CM2 and aug-cc-pVTZ-CM2, undestanding that two
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TABLE IV. C¢Hg Coupled Cluster triplet excitation energies.

. ANO1 aug-pvDZ-CM2 aug-pVTZ-CM2
One electron basis:
CC Model: CCSs CC2 CCSD CCs CC2 CCsD CcCcs CC2 CCSD T%
Valence®n*
1°%B,, 3.363 4.328 3961 3.394 4350 3999 3.385 4.345 3974 989
1 3Elu 4878 5.079 4920 4.893 5.083 4930 4.881 5058 4903 97.9
13B,, 5490 5932 5840 5470 5906 5808 5449 5873 5755 985
1 3Ezg 7596 7.637 7.712 7.605 7.628 7.727 7595 7.782 7.719 97.9
Rydberg® 7 *
2 3Elu 7.118 7.044 7.182 7.124 7.029 7.171 7.117 7.178 7.287 98.4
1 3A19 7.652 7.601 7.782 7.659 7591 7775 7.655 7.750 7.897 98.5
2 3E2g 7927 7993 7875 7907 7991 7872 7906 7.965 7.979 98.3
1 3Azg 7.856 7.684 7.880 7.605 7.670 7.879 7.872 7.833 8.009 98.4
Rydberg®7o*
1 3Elg 6.535 6.370 6.501 6.430 6.275 6.385 6.437 6.416 6.510 98.4
1 3A2u 6.847 6.789 6.923 6.837 6.761 6.895 6.849 6.921 7.023 98.5
1 3E2u 7.092 6.882 7.041 7.089 6.857 7.019 7.101 7.018 7.152 98.3
1 3A1u 7.286 6.969 7.145 7.295 6.950 7.132 7.308 7.111 7.268 98.2
2 3Elg 7534 7.439 7.607 7.480 7.391 7530 7.444 7508 7.595 98.4
1 ?’Bzg 7.656 7.444 7.631 7.649 7.409 7591 7.662 7.572 7.724 98.3
1 3Blg 7691 7.461 7.657 7.681 7.426 7.615 7.692 7.588 7.748 98.3
3 3Elg 7.708 7.499 7.678 7.700 7.456 7.631 7.707 7.599 7.754 98.3

diffuse center-of-mass functions have been added. Calcul&V, and CC2:—0.1—+0.4 eV. For the Rydberg states the
tions have also been carried out with the ANO basis supplecorresponding differences are CASPT20.2—0.1 eV,
mented with an optimized diffuse Rydberg CM function. SOPPA: -0.4—0.2 eV, and—0.2—0.1 eV for CC2 ex-
This basis is here referred to as the ANO1 bais. cept for the 23Eg that has a large valence contribution in
Triplet excitation energies obtained at the CB& the  CC2. The different second-order methods thus give rather
triplet excitation energies, this is equivalent to the configu-different results and all differ significantly from the CCSD
ration interaction singlesClS) also known as the Tamm results.
Dancoff approximatiofTDA)], CC2, and CCSD level with For comparison we have in Table VI given the CCSD/
the aug-cc-pVDZ-CM2, aug-cc-pVTZ-CM2, and ANOL1 ba- aug-cc-pVTZ-CM2 singlet and triplet excitation energies to-
sis sets are given in Table IV. Comparing the results in Tablgether with the experimental excitation energies. As dis-
IV the change from aug-cc-pVDZ-CM2 to aug-cc-pVTZ- cussed previously the aug-cc-pVTZ-CM2 basis set may be
CM2 for the valence states range from0.05—0.01 eV  expected to give results close to the basis set limit. From the
excluding the 13E2g state at the CC2 level which increases percent single excitation contribution®4 in the excitation
by 0.15 eV. The Rydberg excitations are increased in CCSvectors it is seen that the triplet excitations are more domi-
by about 0.12 eV. Comparing the triplet excitation energiesated by single excitation contributions than the correspond-
for the CCS, CC2, and the CCSD model it is seen that for aling singlet excitation. For the singlet valence state§,%s
three basis sets the CC2 valence excitation energies are 8%—95% while it is 98%—99% for the valence triplet state.
general closer to the CCSD excitation energies than are thieor the singlet Rydberg statesTpis 95%—96% while it is
corresponding CCS excitation energies. On the contrary fo88%—99% for the triplet Rydberg states. The largeF%n
the Rydberg excitations in general the CCS excitation enerthe triplet excitations means that we may expect smaller cor-
gies are closer to the CCSD excitation energies. The CCglIlation errors in the CCSD triplet excitation energies than in
model thus gives a reasonable description for the Rydberthe corresponding singlet excitation energies.
states and here CC2 does not lead to any improvement due to For the singlet valence states the magnitude of the con-
an overestimation of the double contribution. The aboveribution from triple excitations depends significantly on the
findings are in accordance with previous observations foconsidered state. For example in CC3 calculations on the
singlet excitation energie<:>* valence singlet excitation energies the triple excitation con-
In Table V triplet excitation energies are given for dif- tribution to the 1'B,, state was—0.11 eV while it was
ferent methods and using the ANOL1 basis. The same geom-0.765 eV for the valence statelEzg. It is therefore dif-
etry was used in all the calculations. If we compare theficult to estimate the correlation error in the CCSD valence
SOPPA(the second-order polarization propagator apprach triplet excitation energies based on a comparison with trends
CC2, and CASPT2 results in Table V with the CCSD results,n the singlet spectrum. However we note that the correlation
we observe a different behavior for the valence and the Ryerror for the triplet excitations may be expected to be smaller
dberg excitations and these are therefore discussed sephan for the corresponding singlet excitatidns.
rately. For the valence states the difference between the The Rydberg singlet and triplet states originate from dif-
CCSD results and the results obtained using the second-ordfarent spin couplings of the molecular cation and the electron
models are CASPT2:-0.6—0.1 eV, SOPPA—-0.4—0.2 in the Rydberg orbital. The singlet and triplet Rydberg exci-
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TABLE V. Triplet excitation energies for benzene in the ANO1 basis set.

CASSCF CASPT2 RPA SOPPA CCS CC2 CCsD CCsO%

State Ref. 32 Ref. 32 Ref. 33 Ref. 33 This work Expt.

Valence®mm*

13B,, 4.05 3.89 Instability 3.75 3.363 4.328 3.962 98.9 8.94

13%E,, 5.07 4.49 4.70 448 4878 5.079 4.920 97.9 2.76

13B,, 6.93 5.49 5.07 550 5.490 5.932 5.840 98.5 5.60

1 3E2g 7.61 7.12 7.24 741 7.596 7.638 7.712 97.9 7.24-%7.74
Rydberg®mm*

23E,, 6.92 6.98 7.11 6.92 7.118 7.044 7.182 98.4

1 3Alg 7.42 7.62 7.64 750 7.652 7.601 7.782 98.5

2 3Ezg 7.44 7.55 7.85 7.57 7.927 7.993 7.875 98.1

1 3A2g 7.50 7.70 7.85 759 7.856 7.685 7.880 98.3
Rydberg®7o*

1 3Elg 6.22 6.34 6.44 6.14 6.535 6.370 6.501 98.3

13A,, 6.61 6.80 6.82 6.64 6.847 6.789 6.923 98.5

1 3E2U 6.73 6.90 7.08 6.74 7.092 6.882 7.041 98.3

13A,, 6.83 7.00 7.28 6.84 7.286 6.969 7.145 98.2

2 3Elg 7.31 7.57 7.51 7.32 7534 7.439 7.607 98.4

1 ?’Bzg 7.27 7.53 7.65 7.33 7.656 7.444 7.632 98.3

1 3Blg 7.27 7.53 7.69 735 7.690 7.461 7.657 98.3

3 3Elg 7.36 7.56 7.71 7.38 7.708 7.499 7.678 98.4

®Reference 36.
PReference 32.

TABLE VI. C¢Hg CCSD singlet and triplet excitation energies in the aug-pVTZ-CM2 basis set.

Singlet Triplet

Spin CCsSD Exp.(Origin) %T, CCsD Exp. oy
Valencern™*

1Byy(€14—€2) 6.481 6.0348 95 3.974 3.95 99

1 Egy(e1g—€2) 7.227 6.8656 95 4.903 4.7% 98

1 Byy(€14—€2) 5.180 4.7873,4.79¢ 91 5.755 5.6D 99

Eq° 9.168 7.805 87 7.719 7.24-7.74 98
Rydbergm*

2 Epu(e14—3po) 7.501 7.418 95 7.287 (7.20" 98

Ay 7.984 7.807,7.808! 7,814 96 7.897 (7.72" 99

Eag 7.972 95 7.979 98

1 Ayg(e14—3d,) 8.009 95 8.009 98
Rydbergmo*

1 Ej4(€14—39) 6.563 6.33% 95 6.510 (6.29" 98

1 Azy(€14—3p1) 7.092 6.932,6.9289 95 7.023 (6.89" 99

1 Epy(€14—3P1) 7.169 6.953 95 7.152 (6.94" 98

1 Au(€14—3p1) 7.262 S 96 7.268 98

2 Eyg(e14—3do) 7.671 7.53%,7.540 95 7.595 (7.49" 98

1 Byy(€14—30d,) 7.760 95 7.724 98

1Bjq(e14—30dy) 7.751 95 7.748 98

3 Eyg(e14—3d,) 7.772 95 7.754 98

®Reference 44.

PReference 36.

‘Reference 38.

2 1Elg(a2u_>e2u) and 13Elg(32u—>e2u)-
®Reference 41.

Reference 32.

9Reference 37.

"See text.

2 1A 4(€14—3d;) and 13A;(e;4— 3d;).
IReference 43.

KReference 42.

'1'E 4(€14—3d;) and 2°E;4(e;4—3dy).
"Reference 39.

"Reference 40.
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