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Gradients for the similarity transformed equation-of-motion
coupled-cluster method
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A derivation of gradients for the similarity transformed equation-of-motion coupled-cluster singles
and doubles method is presented. Algebraic operator equations for all of the terms which appear in
the equations are given, with a discussion about the procedure for solving the equations. ©1999
American Institute of Physics.@S0021-9606~99!30722-4#
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I. INTRODUCTION

The equation-of-motion coupled-cluster~EOM-CC!
method,1,2 which is related to coupled-cluster linear respon
theory,3–8 offers an attractive and unified formalism to e
tend single-reference coupled-cluster theory to excitation
ergies, ionization potentials, and electron affinities. Wh
based on a coupled-cluster singles and doubles~CCSD!9

ground state, the resulting methods are EE-EOM-CCSD
excitation energies,10,11 IP-EOM-CCSD for ionization
potentials,12 and EA-EOM-CCSD for electron affinities.13

These methods are conceptually single reference in tha
entire calculation is built upon one reference determina
Therefore, the only choices necessary in the method are
choice of basis set, the choice of reference determinant,
ally the Hartree–Fock solution, and the choice of excitat
level to include in the ground and excited state operators

Several applications10,14–18 of EE-EOM-CCSD and
coupled-cluster singles and doubles linear response19,20 have
been made. The method has also been extended to inc
various effects of triple excitations.21–24 But EOM-CCSD,
and especially EE-EOM-CCSD, has some drawbacks.
first is the cost of the method. Every EE-EOM-CCSD e
cited state is approximately as expensive as a ground
CCSD calculation. Approximations can be made to red
the cost,25–27 with varying degrees of success. The seco
drawback is the accuracy of the method. For ethylene, b
diene, and cyclopentadiene, the average error in an EO
CCSD calculation for the Rydberg states was 0.17 eV,
the average error for the valence states was 0.26 eV.18

The key to EOM-CC theory is the similarity transform
tion of the Hamiltonian. After the ground state couple
cluster equations have been solved, the cluster amplitu
are used to transform the Hamiltonian. A similarity transfo
mation changes the eigenfunctions of an operator with
changing its eigenvalues. Hence, the energies of the exc
states, electron attached states, and ionized states, whic
all eigenvalues of the full, untruncated Hamiltonian matrix

a!Current address: Department of Chemistry, University of California, B
keley, CA 94720-1460.
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terms of the appropriate bases, have not changed.
This transformation does, however, serve to reduce

coupling between excitation levels in the Hamiltonian m
trix. Specifically, the coupling between single excitations a
triples excitations~along with the coupling between doub
and quadruple excitations, etc.! has been reduced. Therefor
it now becomes reasonable to introduce approximati
where only a subset of all possible excitations is included
the Hamiltonian matrix. In EE-EOM-CCSD the matrix
limited to only single and double excitations, i.e., determ
nants where one or two virtual orbitals replace one or t
occupied orbitals. For EA-EOM-CCSD the space is limit
to determinants where an electron has been added to a s
virtual orbital and determinants where along with the ele
tron being added to a virtual orbital, an occupied orbital
replaced with a virtual orbital. These are the so-calledp
and 2p1h states. For IP-EOM-CCSD the space consists
the 1h and 2h1p determinants, which are those determina
with one electron removed from an occupied orbital a
those determinants with one electron removed and one e
tron excited.

In the similarity transformed equation-of-motio
coupled-cluster~STEOM-CC! theory28–30the blocking of the
matrix by similarity transformations is carried one step fa
ther. Starting with the EOM-CC transformed Hamiltonian
second similarity transformation31 is performed in order to
minimize the coupling between single excitations a
doubles excitations.

Since the second similarity transformation is done
such a way as to preserve the reduction of the singles–tri
coupling from the first similarity transformation, the eige
vectors for states dominated by single excitations are alm
exclusively composed of only single excitations, mean
that the truncation needs to leave only the space of sing
Now the final diagonalization to get the eigenvalues a
eigenvectors only scales as the fourth power of the basis
as opposed to the sixth power scaling for EOM-CCSD. T
trade-off is having to perform the second similarity transfo
mation. Calculation of the amplitudes that define the sec
transformation scales as the fifth power of the basis set.
actual transformation presents a negligible step in a

-
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STEOM-CC calculation. In practice the CCSD calculation
the parent state dominates the overall expense of the ca
lation.

If the final diagonalization is over the space where
electron has been removed from an occupied orbital
placed in an unoccupied orbital, then excited states are
culated, and the method is known as excitation ene
STEOM-CC~EE-STEOM-CC!.28,30 If the final space is over
states with two electrons removed, the method is the dou
ionization potential STEOM-CC~DIP-STEOM-CC!.30 Fi-
nally, if the space is over determinants with two electro
added, the method is the double electron attachm
STEOM-CC ~DEA-STEOM-CC!.30 Each of these method
provides an important tool for describing interesting chem
try, and although we will focus on the EE-STEOM-CC va
ant, everything said can be applied to the other two w
simple modifications.

II. AN OVERVIEW OF STEOM-CCSD

In STEOM-CC theory, the orbital space is divided in
occupied and virtual spin–orbitals, sometimes referred to
holes and particles, based on the orbital’s occupancy in
reference determinant. The orbital space is then subdiv
into active and inactive occupied spin–orbitals and act
and inactive virtual spin–orbitals. To distinguish the sets,
labelsi, j, k, andl will refer to generic occupied orbitals, an
a, b, c, and d will refer to generic virtual orbitals. Active
occupied orbitals will bem and n while active virtuals will
be e and f. Explicitly inactive orbitals will be indicated with
a prime, such asi 8 anda8. The labelsp, q, r, ands can refer
to any orbital.

Although a STEOM-CC calculation could be based
any coupled-cluster or many-body perturbation theory tre
ment of the ground state, so far only CCSD and MBPT~2!
have been used.28 This discussion will focus on STEOM-CC
with a CCSD9 ground state, giving the STEOM-CCS
method.28 In coupled-cluster theory, the ground state of t
molecule is represented as

uC0&5eTu0&, ~1!

whereu0& is a single determinant. In this paper it will be th
Hartree–Fock determinant. For CCSD the operatorT con-
sists of pure excitation operators of the form

T5T11T25(
i ,a

t i
a$a†i %1

1

4 (
i , j
a,b

t i j
ab$a†ib† j %. ~2!

The curly brackets mean that the operator is normal orde
with respect tou0&.

The normal-ordered Hamiltonian, in second quanti
tion, is

H5h01(
p,q

f pq$p†q%1
1

4 (
p,q
r ,s

Wpqrs$p†rq†s%. ~3!

The constant term,h0 , is the energy of the reference dete
minant. Thef pq refer to the appropriate parts of the Fo
operator. TheWpqrs are antisymmetrized two electron inte
grals.
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After the first transformation the Hamiltonian become

H̄5e2THeT

5h̄01(
p,q

h̄pq$p†q%1
1

4 (
p,q
r ,s

h̄pqrs$p†rq†s%

1
1

36 (
p,q,r
s,t,u

h̄pqrstu$p†sq†tr †u%1¯ . ~4!

With a CCSD reference state,H̄ will contain up to six-body
terms, but the four- and higher-body terms do not appea
the EOM-CCSD or STEOM-CCSD equations. Explicit equ
tions for theseH̄ elements can be found elsewhere.32 In
terms ofH̄, the CCSD equations can be written as

^Fi
auH̄u0&5h̄ai50,

~5!
^Fi j

abuH̄u0&5h̄abi j50.

The CCSD energy is

ECCSD5^0uH̄u0&5h̄0 . ~6!

Thus, solving the CCSD equations is equivalent to sett
the one- and two-body pure excitation parts ofH̄ to zero.

In STEOM-CC, a second many-body similarit
transformation31 is performed in order to also set to ze
selected remaining terms which increase the net excita
level by one. But since, in diagrammatic language, the n
essary operators have a line at the bottom, they do not c
mute and can connect to each other. Thus a normal ord
exponential operator$eS% is used. The normal ordered expo
nential, introduced by Lindgren,33 excludes terms inside th
normal ordering from connecting to each other.

TheSoperator used in the transformation consists of t
partsS5S11S2, where

S15S1
11S2

15(
a8,e

se
a8$a8†e%1

1

2 (
a,b
j ,e

se j
ab$a†eb† j %, ~7!

and

S25S1
21S2

25 (
i 8,m

si 8
m$m†i 8%1

1

2 (
i ,m
b, j

si j
mb$m†ib† j %. ~8!

It is the presence of the activeq-annihilation operators which
cause the components ofS to, in general, not commute.30

The double similarity transformed Hamiltonian takes t
form

G5$eS%21H̄$eS%

5g01(
p,q

gpq$p†q%1(
p,q
r ,s

gpqrs$p†rq†s%1¯ . ~9!

The similarity transformation preserves the zeros for the o
and two-body pure excitation parts, so that30

gai5h̄ai50,
~10!

gabi j5h̄abi j50.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Also,

g05h̄05ECCSD. ~11!

In principle, like the CCSD equations forT above, theS
equations could be derived by setting the appropriate par
G to zero. These are30

gmi85^Fi 8uGuFm&50,

ga8e5^Fd8uGuFe&50,
~12!

gmbi j5^Fj i
b uGuFm&50,

gabe j5^Fj
bauGuFe&50.

Note that the second quantized matrix elements equate
zero in the second two equations provide the primary c
pling terms between singly and doubly excited determina
In practice, theS coefficients are not calculated this wa
Doing so would lead to systems of nonlinear equatio
which in some situations can be numerically unstable.28 In-
stead, the equivalence of IP-EOM-CC and EA-EOM-CC
Fock space coupled-cluster theory34 is exploited to rewriteS
in terms of IP-EOM-CCSD and EA-EOM-CCSD eigenve
tors.

After the S coefficients are determined, the problem r
mains of how to determine theG coefficients. Instead o
using Eq.~9! directly, the equation

$eS%G5H̄$eS% ~13!

is used. It has been shown31 that this equation is equivalen
to

~$eS%G!c5~H̄$eS%!c ~14!

or

G5~H̄$eS%!c2~$eS21%G!c , ~15!

where thec means that the equations must be connected
In practice, all terms involvingS1 are dropped from the

matrix elements ofG that enter the final diagonalizatio
step.30 SinceS1 does not change the net excitation level, it
not involved in the decoupling of excitation blocks. Ignorin
all of the S1 terms is equivalent to a simple rotation of th
eigenvector, and since theG matrix is diagonalized over al
singly excited determinants this ‘‘rotation’’ is automatical
compensated for in the diagonalization. Therefore, includ
the S1 terms does not change the final answer, and for c
venience they are left out. Leaving outS1 also simplifies Eq.
~15!.

Since only the singles–singles block ofG is needed, the
second term~the so-called renormalization contribution!
does not contribute.30 The transformed matrix elements th
enter the final step in a STEOM-CC calculation are obtain
straightforwardly from

G5~H̄eS2!c . ~16!

The orbital form of the equations that defineG can be found
in Ref. 30.

Finally, theG matrix is diagonalized over the space
single excitations to get the excited states. SinceG is not
Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to A
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Hermitian, it has different right- and left-hand eigenvecto
Given a right- and left-hand eigenvector for a specific sta
the energy of the state can be represented as

E5^0uLGRu0&, ~17!

where the defining equations forL andR are

^puGRu0&5E^puRu0&, ~18!

and

^0uLGup&5E^0uLup&. ~19!

The notation here is that the space of all possiblen-electron
determinants is divided intouh&5up& % uq&, as was done by
Stanton for EOM-CCSD gradients.35–37 The difference is
that since the STEOM-CCSD eigenvector only consists
the reference determinant and single excitations,up& only
includes the reference determinant~u0&! and singly excited
determinants (us&). The double (ud&) excitations are a par
of uq&.

III. STEOM-CCSD GRADIENTS

Gradients are most easily obtained by using the met
of undetermined Lagrangian multipliers.38,39 The expression
for the energy is supplemented by all of the equations t
define the various amplitudes which appear in the ene
expression, each multiplied by an undetermined parame
This constitutes the so-called energy functional~a scalar
quantity!. By construction, requiring the value of the fun
tional to be stationary with respect to the variations of t
Langrangian multipliers yields the amplitude equations. T
is sufficient to determine the energy, which does not requ
knowledge of the numerical value of the Langrangian mu
pliers. In order to obtain energy derivatives, the value of
functional is also made stationary with respect to first-or
variations in the amplitudes, and this provides equations
determine the values of the Lagrangian multipliers. The fir
order change in energy upon applying a perturbation n
only involves the change in the Hamiltonian matrix el
ments, which are multiplied by a group of coefficients~am-
plitudes and Langrangian multipliers! that define an effective
density matrix.

This method of undetermined Lagrangian multiplie
was used previously for EOM-CCSD and P-EOM-MBPT~2!
gradients.40 For EOM-CCSD gradients35 the quantity zeta
~Z! was introduced in order to guarantee the solution of
ground state coupled-cluster equations and to account fo
response of the ground stateT amplitudes to the perturbation
i.e., the role of lambda~L! for ground state coupled-cluste
theory.41,45 That operator is still needed for STEOM-CCSD
but now two moreZ like quantities are needed in order
account for the response of theS6 coefficients to the pertur-
bation. These will be calledZ1 andZ2, and they have the
form
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



n
f

h

d

en
on

a
ita

th
c
ro
bu
a
e

tin
fo

o
e
n-

ti

l i

be
s

-

or-
ied

of

. It
nes

ry

it is

en-

61J. Chem. Phys., Vol. 111, No. 1, 1 July 1999 Gradients for coupled-cluster
Z15Z1
11Z2

15(
a8,e

za8
e $e†a8%1

1

2 (
a,b
e, j

zab
e j $e†a j†b%,

~20!

Z25Z1
21Z2

25 (
i 8,m

zm
i 8$ i 8†m%1

1

2 (
m,b
i , j

zmb
i j $ i †m j†b%.

Even thoughS1
6 are not used in the final diagonalizatio

over singly excited states, they appear in the equations
S2

630 and therefore must appear in the functional. SinceS1
6

appear,Z6 must also contain one-body components. T
forms ofZ6 are the deexcitation analogs ofS1 andS2, and
Z6 relate toS6 just as L relates toT in coupled-cluster
gradients.41,45

In order to be consistent with ground state couple
cluster theory41 and to distinguish it from theZ6 above,
what was calledZ for EOM-CCSD gradients35 will be called
L here. It has the form

L5(
a,i

la
i $ i †a%1

1

4 (
a,b
i , j

lab
i j $ i †a j†b%. ~21!

The STEOM-CCSD functional therefore is

F5^0uLGRu0&1(
e

^FeuZ1GuFe&

1(
m

^FmuZ2GuFm&1^0uLH̄u0&1E~12^0uLRu0&!,

~22!

and at stationarity it has as its numerical value the total
ergy. TheuFe& anduFm& are determinants where an electr
has been added to an active virtual orbital and where
electron has been removed from an active occupied orb
respectively.

The procedure for deriving gradient equations from
functional is that the derivative of the functional with respe
to every quantity in the formula will be taken and set to ze
For the energy, which is a scalar, this is straightforward,
all of the other quantities are operators. In the case of
operator, the procedure is to take the derivative with resp
to each coefficient in the operator and to set the resul
scalar equation to zero. This yields a vector of equations
each operator.40

By inspection it can be seen that taking the derivative
F with respect toL andR and setting them equal to zero giv
Eqs. ~18! and ~19!, respectively. It also can be seen by i
spection that taking the derivative with respect toL yields
the ground state coupled-cluster equations. The deriva
with respect toE gives the normalization condition forL and
R. Therefore, by construction, the value of the functiona
stationary with respect to variations ofL, R, L, andE when
the STEOM-CC amplitude equations are satisfied.

The result of taking the derivative with respect toZ1

and Z2 is more difficult. For this two new spaces must
introduced. They areuQ1& anduQ2&, and they are defined a
the spaces into whichS6 project when acting onuP1& and
uP2&, respectively, and whereuP6& are the space of all de
Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to A
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terminants with one electron added to an active virtual
bital or with one electron removed from an active occup
orbital.30

Using this notation, the result of taking the derivative
the functional with respect to the coefficients inZ1 is, for all
e,

05
]F

]z1 5^Q1uGuFe&, ~23!

or equivalently

05^Fa8uGuFe&,
~24!

05^Fj
bauGuFe&.

The derivative with respect to the coefficients inZ2 is, for
all m,

05
]F

]z2 5^Q2uGuFm&, ~25!

or

05^Fi 8uGuFm&,
~26!

05^Fj i
b uGuFm&.

These equations are equivalent to Eq.~12!, and they can be
used as the defining equations forS. The fact that, in prac-
tice, S is calculated in a different manner does not matter
is sufficient that these equations are equivalent to the o
used.

We are now left with making the functional stationa
with respect toS1, S2, andT, which are hidden insideG.
The first step is to note that, from Eq.~16!,

^0uLGRu0&5^0uLH̄$eS2%Ru0&. ~27!

Note that the connected symbol has been dropped, since
superfluous for the singles–singles block ofG.

It has also been shown30 that

^Q6uGuP6&5^Q6uH̄1~H̄2ECC!S6uP6&

2^Q6uS6uP6&^P6uH̄1H̄S62ECCuP6&,

~28!

where ECC stands for the ground state coupled-cluster
ergy. HereG contains bothS1 andS2 .

Substituting Eqs.~27! and ~28! into Eq. ~22! gives

F5^0uLH̄$eS2%Ru0&1(
e

^FeuZ1~H̄1~H̄2ECC!S1!uFe&

2(
e

^FeuZ1S1uP1&^P1u~H̄~11S1!2ECC!uFe&

1(
m

^FmuZ2~H̄1~H̄2ECC!S2!uFm&

2(
m

^FmuZ2S2uP2&^P2u~H̄~11S2!2ECC!uFm&

1^0uLH̄u0&1E~12^0uLRu0&!. ~29!
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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It is now possible to continue taking derivatives of t
functional with respect to the operators it contains, i.e.,S1,
S2, and T. The annihilation and creation portions of the
operators will be calledVS1, VS2, and VT , respectively.
These are the parts of the operators remaining after the
rivative with respect to the coefficients in the operator h
been taken.

The first term to consider isS1. Taking the derivative of
the functional with respect to theS1 coefficients gives for all
f andk, wherek labels a genericuQ1& space determinant,

05
]F

]s1

5
]F

sk 5^0uLH̄$eS2VS
f
k%Ru0&dk,2h1p

1(
e

^FeuZ1~H̄2ECC!VS
f
kuFe&de f

2(
e

^FeuZ1VS
f
kuFf&^Ff u~H̄~11S1!2ECC!uFe&

2(
e

^FeuZ1S1uP1&^P1uH̄VS
f
kuFe&de f , ~30!

or

05^0uLH̄$eS2VS
f
k%Ru0&dk,2h1p1^Ff uZ1~H̄2ECC!uFk&

2^Ff uZ1S1uP1&^P1uH̄uFk&

2(
e

^FeuZ1uFk&^Ff u~H̄~11S1!2ECC!uFe&. ~31!

Inserting a resolution of theuQ1& space into the second an
third terms yields for allf andk

05^0uLH̄$eS2VS
f
k%Ru0&dk,2h1p

1(
h

^Ff uZ1uFh&^FhuH̄uFk&

2(
h

^Ff uZ1uFh&^FhuS1uP1&^P1uH̄uFk&

2(
e

^Ff u~H̄~11S1!2ECC!uFe&^FeuZ1uFk&, ~32!

where h labels another genericuQ1& space determinant
Note that the first term on the right-hand side of Eq.~32!
only appears whenk is a 2p1h excitation since the corre
sponding term in the functional does not containS1 .

In order to solve forZ1 in Eq. ~32!, it is useful to intro-
duce some new quantities. These are

Yk
f 5^0uLH̄$eS2VS

f
k%Ru0&dk,2h1p , ~33!

Ak
h5^FhuS1uP1&^P1uH̄uFk&2^FhuH̄uFk&, ~34!

Be
f 5^F f u~H̄~11S1!2ECC!uFe&, ~35!

and
Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to A
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Zk
f 5^F f uZ1uFk&. ~36!

Again, Yk
f only appears whenk is a 2p1h excitation. Using

these definitions, Eq.~32! becomes

(
h

Zh
f Ak

h1(
e

Be
f Zk

e5Yk
f . ~37!

In a typical calculation, the active space has of the or
of ten orbitals; the largest active space used to date had
eleven occupied and fifty virtual spatial orbitals.42 Therefore,
because of its small size, the matrixB can be explicitly di-
agonalized, yielding the EA-EOMCC eigenvalues. Then,
suming thatUB5eU with e diagonal, we can left multiply
Eq. ~37! by U to get

(
h

~UZ!h
eAk

h1ee~UZ!k
e5~UY!k

e . ~38!

By noting that Eq.~38! decouples into a set of linear equ
tions for eache, it becomes straightforward to solve fo
(UZ)k

e and then to recoverZk
f from Zk

f 5U21(UZ)k
e .

The procedure for calculatingZ2 is exactly equivalent to
the above procedure forZ1. To generate theZ2 equations, it
is only necessary to replace the appropriate active vir
indices with active occupied indices, to replaceS1 with S2,
and to replace theuQ1& determinants withuQ2& determi-
nants. The eigenvalues of theB matrix are now the IP-
EOMCC eigenvalues.

Before taking the derivative of the functional with re
spect to the coefficients inT, it will be useful to remember
that

]H̄

]t
5

]

]t
~e2THeT!5e2THeTVT2VTe2THeT5@H̄,VT#.

~39!

The derivative of Eq.~29! with respect to the coefficients in
T is then

05
]F

]t
5^0uL@H̄,VT#$eS2%Ru0&

1(
e

^FeuZ1~@H̄,VT#1~@H̄,VT#S1!c!uFe&

2(
e

^FeuZ1S1uP1&^P1u@H̄,VT#~11S1!uFe&

1(
m

^FmuZ2~@H̄,VT#1~@H̄,VT#S2!c!uFm&

2(
m

^FmuZ2S2uP2&^P2u@H̄,VT#~11S2!uFm&

1^0uL@H̄,VT#u0&. ~40!

Focusing on the last term,

^0uL@H̄,VT#u0&5^0uLH̄VTu0&2^0uLVTH̄u0&

5^0uLH̄us1d&2^0uLus1d&^0uH̄u0&

5^0uLus1d&^s1du~H̄21ECC!us1d&, ~41!
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where1 is a unit matrix of the appropriate rank. The first fiv
terms of Eq.~40! are independent ofL, and the Jacobian in
Eq. ~41! is the same as that from EOM-CCSD gradien
Therefore, solving theL equations here requires the sam
procedure as that used to solve forZ in EOM-CCSD
gradients,35 with only a different inhomogeneous term.

With these definitions ofZ6 andL, the derivative of the
functional with respect to all of the terms which appear in
is zero, and the generalized Hellmann–Feynman theorem43,44

can be applied. Therefore, the derivative of the STEO
CCSD energy with respect to any perturbationx is

]E

]x
5

]F

]x
5^0uLH̄x$eS2%Ru0&

1(
e

^FeuZ1~H̄x1~H̄xS1!c!uFe&

2(
e

^FeuZ1S1uP1&^P1uH̄x~11S1!uFe&

1(
m

^FmuZ2~H̄x1~H̄xS2!c!uFm&

2(
m

^FmuZ2S2uP2&^P2uH̄x~11S2!uFm&

1^0uLH̄xu0&, ~42!

with H̄x5e2T(]H/]x)eT.
The final step is to introduce one- and two-particle

duced density matrices into Eq.~42!, where the density ma
trix elements consist of coefficients from the operators
pearing in Eq.~42!. These reduced density matrices can th
be backtransformed into the atomic orbital~AO! basis, tak-
ing account of the orbital response, and contracted with b
AO derivative integrals.

One extra consideration does arise with STEOM-C
gradients. In normal coupled-cluster gradients, the equat
for the response of the orbitals to the perturbation are s
plified by using the fact that the method is invariant to ro
tion among the occupied orbitals and among the virt
orbitals.45 In STEOM-CC, because of the splitting of th
orbitals into an active set and an inactive set, this invaria
to orbital rotations does not hold. The solution is straightf
ward, though. The same problem arises for dropped c
gradients~see, e.g., Ref. 46!, and the same techniques a
applicable here.

Some preliminary tests were performed using finite d
ference techniques.47 On average, the EE-STEOM-CCS
geometries and vibrational frequencies were about as a
rate as EE-EOM-CCSD geometries and vibrational frequ
cies. The EE-STEOM-CCSD adiabatic excitation energ
tended to be a little better then the EE-EOM-CCSD adiab
excitation energies.

So far, the derivation has been for EE-STEOM-CCS
gradients, but its extension to DIP-STEOM-CCSD or DE
STEOM-CCSD is straightforward. The only difference in t
algebraic equations is that for DIP-STEOM-CC,S1 does not
appear,30 and thereforeZ1 will not appear in the functional
Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to A
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Likewise, for DEA-STEOM-CC, S2 does not appear,30

which leads toZ2 not being in the functional.

IV. SUMMARY

In this paper we have presented algebraic operator e
tions for calculating the gradient of the STEOM-CCSD e
ergy with respect to a general perturbation. Diagramma
techniques can be used to translate these into orbital e
tions. The three new terms beyond those which appea
STEOM-CCSD energy and property calculations and wh
must be solved for areL andZ6.

The computational strategy involves the following step
The first step is to solve the ground state coupled-clu
equations and calculateT. Next,T is used to perform the firs
similarity transformation, and then the IP-EOM-CCSD a
the EA-EOM-CCSD equations are solved. Those are t
used to formS6, and the second similarity transformation
performed. The resulting matrix,G, is diagonalized to yield
R, L, and the excited state energy. To then calculate
gradient, the next step is to calculateZ6. Finally, one is able
to calculateL and form the one- and two-particle densi
matrices. Because of the hierarchical nature of the equati
at every point in the procedure all terms calculated to t
point are needed, but the solution of the current term is
coupled from the solution of all other terms.

This brings us back to our original problem, which w
the cost and accuracy of the EOM-CCSD method. This pa
presents a way to calculate properties for the STEOM-CC
method as the analytical derivative of the energy. The res
ing energies and properties are cheaper and, based on
liminary results, tend to be more accurate than those fr
EOM-CCSD. The STEOM-CCSD also has several other
vantages. With STEOM-CCSD it is quite feasible to calc
late a large number of states and then to select which st
to optimize. Also, the method also provides a way to stu
doubly ionized and double electron-attached states. Fina
it should be noted that in STEOM-CC it is possible to intr
duce approximations such as STEOM-PT228 which further
reduce the cost.
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