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A general scheme is presented for the calculation of excitation energies using the standard coupled
cluster hierarchy and a simple implementation is described for the higher standard models. An error
analysis is performed to find to what order excitation energies in different coupled cluster models
are correct. The analysis includes both the standard coupled cluster hierarchy as well as the
approximate models and considers excitations to states that are dominated by one, two, and three
electron replacements compared to the reference state. Calculations are presented up to the
quadruple excitation level for the open shBlj molecule using an excited closed shell state as
reference state to emphasize the usefulness of the order analysis. The coupled cluster excitation
energies are compared to full configuration interaction results.2001 American Institute of
Physics. [DOI: 10.1063/1.1379332

I. INTRODUCTION tation energies for these models. The algorithm uses gener-
alized CI technique to evaluate the action of excitation
For a closed shell ground state molecule coupled clustesperators on general states and is a simple extension of the
(CC) theory can straightforwardly be used to determine theyeneral algorithm by Olséhfor calculating coupled cluster
ground and lowest excited states and the properties of thesgates. Similar approaches have been suggested in Refs. 18
states:~® The ground state can be determined using the Staind 19. Using the present implementation we report the first
dard set of coupled cluster models C@Sngles, CCSD ;e of such a program to analyze and predict an excitation
(singles and doublgS CCSDT (singles, doubles, and spectrum. Previous calculations were restricted to small

triples), E;Cl%:SDTQ (smglgs, doubles, trlplgs, and benchmark calculations using basis sets lacking diffuse func-
quadruples™*" etc., where an improved accuracy is obtalnedtions

’2 . . . .
at each levet:* The excitation energies and the properties of For closed shell molecules, the electronic configurations

the ground and excited states can also be determined, Wi%r the lowest excited states are usually single electron pro
improving accuracy, from the coupled cluster response func- y sing P

tions for these modefs:® The approximate coupled cluster moted in comparison to the ground state configuration. In a
models CCZ112 cC313-15CC4, etc., may also be used to few cases the lowest excited states are dominated by a con-
determine the excitation energies and the properties of th@gur-anon v.vhere. two eIectro.ns are promoted. When elec-
ground and excited states and together with the standafionic configurations for excited states are compared they
coupled cluster models they are often used as a hierarch@ten differ by two and in some cases even by three electrons
that converges towards the full configuration interactionOr more. Therefore, when an excited closed shell state is used

(FCI) results. as the reference state in a coupled cluster response function
In this paper we will examine the order to which an calculations, states that are double and even triple excited
excitation energy that is one, two or three electron replacewith respect to the reference state will often be encountered
ment dominated compared to the reference state is correct f@mong the lowest excitation energies. Standard restricted
a given coupled cluster model. The analysis is an extensiopoupled cluster models can be applied for open shell ground
of the one by Christianseat al1*®to general levels of elec- state molecules only if an excited closed shell state is used as
tron replacement and correlation. reference state. To investigate the performance of the stan-
Calculations are presented up through the CCSDTQlard coupled cluster models for excitation energies that are
level. Highly efficient algorithms have previously been de-dominated by higher excitation levels, we report calculations
scribed for calculation of excitation energies for the coupledon B, which has an>(32§ open shell ground state. We use
cluster models CC2, CCSD, and CC3 but general algorithmghe second closed shell stateldfg* symmetry as the refer-
are not available for obtaining excitation energies for theance state.
CCSDT and in particular for the CCSDTQ models. We de-  |n Sec. Il we perform an order analysis while Sec. Ili
scribe in this paper a simple algorithm for calculating exci-gescribes the algorithm that is used to obtain the excitation
energies in the CCSDT and CCSDTQ models. In Sec. IV the
dElectronic mail: khald@kemi.aau.dk performance of the order analysis is demonstrated through
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calculation of the lowest states By. The last section con- The Jacobian in exact coupled cluster theory can be written
tains some concluding remarks.

Ay =il exp(=T)[H, 7, Jexp(T)|HF), (5)

where the cluster operator forM particle system is

Il. PERTURBATION ANALYSIS OF EXCITATION
ENERGIES

In order to find the coupled cluster excitation energies
we need to solve the coupled cluster response eigenvalumda-vj is an excitation operator of excitation leviehnd( ;|

equation is an excited state of excitation leviel To perform a pertur-
AR = wRy. (1) bation analysis of the excitation energies we partition the

. , . ] Hamiltonian as
Here A is the coupled cluster Jacobian aRq is the right

eigenvector that corresponds to the eigenvalye Likewise H=F+V, ()

the left eigenvectors can be found from whereF is the Fock operator and is the fluctuation poten-

Ly A= oyl,. 2) tial. The amplitudes of the cluster operator are determined

from a coupled cluster calculation on the reference state. In

the perturbation analysis the double cluster amplitutigs

L Rc= ik, (3  enter in first order in the fluctuation potential whereas the
single and triple cluster amplitud€$, andT;) enter in sec-
ond order,T, enters in third orderTs in fourth order, etc.

w,=L ARy. (4) The Jacobian in Eq5) can thus be expanded as

Using that the eigenvectors are biorthogonal

we obtain

AMiVj:<Mi|[F,Tl,j:HHF>+<Mi|[v,ij]|HF>+<,LLi|[[V,ij],Tz:HHF>+<,U4| %[[[Vvij]!TZ]iTZ:I+[[V17vj]le+T3]|HF>
+<lu’i| %[[[[Viij]rTZ]!TZ]!TZJ+[[[Vvij]lT2]1T1+T3]+[[V1TV1~]!T4]|HF>+</*‘4| %[[[[VvTVJ-]!TZ]!T2]1T1+T3]
+ %[[[V!TV1]1T1+T3]!T1+T3]+[[[VlTV]-]!TZ]!T4]+[[V17-Vj:|lT5]|HF>+</J’i| %[[[[VITV1]1T2]!T2]!T4]

+ B[V, 7, L T2l Tat Tal Ta+ Tl +[[[V.7, 1 Tat Tal, Tl + [V, 7, 1. T2] Tl +[[V. 7, 1. TelHF) +0(7),  (8)

where the brackets contain terms of successive higher order | 1rrry R1T.1 T 14TV.R1.Ta+ To1IHE):
in the fluctuation potential. The excitation rank of Rhd HIIVAR T Tl +[V.R]Tat o] HF):

[[-+[[B,Tn,],Tn,l;" "], o, JIHF) can be found frorh j—1=<x<j+3, (14)
k k
2 n,—mb$3$2 n|+mb_k, (9) <Iu’X|%[[[[V1R1]1T2]1T2]1T2]+[[[V1R1]1T2]1T1+T3]
=1 =1
+[[V,Rj],T4]|HF>: jt1lsx<j+4, (15
wherem,, is the particle rank of the operat@&r
mMp=3(N°+nd+nS+n?) 10  (al LIV R T2] T2l Ta+ Tal+ [V, R, T2, T4
andng andn¢ are the number of occupied and virtual cre-  + 3[[[V,R], Ty + T3], Ty + T3]+ [[V,R;], T5][HF):

ation operators irB, andng and n are the corresponding
numbers for the annihilation operators. is the excitation
rank of the cluster operators

j<x<j+5, (16)

(il 2LV R T2l Tol Tal + [V, Ry 1, T+ Tal, Tal

+ 3[[[[V.R1,To], T4+ T3], Ty + T3]

ni=3(n‘+n5—n5—n?) (11)

andk is the number of operators besid®@ghat occur in the

commutator. Using Eq9), an excitation operatdR; of ex- +[[[v,Rj],Tz],TS]+[[V,Rj],T6]|HF): jF2<sx<j+6
citation level(rank j will have nonzero contributions in first, 1n
second, third, fourth, fifth, and sixth order jif fulfills the

conditions:

Furthermore it is seen thdtu,| only has a nonvanishing
<Mx|[V,Rj]|HF>Z j—2<x<j+1, (12) coupling if it is couple'd to a cluster operator of excitatipn

level x+2 or lower. Using this, the structure of the Jacobian
(L [[V.R1.TLIHF): jsx=<j+2, (13  becomes
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S D T Q P H
S do)+o(l)  o(1) o(1) 0 0 0
D o(l) d0)+o(l)  ol) o(1) 0 0
T  o02) o(1)  d0)+o(1)  o(1) o(1) 0

A=lo o) 0(2) o(1)  d(0)+o(1)  o(1) o) |’ (18
P o(4) 0o(3) 0(2) o(1) d(0)+o(1) o(1)
H

o(5) 0(4) 0(3)

where we explicitly have written the single$)( doubles
(D), triples (T), quadruples @), quintuples P), and hex-

0(2) o(1)

d(0)+o(21)

which can be different from zero far—2<x<i+1 using
Eqg. (12). To second order for anexcitation dominated right

tuples H) terms. In the Jacobiad(0) denotes the zero- correction vector we have

order diagonal elements consisting of the orbital energy dif
ferences ana(n) is the lowest nonvanishing order of the

Jacobian matrix element.

To find to what order an excitation energy in E¢) is

(0~ ©)RE =~ (u,J[[V,R],T,]

+[V,RM,+ RY, + RW 4+ R, 1[HF).

correct, we need to know to what order the right and left 27
eigenvectors are correct. We therefore expand the Jacobialksing Eqs.(12) and(13) it is seen that we have nonvanish-

A, the trial vectorsR, L, and the excitation energy in
orders of the fluctuation potential

A= AW, (19
k=0

R=> R®, (20)
k=0

L=> L®, (21)
k=0

w= o™, (22

We further assume intermediate normalization. Recognizin

that L(9=R© we therefore have
(LO)TRO =1, (23)
(LU)YTRO)=(LOHTRK =, (24)

To determine the right eigenvectors we rearrange(Eq.

as
k
(A(O)— w(o))R(k): 2 (w(')R(k_') _A(I)R(k—l))_ (25)
=1

The first term on the right-hand side"R*™" is just a

constant times lower order contributions. If we only want to
find the lowest order in which an excitation level can be
nonzero, we can neglect this term, since it contributes only to

ing terms fori —4=<x=<i+2. Continuing in this fashion it
can be shown that theth order correction for anexcitation
dominated right correction vector has nonvanishing contribu-
tions wheni —2n=<x<i+n. This is summarized in Table |
for single, double, triple, quadruple, and quintuple excitation
dominated excitation energies.

The left eigenvectors can be found from Eg) which
may be rearranged as

k

LO(AO) — () = 2 (L&D M — =D A0y, (28)
=1

TABLE I. The order, in the fluctuation potential, in which different excita-
tion components enter in the right vector.

g

Excitation
vector component S D T Q P H

Single 0 1 2 3 4 5
replacement
dominated

Double 1 0 1 2 3 4
replacement
dominated

Triple 1 1 0 1 2 3
replacement
dominated

Quadruple 2 1 1 0 1 2
replacement
dominated

the same excitation levels as the lower order correction vec-

tors. The first term on the right-hand side in Eg5) will
therefore be neglected in the following analysis.

For ani excitation dominated excitation energy the right

correction vector to first order can be analyzed using
(0,,~ 0 O)RD=—(u,J[V,ROTHF) (26)

Quintuple 2 2 1 1 0 1
replacement
dominated

Hextuple 3 2 2 1 1 0
replacement
dominated
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TABLE II. The order, in the fluctuation potential, in which different exci- TABLE Ill. The order, in the fluctuation potential, in which contributions
tation components enter in the left vector.

Excitation
vector component

S D

Single
replacement
dominated

Double
replacement
dominated

Triple
replacement
dominated

Quadruple
replacement
dominated

Quintuple
replacement
dominated

Hextuple
replacement
dominated

This equation is very similar to Eg25) for the right vectors.

We note that the lowest order in which an excitation level Hextuple and higher
enter is independent of the first term on the right-hand side ir
Eqg. (28). Thus as in the equations for the right correction
vector this term will be neglected in the following analysis.
For ani excitation dominated excitation energy the first

order analysis gives

LB (0, —0®)=— > LV, 7, JIHF).

(29

This can be nonzero if—1<x<i+2 which is seen from
Eqg. (12). To second order we need to analyze the equationwhere

from the various blocks of the Jacobian enter in the excitation energies for
single, double, triple, and quadruple electron dominated excitations.

Dominating excitation

Single Double Triple Quadruple

LeAgeRg 0 2 3 5
LsAspRp 2 2 4 5
LpApsR 2 2 3 5
LpAppRp 2 0 2 3
LeAgRy 3 3 3 5
LyArsRg 3 4 3 5
LpApRy 4 2 2 4
LyArpRp 3 2 2 3
LyAprRy 3 2 0 2
LsAsoR, - - - -
LoAgsRs 5 5 5 5
LpApgRy 5 3 3 3
LoAgpRp 5 3 4 3
LrArgR, 5 4 2 2
LoAgrRy 5 3 2 2
LoAgoRy 5 3 2 0
LsAspRp - - - -
LpApsR 6 7 6 7
LpAppRp - - - -
LpAppRp 6 5 5 5
LyArpR p 6 5 3 3
LpAprRy 6 5 3 4
LoAgpRp 7 5 4 2
LpApgR, 6 5 3 2
LpAppRp 6 5 3 2
o(8) 0(6) o(5) 0(3)

L0, ~ o)== L [[V.r, 1. To1IHF)

Mi

+ 2, (w7l JIHP), (30)

M

TABLE IV. An order analysis of excitation energies for different coupled cluster models in terms of the
fluctuation potential. The excitations are divided into single, double, triple, and quadruple replacement domi-
nated excitation energies. The scaling is given as a function of the number of ohbitals

Amplitudes included

Order through which the
excitation energy is correct

Model all partially Scaling Single Double Triple Quadruple
CCs S N4 1
cc2 S D N 2 0
CCSD SD NS 2 1
CC3 SD T N’ 3 2 0
CCSDT SDT N® 4 2 1
CC4 SDT Q N°® 5 3 2 0
CCSDTQ SDTQ N1O 5 4 2 1
CC5 SDTQ P N1 6 5 3 2
CCSDTQP SDTQP N*2 7 5 4 2
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cluster models CCSD, CC2, and CC3. In the present context,

2 <Mi(1)|: 2 LELOi),l<Mi—1|+2 Lﬁg)wﬂ where coupled cluster operator manifolds including qua-
u) Fimt . druple or high itations may be included, a more general

ruple or higher exci y , g
approach may be used. In Ref. 20, it was demonstrated how
+ > Lﬁg)ﬂ<ui+1|+ > L£212<“i+2|' the standard coupled cluster vector function
Mi+1 Mi+2
(31 f,=(HF7] exp(—T)H exp(T)|HF) (33

This may be nonzero |f—2§xs|+_4. To nth_order nonzero may be calculated for arbitrary choices of the excitation
contrlbugons_can be obtained whenn<x=i+2n. This is manifold using ideas and algorithms developed in the con-
summarized in Table Il. text of configuration interaction theory. For example, the

Using the analysis of the right and left vectors together - . . .
with the order analysis of the Jacobian we can determine tgector expD)|HF) is explicitly constructed as an expansion

what order the different contributions to the excitation en-In terms of Slater determinants by expanding &g pow-
ergy is correct. This is summarized in Table Il where linesers of T and using generalized CI techniques to evaluate the
have been drawn to separate the terms that enter in the difction of T on a general vector. Although the initial version
ferent standard models. From Table Il we can determine t@f these codes are rather slow, their generality allows the
what order an excitation energy of an excitation level is cortesting of the importance of various excitation levels. We
rect in different coupled cluster models. The results are givemvill now describe, how the algorithms for the calculation of
in Table IV for the models CCS, CC2, CCSD, CC3, CCSDT,the coupled cluster vector function can be generalized to the
CC4, CCSDTQ, CC5, and CCSDTQP. evaluation of Eq(32), thereby allowing the evaluation of the

To illustrate how the results of Table IV are obtained forlinear transformation with the coupled cluster Jacobian for
the standard coupled cluster models let us as an examplery general types of coupled cluster expansions.
consider to what order a double excitation dominated excita- The calculation of Eq(32) is preceded by a calculation
tion energy is correct in the CCSDTQ model. The CCSDTQof the following vector:
model includes all terms of quadruple or lower excitation
level, i.e., the terms in Table Il up to and including |a)=expT)|HF), (34
LoAggRq . The lowest order at which terms enter beyond R
the CCSDTQ model for a double excitation dominated exciwhereT is the final cluster operator for the reference state.
tation energy is 5, where, e.g., the tetrpAppRp contrib- ~ The vector|a) is stored on disc and used in all the subse-
utes. Therefore CCSDTQ is correct through fourth order forquent evaluations of the linear transformations, 8. We
a double excitation dominated excitation energy. will shortly return to the spaces in which the above vectors

The analysis of the approximate models CC2, CC3should be evaluated. For a given vectahe linear transfor-
CC4, CC5, etc., is a little different. These models are definednation is obtained by separately calculating the two terms of
such that approximations are introduced only at the higheghe commutator in Eq32). The first term
cluster amplitude level and at this level only the lowest
order correction terms are included. For example, in the CC4 it :2 (HF| P exp — A7, exp('T‘)|HF>xV (35)
model the quadruples terms of the CCSDTQ model is only * % "
kept to lowest order whereas no approximations are intro- ) ) _
duced in the terms that refer to lower excitation levels, i.e./S obtained in the following steps:
the terms that only contain single, double, and triple excita(1) |d)y==3 x,7,/a);
tions. A double dominated excitation will therefore be correct(z) le)=F|d);
through third order in CC4 since only the lowest order NN
coupling to the quadruples is correct, for example the(3) [)=exp-Tle):

L ! © @) jE=(HFF ).

fourth order contributions in thép,ApgRg, LoAgpRp ., © ©

LoAgrRr, andLoAqgRq terms are not described correct. A rpe consiryction ofd) from |a), the construction off)

more detailed analysis and an implementation of the CC4,n |6y and the evaluation of the general transition density

and CC5 models have not yet been performed. (HF| %L|f> follows the algorithms discussed in Ref. 20. Simi-
larly the evaluation ofle) from |d) is a direct CI linear

I1l. LINEAR TRANSFORMATIONS WITH THE COUPLED transformation.

CLUSTER JACOBIAN MATRIX The second part of the commutator in E§2) is ob-

The eigenvalue problem defining the excitation energiest,aIned as

Eq. (1), is typically solved iteratively where in each iteration, o )
the Jacobian times a vectgris calculated j2=2 (HF7! exp(—T)7, A exp(T)|HF)X, = EcX, ,
o ot S s S (36)
j,=> (HF7 exd —=D)[A,7,]expT)HP)x,. (32
v whereE. is the total energy of the ground state. As a final
Highly efficient algorithms have been advanced for con-step, the Jacobian times vector product is obtained by sub-
structing the linear transformation of E@2) for the coupled  tractingj? from j.
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TABLE V. Ground and reference state enerdies.

CISDTQ FCl CISDTQ ccsb ccs ccspT CCSDTQ
X%, —49.20700045 —49.27677891 —49.27398886
2'8;  -49.22617910 —49.20090213 —49.20014555 —49.20073992 —49.19680670 —49.20056912  —49.200 885 98

daug-cc-pVDZ basis unless stated otherwise.
baug-cc-pVTZ basis.

The vectorga), |d), |e), and|f) are obtained as Slater- 1V. SAMPLE CALCULATION OF B,
determinant expansions, and must in general be evaluated
spaces that are larger than the space spanned
|HF),7,|HF). From the definition ofi* it is seen thaf) The ground state of thB, molecule has triplet symme-
should be evaluated in the space spannedHfy),7,|HF).  try X32; and the open shell electronic configuration
As T only contains excitation operatoig) can be restricted 10 10§ 207 207 L. The first state ofS; symmetry has
to the same space. However, |a$ is obtained fromd) by the same electronic configuration as the triplet ground state
applying the Hamiltonian operatdi) must be evaluated in Whereas the second state ltﬁ% symmetry has the closed
a larger space, containing all Slater determinants irshell electronic configurationd;lof205203307, which is
3 ,x,7,|a) that may be brought into the spadéF), 7,,|HF) doubly excited relative to the ground state configuration. \We
by the single and double replacement operatoréiinThe  Use this state as the reference state in the coupled cluster

construction ofi? is straightforward and needs no explana-€sponse function calculations. TBg calculations are car-
tion. ried out at the ground state equilibrium internuclear distance

The need to use extended CI spaces|&y|d) means ©Of 1.59 A2% and the augmented correlation consistent basis

that the present algorithm has a significantly higher operatio§€t aug-cc-pVDZ was us€d. The augmented correlation
count and requires significantly more disc space than corfonsistent basis set aug-cc-p\Ffavas used to estimate the
ventional coupled cluster algorithms. If the number of occu-basis set saturation.

pied orbitals iSO and the number of virtual orbitals V8, the In the CC3 calculations of the reference state we found
operation count for the CCSDT expansion scale®2¢® for  that when the CCSD state was used as a start guess we ob-
the current algorithm, whereas it scaless®/° for the stan-  tained a solution that had a large admixture of other elec-
dard approach. Furthermore for the CCSDT wave function itronic configurations and an energy 6%9.21515909 a.u.

is necessary to obtain and manipulate Slater determinant ekiowever, when we calculated the CC3 reference state di-
pansions containing up to fivefold excitations. The currentectly we obtained a state with the expected dominant elec-
implementation is therefore ineffective and is only intendedtronic configuration and an energy 6f49.196 806 70 a.u.

for testing the importance of higher excitations in small mol-The CC3 excitation energies are calculated using this state as
ecules using small basis sets. However, CCSDT anthe reference state. It was only in the CC3 calculations that
CCSDTQ excitation energies may be calculated for diatomidwo solutions were encountered. In the calculations that used
molecules in the aug-cc-pVDZ basis using the present apthe standard models only one state was obtained and this
proach. These calculations are significantly larger than prestate always had the expected configuration dominance.
vious reported calculations using general algoritAfs. Table V summarizes the total energy for tKéE; ground

gi;/. Computational considerations

TABLE VI. FCI excitation energies relative to thelzg+ state. For the other models it is the differences relative
to the FCI excitation energies that are given. All calculations are carried out using the aug-cc-pVDZ basis set.

Excitation

State  Occupation level CCsD CC3 CCsSDT CCSDTQ FCI

X35, 205w 2 0.06065  0.03473  0.00945  0.00053-0.075876 771
1°%, 20,m30y 2 0.06150 2 0.00233 —0.00001 —0.066409 734
1Ay 202w 2 0.06013  0.03319  0.00926  0.00051-0.052 741328
131, 20m 30y 1 0.00437 —0.00080 —0.00002 —0.00001 —0.050 486287
135 207w, 2 0.06846  0.01989  0.006 33 —0.00014 —0.039 959216
1M, 202wi30t 1 0.00916 —0.00333 —0.00028 —0.00001 —0.020 899 842
134, 2037{30% 2 0.06949  0.02480  0.00330  0.000 00— 0.014 743 256
133, 2aﬁwﬁsa§ 2 0.07819  0.02407  0.00251 —0.00014 —0.007 413979
2'3. 20330 0.0 0.0 0.0 0.0 0.0

133, 20imi30; 2 0.06461  0.02353  0.00499  0.00032  0.000 767 332
1%y 200w 3 0.02549  0.01693  0.01944 000239  0.003 813231

ot calculated as it is a quintuplet state.
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0.08 - : T T T ] classes as well. The results in Table VI are in accordance
007 L - with the order analysis of Table IV. For a given wave func-
0.06 L ¢ tion level we have significantly smaller errors for the single
ook excitation dominant states than for the double excitation
5) 004 - | dominated ones and the largest error is found for the triple
.. % excitation dominant state that has an error of 2B, even
< - v at the CCSDTQ level. For excitations of all excitation levels
ol : the error decreases when a higher level in the hierarchy is
oot § 71 considered. For the single electron replacement dominant ex-
0 - citation energies the decrease is in accordance with previous
oo cosh o3 COSDT CCSbTQ observations where in average the errors were found to be

Model reduced by about a factor of 3 at each 1e¥&*?*For two
FIG. 1. The deviation of different double excitation dominated excitation electron r?pl_acemem (_10m_|nated excitation er_1erg|es_we ob-
energies from the FCI results for different coupled cluster modelB,in ~ S€rve a similar reduction in the error when increasing the

calculations using the aug-cc-pVDZ basis set. ResultsXdE, (+), level in the hierarchy. In Fig. 1 we have displayed the errors
12%; (X), 1'g (*), 1'3g (O), 1°A, (W), 1°%; (©), and  for the double excitation dominated excitation energies. The
1°%, (@) figure clearly demonstrates the systematic improvement

within the CC hierarchy.

The excitation energies that are correct to the same order
in the fluctuation potential also have errors of comparable
size. For example, the errors for CCSD single excitation
dominated excitation energies are comparable to the errors
for CCSDT for double excitation dominated excitation ener-
ies which again is similar to the error for the triple excita-
ion dominated excitation energy in CCSDTQ.

When the excitation manifold in the coupled cluster cal-
culations is extended to include triple and quadruple excita-
tions, it is(according to a referganatural to inquire whether
configuration interactioiCl) calculations would provide ex-
citation energies of similar accuracy. In Table VII, we thus

In Table VI the FCI excitation energies are given relativereport excitation energies relative to FCI using the CISD,
to the 212+ state. For the CC hierarchy CCSD, CC3, CISDT, and CISDTQ expansions. The reference state was
CCSDT, and CCSDTQ the differences in the excitation enidentified as the state with the largest weight of théao
ergies from the FCI results are also reported in Table VI, agonfiguration. For the CISDT calculations, the Iowest two
well as the dominant electronic configuration of the stateslzg states have significant contributions from this configu-
and the excitation level relative to the reference state eleasation and in accordance with the above criterium we used
tronic configuration. the second state as the reference state. At the CISD level, the

From Table VI it is seen that the considered electronicspectrum is qualitatively erroneous, predicting all excitation
states fall into three classes having either single, double cgnergies to be positive. Comparing the excitation energies in
triple excitation dominance relative to the reference stateTable VI and Table VII, we note that single, double, and
From the analysis in Sec Il we will therefore expect thetriple replacement excitations all converge significantly
errors for the excitation energies to fall into three differentfaster using the CC hierarchy than using the CI hierarchy.

state and the ?Eg reference state for differerdb initio
models.

The CCSDT and the CCSDTQ results were obtained us-
ing the general CC code of the LUCIA program written by
Olsen!”?? Likewise LUCIA was used to calculate the FCI
excitation energies. The CCSD and the CC3 excitation eneltg
gies were obtained with a local version of the DALTON
program?>

B. Convergence of excitation energies for a hierarchy
of coupled cluster models

TABLE VII. FCI excitation energies relative to thelzg+ state. For the other models it is the differences
relative to the FCI excitation energies that are given. All calculations are carried out using the aug-cc-pVDZ

basis set.
Excitation
State Occupation level CISD CISDT CISDTQ FCI
X35, 200w, 2 0.088 69 0.024 77 0.00203 —0.075876 771
158, 20 77230 2 0.07855 0.01791 0.00104 —0.066 409 734
1A, 205773 2 0.087 25 0.024 47 0.00196 —0.052 741328
1%, 20;mB30; 1 0.07345  —0.004 90 0.00271  —0.050 486 287
12* 202w 2 0.091 47 0.03259 0.00326 —0.039959 216
1 1H 20'577$30’§ 1 0.07146  —0.003 14 0.00251  —0.020 899 842
3A 20'&77ﬁ30'§ 2 0.084 11 0.017 03 0.00127 —0.014 743256
1 32; 20,30, 2 0.094 47 0.017 61 0.00171 —0.007 413979
2155 20530} 0.0 0.0 0.0 0.0
135 20w 30y 2 0.083 12 0.024 13 0.002 07 0.000 767 332

1 3Hg 20imd 3 0.088 68 0.01283 0.01191 0.003 813 231
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TABLE VIII. Excitation energies with respect to the ground st&éx ; (in ies. In Table VIII we present the FCI results together with

ev). multireference configuration interactighIRCI) calculations
Excitation of Langhoff and Bauschlich& and Hacheyet al?’ (similar

State level FCP Langhoff® Hachey results have been obtained in other works, e.g., Ref. &
x5, 0 0.00 0.00 0.00 exscitailtion energies in Table VIII are given relative tp the_
153, 1 026 024 014 X Eg ground state energy. The FCI results are obtamed in
1A, 0 0.63 0.56 0.64 the aug-cc-pVDZ basis. In the MRCI calculations, as in our
1311, 1 0.69 0.44 0.43 work, the core orbitals have been frozen to the canonical
1125 0 0.98 0.01 0.91 Hartree—Fock orbitals. We have verified that the use of fro-
i Slgu i igg i-ég 125 zen core orbitals have very little effect. To investigate basis
1325 1 1.86 176 188 set saturation we have calculated the excitation energies us-
215 ¢ 2 2.06 1.48 1.40 ing the CISDTQ model for both the aug-cc-pVDZ and the
1357 1 2.09 2.08 1.98 aug-pVTZ basis set. The calculation showed only small
1%, 1 2.17 2.05 2.04 changes in the excitation energies as a result of increasing

= ; ; the basis set, the largest shift was about 0.09 eV. We there-
esults using the aug-cc-pVDZ basis set. .

bSee Ref. 26. fore expect that the aug-cc-pVDZ FCI results give a good

See Ref. 27. estimate for the vertical excitation energies and have an ac-

Results for the §4p3d2f1g ANO basis set. curacy of about 0.1 eV.

®Results for the 43p2d1f ANO basis set.

"The basis set is §p2d. Comparing the FCI results in Table VIII with the results

of Langhoff et al. and with Hacheyet al. we see that the
MRCI calculations yield significantly different excitation en-
To understand the superiority of the coupled cluster ap€rgies for the £T1,, 1'II,, and the 23 states. In par-

poach, it is instructive to compare the wave functions of thelicular for the 2'3.; state we have large differences between
two approaches. In the coupled approach, the wave functioe FCI and the MRCl results. Comparing the electronic con-

of an excited state is obtained in the form figurations for the ground and excited states we recognize
that this state is the only one that has an electronic configu-

[EX(CC))= z Cyi Ty, exp(T)|HF). 3 rgtion .that is dqubl_y excit.ed relat_ive to the ground.s.tate con-

V] figuration, making in particular this state very sensitive to the

We may thus consider the wave function of the excited stat&ho'ce of reference space in the MRCI calculations.

as obtained by applying excitations to a contracted referen

state exp()|HF). If the major parts of the correlation arec\? CONCLUSION

identical in the ground and excited state, as is typical for  In this paper we have performed an error analysis of the

excitations involving only few electrons, the coupled clusterexcitation energies that are calculated using the standard hi-

method provides an accurate description of excited states. erarchy CCS, CC2, CCSD, CC3, CCSDT, etc., of coupled
In the CI formalism, the wave functions for an excited cluster theory. The order to which the excitation energies are

state is obtained as correct is determined for excitations that are dominated by
one, two, three, etc., electron replacement compared to the
|EX(CI)>=E Cyj TVJ|HF>- (39 reference state. To illustrate the performance of the order

v

analysis we have calculated the lowest excitation energies of

As the bare Hartree—Fock state here constitutes the referenti?e open shell systei, using a closed shell excited state as
state, all correlation effects for the excited state must be inthe reference state. We have found improvements for excita-
cluded through the excitation operatas;c,; 7, - tion energies of all excitation I_evgls at all Igvels in the hier-

The advantage of the CC approach compared to Cl i@rchy and have seen that excitation energies that are correct
stressed by an order analysis. According to the analysis dP the same order in the fluctuation potential give errors of
the coupled cluster approach in Sec. II, the excitation energgomparable size. At the CCSDTQ level the differences com-
to an n-tuple excited state is correct through second ordePared to FCI are 0.01 and OnbE, or smaller, for single and
when up ton+1-fold excitations are included. In the CI double electron replacement excitations, and an error of 2.4
approach, the wave function ofratuple excited state con- mE, persists for the triple excitation dominated excitation
tainsn+ 2-fold excitations already in first order. In a CI cal- €N€rgy.
culation that includes excitations up to level 1, the wave Both the order analysis in Table IV and the results in
functions are therefore only correct through zero order andable VI show that it is generally not feasible to obtain ac-

the corresponding energy is then correct only through firsEurate excitation energies for an open shell ground state mol-
order. ecule with the standard coupled cluster models using an ex-

cited closed shell state as reference state. This is due to the
fact that when an excited closed shell state is used as refer-
ence state the lowest electronic states often become double
Practically no experimental data are available for the ener even triple excitation dominated. As the accuracy of the
ergies of the excited states we have calculatedfarThus,  excitation energies in the standard CC models degrade with
we will only compare our results with other theoretical stud-the excitation level, the standard models therefore give con-

C. Comparison with other works
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siderable errors for most of the excitation energies, and th&H. Koch, O. Christiansen, P. Jargensen, A. M. Sanchez dés\Varal T.

CCSDTQ model, which gives satisfying results 15, is

Helgaker, J. Chem. Phy&06, 1808(1997).

_ . s N .
too expensive to be practical for larger molecules. A= K-Hald, C. Hatig, J. Olsen, and P. Jorgensempublished

promising approach for high spin open shell ground state
molecules may be to use spin restricted coupled cluster

theory?®%0
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