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Abstract

Ž .A general-order equation-of-motion coupled-cluster EOM-CC method, which is capable of computing the excitation
Ž .energies of molecules at any given pair of orders m and n of the cluster operator and the linear excitation operator, is

Ž .developed by employing a determinantal algorithm. The EOM-CC m,n results of the vertical excitation energies are
presented for CHq with m and n varied independently in the range of 1(m,n(4 and for CH with 1(msn(6.2

w Ž .xEOM-CCSDT EOM-CC 3,3 provides the excitation energies that are within 0.1 eV of the full configuration interaction
results for dominant double replacement transitions. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

w xWe have recently demonstrated 1 that the wave-
function and energy of a molecule can be calculated

Ž .at any arbitrary order of coupled-cluster CC theory
w x2 by using a determinantal algorithm. The calcula-
tion proceeds by generating an exponential wave-
function as an explicit linear combination of deter-
minants and substituting it into the Schrodinger¨
equation, which is subsequently projected onto the
basis of a certain class of determinants. The proce-
dure is well defined in terms of determinants in that
each step of the procedure can be described by a
finite number of the second quantized creation and
annihilation operators acting on the determinants.
The exponential wave operator and the Hamiltonian

) Corresponding author. Fax: q1-352-392-6974; e-mail:
bartlett@qtp.ufl.edu

operator, for example, are expressed as combinations
of a finite number of such operators by virtue of the
finite number of electrons and one-particle basis
functions. The determinantal CC method can be
implemented in a simple and general manner by
employing the determinantal full configuration inter-

Ž . w xaction FCI algorithms 3–6 at the sacrifice of the
applicability to large molecules or basis sets. The
method is, therefore, intended to provide benchmark
results and to help analyze and develop the hierarchy
of existing or new CC methods.

It is of interest to extend the determinantal method
to analyze CC-based methods for electronic excited
states. One CC-based approach to the excited-state

Žproblems is the multi-reference coupled-cluster MR-
. w xCC scheme within Fock or Hilbert space 2,7 , but

perhaps the simplest and widely applicable approach
Ž .is the equation-of-motion coupled-cluster EOM-CC

w xmethod 2 . This method was originally derived from

0009-2614r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0009-2614 00 00772-7
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a time-dependent linear response framework by
w x wMonkhorst 8,9 and was considered by others 10–

x23 with different approximations. These initial ef-
forts were greatly enhanced when the biorthognal
nature of CC theory was fully developed with its left

Žand right eigenvectors 1qL operator of CC gradi-
w xent theory 24 is the left-hand eigenvector for the
.ground state leading to the fully developed, time-in-

dependent, EOM-CC theory. This theory, without
further approximation, was presented by Comeau,

w xStanton, and Bartlett 21,22 . So far the EOM-CC
method that includes the connected single and dou-

Ž .ble excitations EOM-CCSD has been implemented
and shown to yield accurate excitation energies for
the excited states with dominant single excitation

w x w xcharacter 2 . It is well documented 25 , however,
that EOM-CCSD cannot generally provide the
equally accurate excitation energies when the associ-
ated excited-state wavefunctions have substantial
double excitation character, and the inclusion of
higher orders of the excitation operators, particularly

w xthe triple excitation operator 26–29 , is warranted
when handling these excited states.

In this Letter, we explore the effects of triple and
higher-order excitation operators in EOM-CC with
the aid of the determinantal CC method. We develop
a general-order EOM-CC method capable of comput-
ing the excitation energies of molecules at any given

Ž .pair of orders m and n of the cluster operator and
the linear excitation operator. This is possible since
EOM-CC is a well-defined procedure in terms of
determinants. We present the results of the EOM-

Ž .CC m,n calculations, which include the initial re-
w Ž .xsults of the complete EOM-CCSDT EOM-CC 3,3

w Ž .xthrough EOM-CCSDTQPH EOM-CC 6,6 calcula-
tions, for the vertical excitation energies of CHq and
CH , some of whose low-lying excited states are2

known to have substantial double excitation charac-
wter. We demonstrate that EOM-CCSDT EOM-

Ž .xCC 3,3 provides the excitation energies that are
within 0.1 eV of the FCI results for dominant single,
dominant double, and mixed single and double re-
placement transitions, whereas the comparable ac-
curacy can be achieved only for dominant single

wreplacement transitions by EOM-CCSD EOM-
Ž .xCC 2,2 . This observation supports the conclusion

w xdrawn earlier by Watts and Bartlett 26,27,29 , with
the aid of approximate but efficient variants of

EOM-CCSDT, that the triple excitation operators
appropriately capture the differential electron corre-
lation effects associated with the double replacement

Ž .transitions. EOM-CC m,n also allows us to use
different orders of the cluster operators and the linear
excitation operators and to examine the effects of
these two operators independently of each other on
the performance of the method. Including the same
orders of the exponential operators and the linear
excitation operators, we arrive the usual balanced
EOM-CC models which also correspond to CC lin-
ear response theory.

2. Theory

w xThe CC method 2 uses an exponential ground-
< :state wavefunction C written as0

N hT
< : < : < :C sexp T F s F , 1Ž . Ž .Ý0 0 0h!hs0

< :where F is some independent particle model0

ground state, in this case, a restricted Hartree–Fock
Ž .HF determinant. The summation terminates at hs

ŽN the maximum allowed number of excitations
< :.from F by virtue of the finite number of elec-0

trons and one-particle basis functions. The cluster
operator T is a sum of the excitation operators of
different types such as single excitations T and1

double excitations T . We may truncate the summa-2

tion at m-tuple excitations T ,m

TsT qT qT q . . . qT , 2Ž .1 2 3 m

Ž .defining the m-tuple excitation CC method as CC m .
The excitation operators are defined by the respec-

Ž a ab . †tive t-amplitudes t ,t , . . . and creation p andi i j

annihilation p operators of electrons, e.g.,

occ. virt.
a †T s t a i , 3aŽ .Ý Ý1 i

ai

occ. virt.
ab † †T s t a ib j, 3bŽ .Ý Ý2 i j

i)j a)b

where we adhere to the convention that i, j, . . .
< :represent orbitals that are occupied in F , a,b, . . .0

refer to unoccupied orbitals, and p,q, . . . refer to
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general orbitals. The t-amplitudes and the total
ground-state electronic energy E are determined0

uniquely by substituting the exponential wavefunc-
tion into the Schrodinger equation and projecting the¨
equation onto the basis of determinants obtained by

Ž . < :applying 1qT to F , i.e.,0

² < < :F H C sE , 4aŽ .0 0 0

² a < < : ² a < :F H C sE F C , 4bŽ .i 0 0 i 0

² ab < < : ² ab < :F H C sE F C , 4cŽ .i j 0 0 i j 0

etc., where F a and F ab represent a singly and ai i j

doubly substituted determinant, respectively. The
Hamiltonian H can be written as

1
† † †² < :Hs h p qq pq rs p q sr , 5Ž .Ý Ýp q 2p ,q p ,q ,r , s

where h is an element of the one-electron part ofp q
² < :the Fock matrix and pq rs is a two-electron inte-

gral.
w xIn EOM-CC 2,8–23 , the k th excited-state wave-

< :function C is created by operating on the expo-k
< :nential ground-state wavefunction C with a linear0

Ž .excitation operator R k ,

< : < : < :C sR k C sR k exp T F , 6Ž . Ž . Ž . Ž .k 0 0

Ž .with R k being a sum of single, double, etc. excita-
tion operators,

R k sR k qR k q . . . qR k , 7Ž . Ž . Ž . Ž . Ž .0 1 n

and

R k sr k , 8aŽ . Ž . Ž .0 0

occ. virt.
a †R k s r k a i , 8bŽ . Ž . Ž .Ý Ý1 i

ai

occ. virt.
ab † †R k s r k a ib j, 8cŽ . Ž . Ž .Ý Ý2 i j

i)j a)b

etc. In this way, we can conveniently take into
account the correlation effects that are common to
the ground and excited states by the exponential
wave operator, allowing the linear excitation opera-
tor to describe the essential differential correlation

Ž .effects. The summation of Eq. 7 may be truncated
at a certain tractable order, and accordingly, EOM-
CC can be characterized by two parameters, m and

Ž .n, the orders of T and R k operators, respectively,

Ž .and each model is denoted by EOM-CC m,n . Sub-
< :stituting the excited-state wavefunction C into thek

Schrodinger equation, we obtain¨
< : < :H C sE C , 9Ž .k k k

which can then be written as

< : < :HR k exp T F sE R k exp T F . 10Ž . Ž . Ž . Ž . Ž .0 k 0

Ž . Ž .Operating on both sides of Eq. 10 with exp yT
Ž .from the left and using the fact that R k and T

commute, we find

< : < :HR k F sE R k F , 11Ž . Ž . Ž .0 k 0

with the non-Hermitian effective Hamiltonian H be-
ing defined by the similarity transformation

H'exp yT Hexp T . 12Ž . Ž . Ž .
Ž .The amplitudes of the linear excitation operator R k

and the electronic energy E of the k th excited statek
Ž .are determined by projecting Eq. 11 onto the basis

� Ž .4of determinants obtained by applying 1qR k to
< :F , i.e.,0

² < < : ² < < :F HR k F sE F R k F , 13aŽ . Ž . Ž .0 0 k 0 0

a a² < < : ² < < :F HR k F sE F R k F , 13bŽ . Ž . Ž .i 0 k i 0

ab ab² < < : ² < < :F HR k F sE F R k F , 13cŽ . Ž . Ž .i j 0 k i j 0

Ž .etc. Unlike Eqs. 4 , which constitute a set of non-
linear algebraic equations for the t-amplitudes owing
to the non-linear nature of the exponential wave

Ž . Ž .operator, Eqs. 13 lead to a non-Hermitian CI-like
Ž .eigenvalue problem for the amplitudes of R k .

< :When m0n, the ground-state wavefunction F 0
Ž .and energy E obtained from CC m is a solution0

w Ž . x Ž .R k s1 to the EOM-CC Eqs. 13 ; the excited-
state solutions of EOM-CC do not interact with the

² < < :ground-state solution in this case, since F H FI 0

s0 with F being a singly, doubly, . . . , or m-tuplyI

substituted determinant. When m-n, on the other
hand, the effective Hamiltonian matrix elements as-

Ž . Ž .sociated with the mq1 -, mq2 -, . . . , and n-
tuply substituted determinants would be non-vanish-
ing, and the ground-state CC wavefunction is not a
solution to the EOM-CC equations anymore. It may
be appreciated that EOM-CC is a formally exact

Ž .procedure unless an approximation is made to R k
Ž .by truncating the summation of Eq. 7 at n-N, as



( )S. Hirata et al.rChemical Physics Letters 326 2000 255–262258

Ž .the similarity transformation of Eq. 12 does not
change the eigenvalues of the original full Hamilto-
nian H even when the T operator is truncated at

Ž .m-N. Therefore, EOM-CC m, N is equivalent to
FCI, regardless of the choice of m. As the HF

Ž .determinant is a solution to CC 1 for the ground
Ž .state, EOM-CC 1,n reduces to n-tuple substitution

Ž .CI or CI n ; the EOM-CC formalism encompasses
that of CI as a particular case when the HF determi-
nant is used as a reference.

3. Implementation

The general-order determinantal EOM-CC method
w xwas implemented in the POLYMER program 30 by

using the algorithm that literally follows the proce-
dure described in the previous section. We first
generate all possible determinants for a and b elec-
trons. These a and b determinants may be com-
pactly stored in memory as strings of bits with each

w xbit representing the occupancy of an orbital 3 . Any
determinant can be specified by a pair of a- and
b-strings, each of which is associated with an ad-
dress in a consecutive lexical order. Accordingly,
any wavefunction can be represented by an array of
a- and b-strings, whose elements store the CI coeffi-
cients of the corresponding determinants. Likewise a
set of all the t-amplitudes and a set of all the

Ž .amplitudes of R k can be conveniently packed into
w xarrays having the same structure 1 .

Eigenvalues and eigenvectors of the effective
Hamiltonian H can be determined by using a non-

w xHermitian modification 31 of Davidson’s iterative
w xsubspace method 32 . In this method, we project the

full matrix of H onto a subspace of greatly reduced
dimension spanned by a set of orthonormal trial

� Ž1. Ž2. Žu.4vectors w ,w , . . . ,w . Each iteration involves
the formation of the matrix–vector products
Ž p. Ž p.² < < :z s F H F w , 14Ž .ÝJ J I I

I

where F and F are determinants. The subspaceI J
Rrepresentation of H, denoted as H , is obtained by

forming the inner product of the trial vectors and the
product vectors

R Ž p. Žq .H s w z . 15Ž .Ýp q I I
I

Ž . Ž .In Eqs. 14 and 15 , the summation may be con-
fined to the determinants which are considered in

Ž . Ž .Eqs. 13 up to n-tuply substituted determinants .
The approximate eigenvalues ER and right-handk

RŽ .eigenvectors r k are obtained by solving the non-
Hermitian eigenvalue equation of the reduced dimen-
sion

R R R RH r k sE r k . 16Ž . Ž . Ž .Ý p q q k q
q

Subspace size is increased iteratively until the ap-
proximate eigenvectors

< : R Žq . < :R k F s r k w F 17Ž . Ž . Ž .Ý Ý0 q I I
q I

Ž .satisfy Eqs. 13 within a preset tolerance. We con-
sider that the convergence is achieved when the
norm of the largest residual vector becomes less than
10y5.

The formation of the matrix–vector products of
Ž .Eq. 14 can be carried out in three separate steps,

i.e.,

Ž p. ² < < : Ž p.x s F exp T F w , 18aŽ . Ž .ÝK K I I
I

Ž p. ² < < : Ž p.y s F H F x , 18bŽ .ÝL L K K
K

Ž p. ² < < : Ž p.z s F exp yT F y , 18cŽ . Ž .ÝJ J L L
L

Ž .where the t-amplitudes that define exp T and
Ž .exp yT operators must be determined in the pre-

Ž . w x wceding CC m calculations 1 . The second step Eq.
Ž .x18b is common to the implementation of determi-
nantal FCI methods, and efficient algorithms for this

w xprocedure are available 3–6 . The first and third
w Ž . Ž .xsteps Eqs. 18a and 18c can be accomplished by

< :operating with "T on a trial wavefunction C

Ž < : Ž p.which in this case is either Ý F w orI I I
< : Ž p..Ý F y recursively and by accumulatingL L L

Ž .h < :"T C rh!. The schematic representation of the
Ž .algorithm loop structures of this process can be

w xfound in Ref. 1 . We note that the summation over
< : Ž .the intermediate determinants K in Eq. 18b must

span the full spin space, even when the T andror
Ž .R k operators are truncated.
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4. Demonstrative calculations

The EOM-CC calculations of the vertical excita-
tion energies are performed for CHq with the 6-
31GUU basis set and for CH with the 6-31GU basis2

set. The lowest occupied and highest unoccupied

orbitals are kept frozen in the correlation treatment.
Our objective is to obtain a preliminary comparative
assessment of the EOM-CC methods with different

Ž .orders of truncation for the T and R k operators.
The basis sets employed are not of sufficient size to
make comparison to experimental results meaning-

Table 1
q ˚Ž . Ž . Ž .The ground-state total energies in parentheses; in hartree and vertical excitation energies in eV of CH r s1.131 A calculated byCH

Ž . Ž . UUEOM-CC m,n m and n being the orders of the cluster operator and the linear excitation operator, respectively with the 6-31G basis
set. The lowest and highest orbitals are kept frozen in the correlation treatment. The HF total energy for the ground state is y37.897259
hartree. The percentage contributions of the singly and doubly substituted determinants in the FCI wavefunctions are also given

aŽ . Ž . Ž . Ž .EOM-CC m,1 EOM-CC m,2 EOM-CC m,3 EOM-CC m,4 %singles %doubles
1b qŽ . Ž . Ž . Ž . Ž .EOM-CC 1,n S y37.897259 y37.994312 y37.996119 y37.998811 0.11 7.66
1 q
S PPP 9.5352 9.0453 8.5304 0.23 95.59

1 q
S 14.8522 15.2851 14.3194 14.3042 87.47 9.53

1 q
S PPP 19.8751 18.0189 18.0224 0.00 95.95

1
P 2.9262 4.0576 3.1732 3.2087 94.70 3.09

1
P 15.3216 15.2574 14.3126 14.1595 59.60 34.18

1
P PPP 18.2686 17.3000 17.0573 32.47 64.48

1
D PPP PPP 7.1686 6.9335 0.22 97.92

1
D PPP PPP 17.2461 16.8460 1.04 96.57

1 qŽ . Ž . Ž . Ž . Ž .EOM-CC 2,n S y37.996871 y37.996871 y37.998714 y37.998811 0.11 7.66
1 q
S PPP 9.0742 8.6141 8.5304 0.23 95.59

1 q
S 16.4858 14.3658 14.3052 14.3042 87.47 9.53

1 q
S PPP 19.8063 18.0557 18.0224 0.00 95.95

1
P 4.7292 3.2366 3.2127 3.2087 94.70 3.09

1
P 16.8296 14.5036 14.2279 14.1595 59.60 34.18

1
P PPP 17.6963 17.1266 17.0573 32.47 64.48

1
D PPP 7.8325 6.9725 6.9335 0.22 97.92

1
D PPP 17.6687 16.8063 16.8460 1.04 96.57

1 qŽ . Ž . Ž . Ž . Ž .EOM-CC 3,n S y37.998714 y37.998714 y37.998714 y37.998811 0.11 7.66
1 q
S PPP 9.1160 8.6030 8.5304 0.23 95.59

1 q
S 16.5199 14.4078 14.3070 14.3042 87.47 9.53

1 q
S PPP 19.8629 18.0541 18.0224 0.00 95.95

1
P 4.7619 3.2732 3.2066 3.2087 94.70 3.09

1
P 16.8604 14.5417 14.2220 14.1595 59.60 34.18

1
P PPP 17.7375 17.1199 17.0573 32.47 64.48

1
D PPP 7.8799 6.9707 6.9335 0.22 97.92

1
D PPP 17.7150 16.8020 16.8460 1.04 96.57

1 qŽ . Ž . Ž . Ž . Ž .EOM-CC 4,n S y37.998811 y37.998811 y37.998811 y37.998811 0.11 7.66
1 q
S PPP 9.1200 8.6070 8.5304 0.23 95.59

1
S

q 16.5224 14.4104 14.3100 14.3042 87.47 9.53
1 q
S PPP 19.8657 18.0567 18.0224 0.00 95.95

1
P 4.7642 3.2755 3.2091 3.2087 94.70 3.09

1
P 16.8618 14.5434 14.2245 14.1595 59.60 34.18

1
P PPP 17.7401 17.1226 17.0573 32.47 64.48

1
D PPP 7.8825 6.9733 6.9335 0.22 97.92

1
D PPP 17.7174 16.8043 16.8460 1.04 96.57

a Equivalent to FCI.
b Ž .Equivalent to CI n .
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ful. However, EOM-CC systematically approaches
Ž .FCI as the expansion of T and R k operators

becomes closer to complete, and we consider that the
comparison against themselves is instructive.

Ž .The EOM-CC m,n excitation energies of the
singlet excited states of CHq are given in Table 1
with m and n varied independently in the range of
1(m,n(4. Within the frozen core approximation,

Ž .EOM-CC m,4 corresponds to FCI and gives the
Žsame results that are exact within the one-particle

.basis set regardless of the CC order m. The contri-
butions from singly and doubly substituted determi-
nants in the FCI wavefunctions are also given in the
table, and they indicate that there are several excited
states with substantial double excitation character.

Ž .EOM-CC m,m covers the standard models based on
Ž .CC m , such as EOM-CCSD and EOM-CCSDT, and

Ž .are of particular interest. EOM-CC 2,2 or EOM-
CCSD provides the transition energies for dominant
single excitations with accuracy of 0.1 eV. As previ-

q Ž w x.ously reported for CH Refs. 19,22,23,26–29 ,
Ž .EOM-CC 2,2 performs less well for dominant dou-

Ž .ble replacement transitions. The EOM-CC 2,2 exci-
tation energies are too high by 0.5–1.9 eV relative to
the FCI results, indicating that this method does not

adequately recover electron correlation in the excited
states with double excitation character. The next

Ž .higher level of the EOM-CC m,m model, i.e.,
Ž .EOM-CC 3,3 or EOM-CCSDT, remedies this situa-

tion remarkably well, reproducing the excitation en-
ergies for dominant single, dominant double, and
mixed single and double replacement transitions
within 0.1 eV of the FCI results. The readers might
question the generality of this observation, consider-

Ž .ing that EOM-CC 4,4 is already FCI in this case.
However, the same trend can be seen in the EOM-CC

Ž .results of CH with six active electrons see below .2

Thus, it may be said that the triple excitation opera-
Ž .tor must be included in the R k operator to describe

the dominant double replacement transitions well
w x25–29 .

Comparing the calculated excitation energies
within each column, we can assess the effects of the
similarity transformation of the Hamiltonian with
different orders of the T operator. We can identify
the trend that either increase or decrease in the order
of the T operator deteriorates the calculated excita-

Ž .tion energies, relative to the EOM-CC m,m results.
Ž .In particular, EOM-CC l,m with l-m are inferior

Ž .to EOM-CC m,m , until ls2 and ms3 when the

Table 2
˚Ž . Ž . Ž . ŽThe vertical excitation energies in eV of CH r s1.102 A, a s104.78 calculated by the EOM-CC m,m method the orders of2 CH HCH

. Uthe cluster operator and linear excitation operator are m with the 6-31G basis set. The lowest and highest orbitals are kept frozen in the
correlation treatment. The percentage contributions of the singly and doubly substituted determinants in the FCI wavefunctions are also
given

a b c d e f g h˜Ž . Ž . Ž . Ž . Ž . Ž . Ž .CC 1,1 CC 2,2 CC 3,3 CC 4,4 CC 5,5 CC 6,6 CCSD T CCSDT-3 %singles %doubles
1B 1.5490 1.6677 1.6776 1.6787 1.6787 1.6787 1.6252 1.6730 94.61 2.661
1A PPP 5.8437 4.5629 4.5178 4.5168 4.5168 4.9046 4.9749 0.17 92.581
1A 6.4549 6.1006 6.0920 6.0926 6.0926 6.0926 6.0494 6.1006 92.15 5.062
1B PPP 9.6915 8.2780 8.2540 8.2536 8.2536 8.7292 8.7500 2.81 92.642
1A 9.6873 9.1202 9.0559 9.0531 9.0529 9.0529 9.0240 9.0762 89.32 7.581
3B y0.7589 y0.3443 y0.3120 y0.3101 y0.3101 y0.3101 y0.3675 y0.3224 94.88 2.301
3A 5.2811 5.3001 5.3143 5.3150 5.3150 5.3150 5.2648 5.3147 92.94 4.282
3B PPP 8.3816 6.9525 6.9054 6.9041 6.9041 7.5111 7.4750 2.53 93.032
3A 8.5920 8.3891 8.3291 8.3267 8.3265 8.3265 8.3079 8.3520 90.07 6.641
3B 8.7944 9.3035 9.1548 9.1504 9.1502 9.1502 9.0482 9.1896 91.18 5.482

a Ž . Ž . Ž . Ž1 .EOM-CC 1,1 sEOM-CCSsCI 1 . The CC 1 sHF energy of the lowest-lying singlet A state is y38.872249 hartree.1
b Ž . Ž . Ž1 .EOM-CC 2,2 sEOM-CCSD. The CC 2 energy of the lowest-lying singlet A state is y38.993284 hartree.1
c Ž . Ž . Ž1 .EOM-CC 3,3 sEOM-CCSDT. The CC 3 energy of the lowest-lying singlet A state is y38.996513 hartree.1
d Ž . Ž . Ž1 .EOM-CC 4,4 sEOM-CCSDTQ. The CC 4 energy of the lowest-lying singlet A state is y38.996643 hartree.1
e Ž . Ž . Ž1 .EOM-CC 5,5 sEOM-CCSDTQP. The CC 5 energy of the lowest-lying singlet A state is y38.996647 hartree.1
f Ž . Ž . Ž1 .EOM-CC 6,6 sEOM-CCSDTQPHsFCI. The CC 6 sFCI energy of the lowest-lying singlet A state is y38.996647 hartree.1
g ˜ 1Ž . Ž . Ž .EOM-CCSD T . The CCSD T energy of the lowest-lying singlet A state is y38.995578 hartree.1
h Ž1 .EOM-CCSDT-3. The CCSDT-3 energy of the lowest-lying singlet A state is y38.995744 hartree.1
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difference from full CI are modest. For such a case
Ž .where l/m, the interaction between the CC l

Ž .ground-state wavefunction and the EOM-CC l,m
excited-state wavefunctions is no longer null, and
must be taken into account. However, this does
suggest that the excited states are less sensitive to T3

in the ground state than in the excited states.
Another consequence of this trend is the well-

w x Ž .known fact 2 that EOM-CC m,m constitutes a
uniform and significant improvement over EOM-

Ž . Ž .CC 1,m or CI m for the excited states. We con-
sider that the slight deterioration of the calculated

Ž .excitation energies on going from EOM-CC m,m to
Ž .EOM-CC l,m with l)m is caused by the fact that
Ž .the CC l treatment selectively improves the

ground-state wavefunction and energy, while the m-
Ž .tuple excitation R k operator leaves the description

of the excited states essentially unimproved. Overall,
consistently including the same orders of excitations

Ž . Žin the T and R k operators leads to physically in
that it amounts to the proper linear response to the

.underlying CC model and numerically well-bal-
anced EOM-CC models.

Ž .The EOM-CC m,m excitation energies of the
singlet and triplet excited states of CH are complied2

in Table 2. CH is another example some of whose2

low-lying excited states have dominant double exci-
w xtation character 23,26,28 . There are six correlated
Želectrons in CH within the frozen core approxima-2

. Ž .tion and hence EOM-CC 6,6 corresponds to FCI.
Ž3 .The lowest triplet B state has a lower total energy1

by 0.31 eV than that of the lowest singlet state which
we choose as the basis of the EOM-CC calculations.
The negative excitation energy associated with this
triplet state does not cause any technical problem in
any of the EOM-CC models employed here. For the
dominant single replacement transitions, EOM-

Ž .CC 2,2 provides accurate excitation energies that
are within 0.2 eV of the FCI results, in contrast to

Ž .0.03–0.64 eV deviations in the EOM-CC 1,1 results
for these transitions. For the dominant double re-

Ž .placement transitions, EOM-CC 2,2 is not capable
of achieving equally accurate results, and one must

Ž .go to the EOM-CC 3,3 model, which in turn yields
the excitation energies for these transitions accurate

Ž .to within 0.1 eV. EOM-CC 3,3 also improves ap-
preciably the excitation energies for the dominant
single replacement transitions relative to the EOM-

Ž .CC 2,2 results. This observation substantiates the
Ž .previous conclusion that EOM-CC 3,3 would ap-

pear to be the minimal level of the EOM-CC model
that can handle the excited states with single, double,
and mixed single and double excitation characters
with uniform and high accuracy. Table 2 also in-
cludes the results of approximate variants of EOM-

˜Ž . Ž .CC 3,3 , i.e., EOM-CCSD T and EOM-CCSDT-3
w x29 . These models systematically reduce the errors

Ž .in the EOM-CC 2,2 results for both the dominant
single and dominant double replacement transitions,

˜Ž .with the exception that EOM-CCSD T corrects the
excitation energies to the lowest-lying 3B state in a1

wrong direction. However, the magnitude of the
corrections predicted by these models appears to be
too small for dominant double replacement transi-
tions; the excitation energies calculated by these
models are sometimes too large by 0.5 eV relative to
the FCI results.

Note added in proof

Very recently, a related method was reported by
w xKallay and Surjan 33 .´ ´
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