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In a recent communication1 Rozyczko and Bartlett an
nounce the implementation and application of the equat
of-motion coupled cluster method for frequency-depend
hyperpolarizabilities of any order and any process. Their f
mulation is based on an open-ended formula for
equation-of-motion coupled cluster hyperpolarizabili
which was presented without derivation or reference:
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The resolvent was defined asR(v)5^huE02H01vuh&
and the configuration manifoldh was in a preceding
paper by the authors2 defined as ‘‘manifold of singly and
doubly excited determinants’’~not including the ground stat
0!. P̂(0,̄ ,n) is a permutation operator that symmetriz
with respect to the (n11)! permutations of the operato
frequency pairs (qi /v i). The similarity transformed
operators qi

T are defined as e2Tqie
T and q̃i

T5qi
T

2^0u(11L)qi
Tu0&, with L5(mzmt̂m

† . Using a more explic-
ite notation Eq.~1! can thus be rewritten as
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with the summationsm i , n i over the manifold of single and
double excitations with respect to the Hartree–Fock re
ence state (um)5 t̂mu0&, ^nu5^0u t̂n

†) and Rmn
CC(v)5@2(A

2v1)21#mn , whereA is the coupled cluster Jacobian.
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In the following we show that beyond linear respon
Eq. ~1! is incompatible with the generic definition o
EOM-CC response properties, that in the limit of a compl
cluster expansion the correct full CI result is not reproduc
with Eq. ~1! beyond linear response, and that the results
tained by Eq.~1! are strongly nonsize extensive. Furthe
more, we point out the fact that Eq.~1! breaks the time-
reversal symmetry and we discuss the implications.

In the CI-like equation-of-motion coupled cluste
method3 frequency-dependent properties maybe generic
defined4,5 by replacing in the exact state expressions
ground state ket and bra wave functions by the coupled c
ter wave function uCC& and its biorthogonal counterpa
^0u(11(mzmt̂m

† )e2T and the frequency-dependent reduc
resolvent operator,

R̂~v!5 (
kÞ0

uk&~v2v0k!
21^ku ~3!

by its EOM-CC approximation:5

R̂EOMCC(v)5eTS (
nm

( t̂n2zn)u0&

3[ 2(A2v1)21] nm^0u t̂m
† De2T. ~4!

With the reduced resolvent operator defined in Eq.~3!, the
linear, quadratic, and cubic response functions for an ex
state6–8 can be written as:9
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where q̄i5qi2^0uqi u0&. Applying the recipe described
above, one obtains for the EOM-CC linear response fu
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which is compatible with Eq.~1! and the expressions give
in Refs. 4 and 5. For the quadratic and cubic response fu
tions we obtain:
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Apart from the signs of the frequency arguments, the gen
EOM-CC quadratic and cubic response functions differ fr
Eq. ~1! in two points:

~1! In Eqs.~9! and ~10! appear matrix elements of the form
^n i uq̃i

T( t̂m i
2zm i

)u0&, whereas in formula~1! or ~2! the

matrix elementŝn i uq̃i
Tt̂m i

u0& are used;
~2! Formula ~1! neglects renormalization terms which a

pear in the exact state and the generic EOM-CC respo
functions beyond quadratic response@the second term in
Eqs.~7! and ~10!#.

The terms neglected in Eq.~1! are usually nonvanishing
This is easily seen, if one considers the static hyperpola
abilities bzzz(0) and gzzz(0). If we define the vectorsĥm

z

5^0u(11(nznt̂n
†) z̃Tum& and

t̃ m
z...z5 (

n1 ...nn
m1 ...mn21

Rmn1

CC ~0!^n1uz̃Tum1&

3Rm1n2

CC ~0!¯Rmn21nn

CC ~0!^nnuzTu0& ~11!

the static EOM-CC hyperpolarizabilities can be written a
ic

se

z-

bzzz
EOMCC~0!56(

m
h̃m

z t̃ m
zz23azz

EOMCC~0!(
m

zm t̃ m
z , ~12!

and

gzzzz
EOMCC~0!524(

m
h̃m

z t̃ m
zzz24bzzz

EOMCC~0!

3(
m

zm t̃ m
z 212azz

EOMCC~0!

3F(
m

zm t̃ m
zz1(

nm
h̃n

zRnm
CC~0! t̃ m

z G . ~13!

Equation~1! includes for both properties only the first term
bzzz

RB(0)56(mh̃m
z t̃m

zz and gzzzz
RB (0)524Smh̃m

z t̃m
zzz. The ne-

glected terms will usually be nonvanishing:(mzm t̃m
z will be

nonzero for molecules with a nonzeroz component of the
dipole moment and the third term forgzzzz

EOMCC(0) persists
even for systems with spherical symmetry. The neglec
terms can also not be expected to be small: For the hydro
fluoride molecule we have computed(mzmtm

z using a CCSD
wave function and the t-aug-cc-pVTZ basis10 (RHF

51.7328 a.u.) and obtained a result of 0.034. If this is co
bined with the experimental value for the static polarizabil
azz(0)56.4 a.u.,11 one obtaines for the term neglected
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bzzz
RB(0) an estimate of 330.03436.4 a.u.50.65 a.u. Com-

pared to the result forbzzz(0) in the t-aug-cc-pVTZ basis
~9.84 a.u.! given in Ref. 1, this means an error of'6% in
addition to the intrinsic errors of the EOM-CCSD meth
and basis set errors.

In the limit of a complete cluster expansion, the gene
EOM-CC response functions converge to the full CI res
Since the terms neglected in Eq.~1! are generally nonvan
ishing, this expression must converge to a wrong limit wh
the cluster expansion approaches completeness. The t
neglected in Eq.~1! are not size extensive. Thus in the g
neric EOM-CC expressions these terms cancel against
size extensive contributions in the first term. The latter n
size extensive contributions are included in Eq.~1!.
Therefore, this approximation is strongly nonsize extens
The terms neglected inb andg scale withNelectrons

2 . Assum-
ing the same prefactor as for HF one might expected alre
for medium-sized organic molecules like benzene or buta
ene, with about 30 electrons, errors of'20%.

For a truncated cluster expansion already the gen
EOM-CC response functions are not size extensive, a
demonstrated in Ref. 5. In addition, for a truncated clus
expansion the coupled cluster stateuCC& and the biorthogo-
nal statê 0u(11L)&e2T are not each others complex conj
gate and the EOM-CC resolvent operatorR̂EOMCC(v) and
the matrixRCC(v) are not hermitian~nor are they the simi-
larity transformed of hermitian operators and matrices!. As a
consequence, the EOM-CC response functions and also
response functions defined by Eq.~1! will not obey the time-
reversal symmetry,12,13 i.e.,

^^q0 ;q1 ,...,qn&&2v1 ,...,2vn

EOMCC/RB Þ~^^q0 ;q1 ,...,qn&&v1 ,...,vn

EOMCC/RB!* ;

~14!
for frequency-dependent hyperpolarizabilities this means
b i

SHG(v)5b i(22v;v,v)Þb i
SHG(2v)

In addition to our concern about the inadequacy of E
~1! for the calculation of frequency-dependent hyperpola
abilities, we have two comments to more detailed points
the letter by Rozyzcko and Bartlett:

Rozyczko and Bartlett mention twice in Ref. 1 that o
bital relaxation effects vanish in a complete basis, but c
clude that they ‘‘do not seem to approach that in the curr
calculations, even in the p-aug-cc-pVTZ basis,’’ implyin
c
t.
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that this effect would vanish in the one-particle basis
limit. We note that orbital relaxation effects are not related
basis set insufficiency but are rather a correlation problem
has also many times previously been pointed out by one
the authors of Ref. 1. The effects of orbital relaxation pers
in the complete one-electron basis set limit, but vanish in
full CI limit since the full CI wave function is invariant
under orthogonal transformations of the orbital basis.

In Table II of Ref. 1 the authors list static hyperpolari
abilities for various basis sets which according to the ta
caption and the explanation in the text are CCSD a
CCSD~T! finite field results obtained with relaxed and unr
laxed orbitals. The unrelaxed CCSD results are also liste
Table I in the rows forb i(0) andg i(0). Thetext to Table I
states that the results in Table I were obtained using Eq.~1!
and we expect that the unrelaxed CCSD results in Tabl
were obtained using Eq.~1!. This, however, raises the que
tion about the meaning of the unrelaxed CCSD~T! results as
in the unrelaxed approach the Hartree–Fock orbitals are
canonical when a field is applied and canonical orbitals
assumed in the definition of the CCSD~T! model.
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