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The equation-of-motion~EOM! coupled cluster~CC! method with full inclusion of the connected
triple excitations for ionization energies has been formulated and implemented. Using proper
factorization of the three- and four-body parts of the effective Hamiltonian, an efficient
computational procedure has been proposed for IP-EOM-CCSDT which at the EOM level requires
no-higher-thannocc

3 nvir
4 scaling. The method is calibrated by the evaluation of the valence vertical

ionization potentials for CO, N2 , and F2 molecules for several basis sets up to 160 basis functions.
At the basis set limit, errors vary from 0.0 to 0.2 eV, compared to ‘‘experimental’’ vertical ionization
potentials. ©2003 American Institute of Physics.@DOI: 10.1063/1.1527013#
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INTRODUCTION

The coupled cluster~CC! ~Refs. 1–12! theory, originally
developed as a method for the calculation of ground s
properties, has been further generalized for the descriptio
the excited, ionized and electron-attached states via
equation-of-motion~EOM! CC philosophy.13 This elegant,
very general, time independent method exploits the left-
right-hand eigenfunctions of the non-Hermitian operatorH̄
5e2THeT. When solved in a space ofN6p electrons, this
equation yields ionized or electron attached states and fp
50 gives electronic excited states. A related time-depend
method for excited states is the CC linear response~CCLR!
approach of Monkhorst.14–17

The EOM method is a useful tool since it provides, d
rectly, the sought quantity@excitation energy~EE!,13,18–22

ionization potential~IP!,23–27 or electron affinity~EA!28,29#.
The CC scheme most commonly used in combination w
the EOM approach is the CCSD model and its performa
is well documented in the literature.13,23–26,28,29This ap-
proach has been successfully used for the description of
cited states dominated by single excitations. Nowadays
eral efforts have been made to improve its accuracy for
states with large double excitation character by develop
CC schemes with inclusion of the higher-than-double exc
tion operators.30 The implementation of EE-EOM-CCSDT
with full inclusion of the connected triple excitations for th
evaluation of the excited states energies is an example21,22

The program developed in Ref. 22 is coded very efficien
both at the CCSDT level~with quasilinear formulation of the
CC equations! and at the CI step, where most of the term
engaging three- and four-body elements of theH̄ operator
were factorized. Due to this the program was successf
1120021-9606/2003/118(3)/1128/9/$20.00
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applied to basis sets using over 90 functions. In addition
this there have been proposed a number of variants for
and/or IP calculations including triple excitations in appro
mate ways, either iterative or noniterative.18–21,27The latter,
in particular, have not been found to be very success
Hence, it is helpful to have full triple benchmark results.
this paper we report the initial results of a general purp
diagrammatic implementation of the benchmark EO
CCSDT method for calculation of the ionization potential

In the EOM-CC approach an excited state is created
the action of an elementary excitation operatorR on the CC
reference stateC0 which—within the CC formalism—is ob-
tained with an exponentialeT operating on the Hartree–Foc
reference,F0 . The expansion coefficients for the excite
state are defined by the solution of the matrix eigenva
equation obtained by the projection of the eigenvalue pr
lem upon a suitable set of configurations. The diagonali
tion also yields directly the excitation energies. In oth
words, EOM-CC may be viewed as a diagonalization of
CC similarity transformed Hamiltonian,H̄, in the CI con-
figuration space. On the other hand, in the ionization pot
tial studies the wave functions that correspond to the ioni
states can be obtained by diagonalizingH̄ in a basis of de-
terminants containingN21 electrons~N refers to the num-
ber of electrons inF0). It is also possible to view the ion
ization process as an excitation in which one electron
promoted to a continuum orbital. Likewise one can obta
electron affinities, together with the associated (N11)-
electron eigenstates by using operators that create an
tron.

The resulting IP-EOM-CC and EA-EOM-CC ap
proaches are intimately connected to the Fock space
8 © 2003 American Institute of Physics
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1129J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 IP-EOM-CCSDT
~FSCC! approaches for the~0,1! and ~1,0! sectors, respec
tively. FSCC and EOM-CC are known to give identical r
sults for the principal IP and EA sectors.31,32The comparison
between these two methods for the EE sector has also
analyzed.33,34

In this paper we will present the EOM-CC formalis
developed for ionization potential calculations. Detailed
EOM-CCSDT working equations will be given explicitly i
algebraic and diagrammatic form for standard and factori
version. The factorization procedure makes it possible
maintain the rank of the computational procedure to
nocc

3 nvir
4 for the EOM part. We stress that this procedure do

not introduce any approximation. The factorization strate
plus the real abelian symmetry implementation, make
possible to apply the method to larger~.150! basis sets,
offering near benchmark quality for full triples.

THEORY

Let us consider the Schro¨dinger equation,

HuCk&5EkuCk& k51,2,... ~1!

assuming thatCk describes thekth ionized state obtained b
the removal of the electron from the reference ground s
C0 . Within the coupled-cluster formalism the referen
wave functionC0 is obtained by action of the exponenti
eT,

uC0&5eTuF0&, ~2!

whereF0 is the reference determinant andT is the cluster
operator. Within the CCSDT model, the cluster operator
approximated as

T5T11T21T3 ~3!

andTk is defined as

Tk5~k! !22 (
ab¯

(
i j ¯

t i j ¯
ab¯a†b†

¯ j i , ~4!
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where the indicesa,b,...(i , j ,...) refer to virtual~occupied!
one-particle levels. The cluster amplitudes,t i j ¯

ab¯, are ob-
tained by solving the CC equations,

^F i j ¯
ab¯u~HeT!cuF0&50. ~5!

^F i j ¯
ab¯u is a k-tuply excited determinant and subscriptc in

the above equation indicates that only connected diagr
should be considered.

Within the EOM formalism thek-state wave function for
IP (Ck) is obtained by operating with theR(k) operator on
the ground state wave function (C0),

uCk&5R~k!uC0&. ~6!

The R(k) is a linear~CI-like! ionization operator limited in
this approach to single, double, and triple excitations,

R~k!5R1~k!1R2~k!1R3~k! ~7!

expressed through the elementary creation-annihilation
erators in the following way:

R~k!5(
i

r i~k!i 1 1
2(

a
(
i j

r i j
a ~k!a† j i

1 1
12(

ab
(
i j l

r i j l
ab~k!a†b†l j i . ~8!

Inserting theCk wave function, Eq.~6!, into the Schro¨dinger
equation, Eq.~1!, we obtain the equation-of-motion,

@H̄R~k!#c5vkR~k!, ~9!

whereH̄ is the similarity transformed Hamiltonian, formall
defined as

H̄5e2THeT ~10!

and vk is the energy change connected with the ionizat
process. For ionization although the operatorR is presented
as linear in Eq.~6!, it can equally well be recognized as th
appropriate exponential operator in Fock space CC, since
TABLE I. IP-EOM-CCSDT equations in Goldstone formalism for standard and factorized version.

Expressiona

(H̄R) i52r mI i
m22r nm

e I ie
mn1r nm

e I ei
mn12r mi

e I e
m2r im

e I e
m12r mni

e f ve f
mn22r inm

e f ve f
mn2r mni

e f v f e
mn1r min

f e v f e
nm

(H̄R) j i
b 52r mI i j

mb2r mi
b I j

m2r jm
b I i

m1r j i
e I e

b1r nm
b I i j

mn12r mi
e I e j

mb2r im
e I e j

mb2r mi
e I e j

bmv jm
e yie

mb12r m ji
e f I e f

mb2r jmi
e f I e f

mb2r i jm
e f I e f

mb22r mni
eb I e j

mn1r mni
be I e j

mn1r inm
eb I e j

mn

22r n jm
eb I ie

mn1r m jn
eb I ie

mn1r jnm
eb I ie

mn12r m ji
eb I e

m2r jmi
eb I e

m2r i jm
eb I e

m1F ji
b

F ji
bb

522r nm
e I ie j

mnb1r mn
e I jei

bnm

F ji
bc

5t j i
bexe

(H̄R) jki
bc 5P( jb/kc)@r j i

e I ek
bc2r mi

b I jk
mc2r km

c I i j
mb1r nm

b I i jk
mnc#2r jkm

bc I i
m2P( jb/kc)@r mki

bc I j
m2r jki

ec I e
b2r nkm

bc I i j
mn#1r mni

bc I jk
mn1r jki

e f I e f
bc2P( jb/kc)@r jkm

ec I ie
mb1r jmi

ec I ek
bm

1r mki
ec I e j

bm22r mki
ec I e j

mb1r jmi
eb I ek

mc1r ikm
ec I e j

mb] 1F jki
bc

F jki
bcb

52r mI i jk
mbc12r mi

e I e jk
mbc2r im

e I e jk
mbc2P( jb/kc)@r mi

e I e jk
bmc1r jm

e I iek
mbc#22r mn

e I iek j
nmcb1r nm

e I eik j
mncb1P( jb/kc)@2r m ji

e f I e f k
mbc2r m ji

e f I e f k
bmc2r i jm

e f I e f k
mbc22r mni

eb I e jk
mnc

1r mni
eb I jek

mnc1r inm
eb I e jk

mnc22r n jm
eb I iek

mnc1r m jn
eb I iek

mnc1r n jm
be I ike

mcn]

F jki
bcc)52r mI i jk8mbc1P( jb/kc)t jki

be fxe f
c 12r mi

e I e jk8mbc2r im
e I e jk8mbc2P( jb/kc)@r mi

e I e jk8bmc1r jm
e I iek8mbc1t jmi

bcexke
m #2tk jm

cbex ie
m12t jkm

bcexei
m2P( jb/kc)t jmk

bcexei
m1t i jk

ebcxe

2P( jb/kc)@ tmk
bc x j i

m2t jk
ecxei

b 2t ik
ecx je

b #

aSummation over repeated indices assumed on the right-hand side; summation indices belong to the set$e,f,m,n%; P( jb/kc) implies sum of two components

differing by permutation ofjb andkc. All elements ofH̄ ~Itu . . .
rs . . . ) and intermediates (x t . . .

r . . . ) are defined in Tables 2 and 3, respectively.
bStandard version.
cFactorized version.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1130 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Musiał, Kucharski, and Bartlett
products ofS(0,1) in exp(S(0,1)) vanish, leaving justS(0,1)

5R. This makes IP-EOM-CC entirely linked, connected a
extensive, unlike that for excited states that derive fr
exp(S(1,1)).35–39 BecauseH̄ is non-Hermitian, we also hav
the left-hand eigenvector,L(k), L(k)H̄5vkL(k), where
L(k)H̄ is not connected. BothL(k) andR(k) are needed to
obtain density matrices.

IP-EOM-CCSDT WORKING EQUATIONS

In this section we present explicit working equations
the IP-EOM-CCSDT method. This requires solution of t
CCSDT equations, Eq.~5!, for the T1 , T2 , and T3 ampli-
tudes and then the construction of theH̄ operator, according
to Eq. ~10!. To obtain the eigenvalues and eigenvectors
employ a direct diagonalization scheme40 analogous to the
Davidson method41 for symmetric matrices. In case of th
solution for the right-hand side eigenvectors we require
results of the IP-EOM-CC matrix right multiplying an arb
trary vectorR, i.e., H̄R. Using the direct CI-like formalism
the components of the (H̄R)c vector are constructed accord
ing to the equations presented in the diagrammatic form
Fig. 1, or, in the algebraic form, in Table I. To each term
Table I ~and also in Table II! the proper permutation of th
external indices should be applied indicated by the sym
P(¯/¯) ~see the explanation given at the footnote to Ta
I!. Note that in Tables I, II, and III we adopt the tens
notation with implied summation over repeated indices.

The form ofH̄ which is required for the construction an
solution of the IP-EOM-CCSDT equations in their standa
form involves up to four-body elements. Emphasizing t
many-body structure ofH̄, we may decompose it into indi
vidual contributions as follows:

FIG. 1. Diagrammatic form of the IP-EOM-CCSDT equations in an an
symmetrized formalism for the standard version.
Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to A
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H̄5I 11I 21I 31I 4. ~11!

We may rewrite the particular element,I n, as the sum over
componentsI k

n , wherek indicates the number of annihilatio
lines

I 15I 1
11I 2

1,

I 25I 1
21I 2

21I 3
21I 4

2,
~12!

I 35I 1
31I 2

31I 3
3,

I 45I 3
4.

We skipped theH̄ components with 0 annihilation lines sinc
they cannot be contracted with theR operators. Similarly in
the last equation theI 1

4 and I 2
4 terms are omitted since the

do not enter the IP-EOM-CCSDT model.
The many-body type of theH̄ elements expresse

through theI t¯
r¯ amplitudes are determined by the number

indices, i.e.,I s
r , I tu

rs , I uvw
rst , andI vwxy

rstu corresponding to theI 1,

TABLE II. Algebraic expression for the elements ofH̄ used in the IP-EOM-
CCSDT model.

Expressiona

I a
i f a

i 12tn
evae

in 2tn
evea

in

I b
a f b

a12tn
evbe

an2tn
evbe

na22tno
eaveb

no1tno
eavbe

no2tn
aI b

n

I j
i f j

i 12tn
ev je

in2tn
eve j

in12tn j
e fve f

ni2tn j
e fve f

in1t j
eI e

i

I bc
ai

I bc8ai2
1
2tn

avbc
ni

I bc8ai
vbc

ai 2
1
2tn

avbc
ni

I ka
i j

I ka8
i j 1

1
2tk

evea
i j

I ka8
i j

vka
i j 1

1
2tk

evea
i j

I cd
ab vcd

ab2P(ac/bd)tn
bI cd8

an1tno
abvcd

no

I kl
i j vkl

i j 1P( ik/ j l )t l
eI ke8

i j 1tkl
e fve f

i j

I bi
a j

I bi9a j2tni
aevbe

n j 1
1
2t i

eI be
a j

I bi8a j
vbi

a j2
1
2tn

avbi
n j1t i

eI be8a j

I bi9a j
vbi

a j2tn
avbi

n j1
1
2t i

eI be
a j

I ib
a j

I ib9
a j12tni

eaveb
n j 2t in

aeveb
jn 2tni

aeveb
n j 1

1
2t i

eI eb
a j

I ib8
a j

v ib
a j2

1
2tn

av ib
n j1t i

eI eb8a j

I ib9
a j

v ib
a j2tn

av ib
n j1

1
2t i

eI eb
a j

I ci
ab vci

ab1t i
evce

ab2tn
bI ci8

an2tn
aI ci8

nb2tni
abI c

n12tni
ebI ce

an2tni
ebI ce

na

2tni
aeI ce

nb1tno
abI ci

no22tnoi
aebvce

no1tnio
aebvce

no1tnoi
aebvec

no

I jk
ia v jk

ia2tn
av jk

in1tk
eI je9

ia1t j
eI ek9 ia1t jk

eaI e
i 12tnk

eaI je
in2tnk

eaI e j
in2t jn

eaI ek
in

1t jk
e fI e f

ia12t jnk
e f ave f

in2t jkn
e f ave f

in2t jnk
e f ave f

ni

I jkl
iab I jkl8 iab1P(ka/ lb)t jkl

e f bI e f
ia

I jkl8 iab 2P(ka/ lb)@ tnl
abI jk

in2tkl
ebI je

ia2t j l
ebI ek

ia #1t jkl
eabI e

i 2P(ka/ lb)
3@ t jnl

eabI ek
in 1tnkl

aebI je
in#12tnkl

eabI je
in2tnkl

eabI e j
in

I klm
i ja P( ik/ j l )t lm

eaI ke
i j 1tklm

e f ave f
i j

I c jk
aib I c jk8aib2tn jk

aebvce
ni

I c jk8aib t jk
ebI ce

ai 2tnk
abI c j

ni

I c jk
iab I c jk8 iab12tn jk

eabvce
in 2P( ja/kb)t jnk

eabvce
in 2tn jk

eabvce
ni

I c jk8 iab P( ja/kb)@ t jk
ebI ce

ia 2tnk
abI c j

in#

I ilb
a jk t il

aeveb
jk

I icd
ab j 2t in

abvcd
n j

I aklm
i jbc tklm

ebcvae
i j

aSummation over repeated indices assumed; summation indices belo
the set$e, f ,n,o%.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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I 2, I 3, and I 4 operators, respectively. Note that ther, s,...
symbols indicate general indices being of either hole or p
ticle character.

It is easy to also assign creation—annihilation charac
to the particularI s¯

r¯ amplitude. The index referring to th
annihilation~creation! line is represented by the presence
the hole ~particle! symbol as a superscript or the partic
~hole! symbol as the subscript. Thus, e.g., theI b j

ia element
corresponds to two annihilation lines: indicated with the
dices i ~hole and superscript! and b ~particle and subscript!
and two creation lines:a and j, so theI b j

ia amplitude is con-
nected with theI 2

2 operator.
All elements ofH̄ are defined in Goldstone formulatio

in Table II. The three- and four-body components are p
sented also in diagrammatic form within the antisymmetriz
formalism in Fig. 2. The one- and two-body components
H̄ are well documented in diagrammatic form in Refs.
and 42 and are used to define the higher rank terms in Fi

The standard derivation of the IP-EOM equations
sumes that we use all requiredH̄ elements regardless of th
complexity of a particular term. This means that we wou
employ all appropriate three- and four-body terms. Suc
form of the IP-EOM equations is presented diagrammatic
in Fig. 1 and in algebraic form in Table I.

Such a formulation of the IP-EOM problem, althoug
perhaps the most natural one, would result in high scaling
the computational procedure either in theH̄ construction or
in the solution of the EOM equations. To avoid this we app

FIG. 2. Diagrammatic form of the three- and four-body elements ofH̄ used
in the IP-EOM-CCSDT equations in the antisymmetrized formalism.
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a factorization scheme which would eliminate the difficu
terms, i.e., those engaging the four-bodyH̄ element and
some of the three-body ones, without any loss of rigor. T
difficult terms are indicated in Fig. 1 by the rectangules a
their construction in a factorized way is explained in Figs
and 4. Hence, the diagram indicated by the lettera in theR2

equation in Fig. 1 is replaced by the contribution given
Fig. 3~a!, where the heavy horizontal line corresponds to
R amplitude and the thin one—to theT amplitude. Thus we
may avoid using the three-bodyH̄ element in theR2 equa-

FIG. 3. Diagrammatic picture of the factorization of selected contributio
to the IP-EOM equations.

FIG. 4. Diagrammatic form of the intermediates used in the IP-EO
CCSDT equations in the antisymmetrized formalism.
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1132 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Musiał, Kucharski, and Bartlett
tion by construction of the intermediate shown in Fig. 4~a!
and then by employing it in the diagram on the right-ha
side of the equation in Fig. 3~a!. By the intermediate we
understand throughout the paper the quantity obtained by
contraction of the integral orH̄ element with theR operator.
The diagram,a, engaging the three-bodyH̄ element in the
R2 equation in Fig. 1 as well as theH̄ element itself, both
requiren7 scaling. On the other hand the same term co
puted via the diagram in the Fig. 3~a! with the intermediate
in Fig. 4~a! requires twon4 steps, so we see a definite gain
computational efficiency.

The same refers to the diagrams contributing to theR3

equation in Fig. 1 labeled with lettersb, c, d, e, f. In actual
calculations they are evaluated according to the sch
shown in Fig. 3:b, c, d, e, f, respectively. The diagram d i
Fig. 1 requiresn8 scaling while the four-bodyH̄ element
engaged in it—n9 scaling~see the last line of Fig. 2!. Instead
we have ann6 scheme with the same intermediate as t
used in the case of the diagram in Fig. 3~a!. A similar situa-
tion occurs in casese and f of Fig. 3, where the twon8

contributions are replaced with then6 ones. A slightly differ-
ent procedure has been applied to thec and d diagrams in
Fig. 3. Here we do not eliminate the respective contributio
in theR3 equation of Fig. 2, but avoid only the most difficu
contribution to the three-bodyH̄ element. So in this case th
savings occurs since we do not take the contribution to thI 1

3

H̄ element shown in first line of Fig. 2 and analogous term
the fourth line of the same figure~both contributions require

TABLE III. Algebraic expression for the intermediates used in the IP-EO
CCSDT model.

Intermediate Expressiona

xa 22r on
e vae

no1r on
e vea

no

x jk
i 2r n jk

e f ve f
ni2r n jk

e f ve f
in2r k jn

e f ve f
ni

xca
b 2r nI ac

nb

xbi
a 22r noi

ea veb
no1r noi

ea vbe
no1r ion

ea veb
no

x ja
i 2r jn

e vae
ni

x ib
a 22r oin

ea vbe
no1r oin

ea veb
no1r oin

ae vbe
no

xa j
i 2r n j

e vea
ni 2r n j

e vae
ni 2r jn

e vae
in

aSummation over repeated indices assumed; summation indices belo
the set$e, f ,n,o%.
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n8 scaling!, but instead we include the contributions show
in Figs. 3~b! and 3~c! which scale asn7.

The factorization procedure shown diagrammatically
Figs. 3 and 4 is accounted for also in Table I, where

contributions denoted byF ji
bb)

andF jki
bcb)

refer to the nonfac-
torized version engaging onlyH̄ elements andR amplitudes

whereas the termsF ji
bc)

and F jki
bcc)

represent the factorized
variant engaging also the intermediatesxa andxst

r defined in
Table III.

The factorization procedure, i.e., replacement of someH̄
elements contracted with theR operators with the appropri
ate intermediates contracted with the T operator makes
evaluation of the (H̄ R) quantities much more efficient. W
should remember, however, that theH̄ elements are com
puted only once in the whole process while the intermedia
must be recomputed in each iteration. However, it does
the change the general conclusion concerning significant
ing of the computational effort due to this procedure.

We should mention also that there exists a very sim
formula to evaluate the rank of the computational proced
for each term. Namely, for the general termI k

nRm the rank
of the computational procedure~scaling! is equal to
n2(n1m)2k.43

RESULTS

In order to verify the correctness of the program as a fi
step we have reproduced the IP-EOM-CCSDT results
Hirata, Nooijen, and Bartlett,44 obtained with a FCI program
for BH and C2 molecules at the 6-31G** and 6-31G basis se
level, respectively.

To test the performance of the EOM-CCSDT model
ionization potential calculations we selected three molecu
N2, CO, and F2 and assume the validity of the ‘‘experimen
tal’’ vertical ionization potentials~see Ref. 45 for a discus
sion!. We use two types of the correlation consistent ba
sets of Dunning:46 cc-pVXZ and aug-cc-pVXZ, whereX de-
notes D, T, and Q. The results are collected in Table IV (N2),
Table V ~CO!, and Table VI (F2). For each basis set we ru
calculations with all electrons correlated~see rows with AE
headings in Tables IV–VI! or with the core electrons froze
~rows with VE headings!. As we see the exclusion of the cor
electrons from the correlation treatment has a very small
fect on the calculated ‘‘valence,’’ potentials. The same is t

-

to
5.60

6.98

8.78
TABLE IV. Vertical ionization potentials of N2 molecule with IP-EOM-CC methods~eV! (R51.097 685 Å).

Nominal
state

cc-pVDZ aug-cc-pVDZ cc-pVTZ aug-cc-pVTZ cc-pVQZ aug-cc-pVQZ

Expt.aCCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT

3sg AEb 15.18 15.10 15.43 15.34 15.58 15.46 15.66 15.54 15.71 15.57 15.75 15.60 1
VEc 15.18 15.10 15.43 15.34 15.56 15.44 15.65 15.52 15.68 15.55 15.71 15.58

1pu AEb 16.93 16.64 17.12 16.84 17.19 16.92 17.27 16.99 17.31 17.02 17.34 17.05 1
VEc 16.93 16.64 17.11 16.84 17.18 16.90 17.25 16.98 17.28 16.99 17.31 17.03

2su AEb 18.47 18.35 18.70 18.57 18.82 18.66 18.91 18.74 18.94 18.76 18.98 18.79 1
VEc 18.47 18.36 18.71 18.57 18.83 18.67 18.92 18.75 18.94 18.77 18.98 18.80

aReference 49.
bAll electrons correlated.
cValence electrons correlated.
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TABLE V. Vertical ionization potentials of CO molecule with IP-EOM-CC methods~eV! (R51.128 323 Å).

Nominal
state

cc-pVDZ aug-cc-pVDZ cc-pVTZ aug-cc-pVTZ cc-pVQZ aug-cc-pVQZ

Expt.aCCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT

5s AEb 13.81 13.58 13.99 13.76 14.14 13.90 14.19 13.95 14.24 13.99 14.26 14.01 1
VEc 13.81 13.58 13.99 13.76 14.13 13.89 14.18 13.94 14.22 13.98 14.23 14.00

1p AEb 16.74 16.71 16.92 16.90 17.04 16.98 17.10 17.03 17.16 17.07 17.18 17.09 1
VEc 16.74 16.71 16.92 16.89 17.02 16.96 17.08 17.02 17.13 17.05 17.15 17.07

4s AEb 19.47 19.33 19.67 19.52 19.74 19.55 19.80 19.60 19.87 19.64 19.89 19.66 1
VEc 19.47 19.33 19.67 19.52 19.74 19.55 19.80 19.60 19.86 19.64 19.88 19.66

aReference 49.
bAll electrons correlated.
cValence electrons correlated.
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when the explicit core functions are included in the basis
We performed calculations for the cc-pCVTZ basis with
electron correlated and obtained negligible changes,
15.47, 16.92, and 18.68 eV for the three states of N2 mol-
ecule which differ from the AE cc-pVTZ values by 0.0
0.00, and 0.02 eV, respectively. For CO the analog
changes are 0.01, 0.00, and 0.01 eV for the 5s, 1p, and 4s
states, respectively. While for the F2 molecule the cc-pCVTZ
values differ by 0.01 eV for all states. For double zeta ba
sets the effect of core functions is below the accuracy of
quoted results for most cases, for the triple zeta basi
ranges from 0.00 to 0.02 eV and for the quadruple zeta
observe the largest effects amounting to 0.02–0.03 eV. S
states, e.g., thesu state of N2 or the s state of CO are
practically insensitive to the presence of core correlat
functions in the correlation treatment. This indicates t
even in high accuracy calculations we may limit the corre
tion treatment to the valence electrons only which, for
very sophisticated approaches, can significantly lower
cost of calculations. Of course, it is another question whe
the core functions have a significant effect on core ioni
tions.

The main feature to note is the importance of theT3

operator in the CC calculations of the ionization potentia
The general effect of theT3 operator is to lower the value o
the ionization energy, and its magnitude depends upon
molecule and the state studied. For the N2 molecule the larg-
est effect is observed for thepu state for which theT3 cor-
rection is equal to 0.29 eV, whereas for the remaining t
states,sg andsu it is equal to 0.15 and 0.18 eV, respective
For the CO molecule the effect ofT3 is slightly smaller
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amounting to 0.23, 0.22, and 0.08 eV for 5s, 4s, and p
states, respectively. Note that here the smallest effect re
to the p state, unlike the N2 molecule. In the F2 case we
should note the different behavior of thepg state for which
theT3 operator increases the IP value. For the remaining
states theT3 effect is similar to that for the other molecule
i.e., it lowers the energy by 0.12 and 0.09 eV, respective
for pu and sg states. All values quoted above refer to t
aug-cc-pVQZ results with all electrons correlated. For t
majority of cases the small basis sets underestimate theT3

effect, i.e., by increasing the size of the basis set theT3 gives
a larger contribution, e.g., forsg and su states of N2 it
increases from 0.08 and 0.12 to 0.15 and 0.18 eV, resp
tively. For one case, thepu state of N2 , the effect of triples
is stable, remaining close to 0.3 eV for all basis sets. A m
peculiar behavior is observed for thep states of the F2 mol-
ecule; for the double zeta basis theT3 effect is positive, i.e.,
it increases the IP value. For the larger basis set it redu
from 20.20 to20.04 eV for thepg state while for thepu

state theT3 correction changes sign from20.06 eV for
double zeta to10.12 eV for augmented quadruple zeta. T
above results indicate that in some cases one has to be
tious when discussing the effect of the higher clusters on
basis of calculations done for very small basis sets.

When comparing the computed values with experim
one should observe that the final IP value is a result of t
opposite trends: An increase in the basis set size alw
moves the calculated IP’s up whereas the inclusion of theT3

operator lowers their values in all but one case. So one
see that for a double zeta basis set the computed value
smaller than those for the largest basis set~aug-cc-pVQZ! by
5.83

18.8

21.1
TABLE VI. Vertical ionization potentials of F2 molecule with IP-EOM-CC methods~eV! (R51.411 93).

Nominal
state

cc-pVDZ aug-cc-pVDZ cc-pVTZ aug-cc-pVTZ cc-pVQZ aug-cc-pVQZ

Expt.aCCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT

1pg AEb 15.10 15.30 15.40 15.59 15.50 15.58 15.63 15.69 15.69 15.73 15.75 15.79 1
VEc 15.10 15.30 15.40 15.59 15.49 15.57 15.61 15.68 15.66 15.71 15.72 15.76

1pu AEb 18.41 18.47 18.77 18.81 18.83 18.75 18.97 18.89 19.03 18.90 19.09 18.97
VEc 18.40 18.47 18.76 18.81 18.81 18.74 18.96 18.88 19.00 18.89 19.06 18.95

3sg AEb 20.77 20.70 21.16 21.12 21.06 20.97 21.19 21.11 21.21 21.11 21.27 21.18
VEc 20.77 20.70 21.16 21.12 21.05 20.96 21.18 21.10 21.19 21.09 21.25 21.16

aReference 49.
bAll electrons correlated.
cValence electrons correlated.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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'0.4–0.6 eV for the CCSD scheme and by 0.3–0.5 eV
the CCSDT one. Thus the effect of the basis set is m
pronounced than that due to theT3 operator.

Comparing the AE EOM-CCSDT values for the aug-c
pVQZ basis set with experiment for the N2 molecule we
observe perfect agreement for thesg andsu states~0.01 eV
error!. For thepu state the error is slightly larger~0.07 eV!
which would indicate that theT4 operator could play a more
significant role here than for the previous states, altho
further basis set extension in the core and mid-valence re
cannot be discounted.

The CO molecule shows perfect agreement for thes
state ~0.01 eV difference! and is slightly worse for thep
state. Here the computed value is 0.18 eV larger than
experimental one. There is no immediate explanation for
discrepancy; one can hardly assign this exclusively to theT4

operator. For the remainings state the theoretical IP value
0.06 eV lower than the experimental one.

For the F2 molecule two states,pg andsg , are reason-
ably ~as for that level of sophistication! close to the experi-
mental data. Thepg state is lower by 0.04 eV while thesg

one is higher by 0.08 eV than the experimental value. A
parently the experimental value for thesg state is less accu

TABLE VII. Extrapolateda ionization potential values~eV! ~AE!.b

Molecule
Nominal

state

cc-pV̀ Z aug-cc-pV̀ Z

Expt.cCCSD CCSDT CCSD CCSDT

N2 3sg 15.78 15.63 15.80 15.63 15.60
1pu 17.38 17.08 17.38 17.09 16.98
2su 19.01 18.82 19.02 18.82 18.78

CO 5s 14.30 14.04 14.30 14.04 14.01
1p 17.23 17.12 17.23 17.13 16.91
4s 19.95 19.69 19.95 19.70 19.72

F2 1pg 15.80 15.82 15.82 15.85 15.83
1pu 19.15 18.99 19.16 19.02 18.8
3sg 21.30 21.20 21.32 21.23 21.1

aAn extrapolation formula was taken from Ref. 50.
bAll electrons correlated.
cReference 49.
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rately measured, so this discrepancy potentially could be
duced. The same is true for thepu state, but here the
deviation from experiment is larger, 0.19 eV, i.e., of the ord
of error that occurred for thep state of CO molecule. Gen
erally it looks as if the full CCSDT level has more difficult
with the p states than thesg ones.

In the next table, Table VII, we list the CCSD an
CCSDT IP values extrapolated to the complete basis
~CBS! limit. We explore two series of basis sets: standa
and augmented ones. For both cases we obtained the
CBS limit with an accuracy up to 0.01 eV~the only excep-
tion is thesg state of the F2 molecule where the difference i
the limit amounts to 0.03 eV! ~at infinity both basis sets
should converge to the same limit!. The CBS values are
somewhat~0.03–0.04 eV! higher than the aug-cc-pVQZ
ones~0.05–0.06 eV for F2) which were used above for com
parison to experiment. The confrontation of the extrapola
values with experiment does not change the conclusions
sented above. Thes states remain in excellent agreeme
whereas the difference for thep states is insignificantly
higher. One may expect that the comparison of the CCS
basis set limit values with experiment will permit estimatin
the importance of the higher (T4 ,T5 ,...) clusters.

It is also of interest to discuss the performance of
approximateT3 models by comparison with the comple
approach. NoniterativeT3 corrections to IP-EOM-CCSD o
its Fock space equivalent, have generally be
unsatisfactory.47 Iterative T models, e.g., CCSDT-3, hav
been more satisfactory.27,44 Short of the full EOM-CCSDT,
EOM-CCSDT-3 is the most complete method available.
Table VIII we list the CCSD and CCSDT values for th
aug-cc-pVTZ and aug-cc-pVQZ basis sets and we also qu
the CCSDT-3 and CC3 results taken from Ref. 27. We
serve that both approximateT3 schemes behave in a simila
manner. The largest error occurs for the 4s state of CO: 0.18
and 0.16 eV, respectively, compared to 0.23 eV for CC
~aug-cc-pVQZ values!. For the majority of states the error
stay below 0.1 eV which is reflected by the average deviat
of 0.08 and 0.07 eV for the CCSDT-3 and CC3 approach
.60

.98

.78

.01

.91

.72

.83

.8

.1
TABLE VIII. Comparison of the full and approximateT3 models in the IP calculations~eV! ~AE!.a

Molecule
Nominal

state

aug-cc-pVTZ aug-cc-pVQZ

Expt.bCCSD CCSDT-3 CC3 CCSDT CCSD CCSDT-3 CC3 CCSDT

N2 3sg 15.66 15.58 15.54 15.54 15.75 15.64 15.60 15.60 15
1pu 17.27 16.95 16.88 16.99 17.34 17.00 16.94 17.05 16
2su 18.91 18.87 18.82 18.74 18.98 18.92 18.87 18.79 18

CO 5s 14.19 13.94 13.86 13.95 14.26 13.99 13.91 14.01 14
1p 17.10 17.10 17.09 17.03 17.18 17.16 17.15 17.09 16
4s 19.80 19.77 19.76 19.60 19.89 19.84 19.82 19.66 19

F2 1pg 15.63 15.80 15.75 15.69 15.75 15.88 15.83 15.79 15
1pu 18.97 19.04 18.94 18.89 19.09 19.11 19.01 18.97 18
3sg 21.19 21.13 21.15 21.11 21.27 21.19 21.20 21.18 21

a.e.T3
c 0.14 0.08 0.07 0.00 0.16 0.08 0.07 0.00

a.e. expt.d 0.16 0.08 0.09 0.07 0.22 0.12 0.10 0.07

aAll electrons correlated.
bReference 49.
cAverage error with respect to theT3 values.
dAverage error with respect to the experimental values.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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respectively, compared to 0.14–0.15 eV for the CC
model. In the last row we have an average error with resp
to the experimental values. We obseve that the CCSD e
grows significantly with the size of the basis set while t
CCSDT value stays unchanged~full model! or increases only
slightly ~0.01–0.04 eV!. The question of core ionization i
also interesting particularly due to their very large orbi
relaxation. We will report on this issue in a future study.

CONCLUSIONS

A new, rigorous EOM-CC method with full inclusion o
the connected triple excitations has been formulated
implemented for calculations of ionization potentials. B
adopting the proper factorization strategy all terms involv
the evaluation of the four-body elements of theH̄ operators
were bypassed via a rigorous factorization procedure as
as the most time-consuming three-body ones. It should
emphasized that such diagram factorization does not in
duce any approximation. The factorization makes it poss
to achieve for EOM a scaling no worse thannocc

3 nvir
4 . All the

resulting equations were presented in both diagrammatic
algebraic form with detailed presentation of the factorizat
scheme. The program developed, part ofACES II,48 has been
subsequently applied to the calculation of the low-lying io
ization potentials for three molecules N2 , CO, and F2 . The
bottleneck of the calculation occurs in the solution of t
neutral state CCSDT equations, annocc

3 nvir
5 procedure. By

exploiting spatial symmetry it has been possible to imp
ment the calculations for quite sizable basis sets reac
160 basis functions~aug-cc-pVQZ basis set! for the most
difficult case.

The results indicate that for accurate values of the i
ization potentials one should definitely go beyond the CC
model. The effect of theT3 operator is reflected in the low
ering of the CCSD IP value by 0.1–0.3 eV~except for thepg

state of F2 , where it raises the IP by 0.04 eV!. Comparison
with experiment shows that the values computed for the la
est basis set~aug-cc-pVQZ! are quite close to experimen
e.g., for the N2 molecule they differ by 0.00, 0.07, and 0.0
eV for the three valence states. The largest discrepancy
curs for thep state of the CO molecule for which the com
puted value is too large by 0.18 eV; part of the error
probably due to the neglect of theT4 and higher cluster
operators. Nevertheless the proposed method provides
most accurate and rigorous evaluation of valence ioniza
potentials in the literature, and offers a high level correlat
treatment applicable for relatively large basis sets.
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