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The equation-of-motiodEOM) coupled clusteCC) 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-tham3.n¢, scaling. The method is calibrated by the evaluation of the valence vertical
ionization potentials for CO, N and ki, 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 Physic§DOI: 10.1063/1.1527013

INTRODUCTION applied to basis sets using over 90 functions. In addition to
this there have been proposed a number of variants for EE
The coupled clusteiCC) (Refs. 1-12theory, originally  and/or IP calculations including triple excitations in approxi-
developed as a method for the calculation of ground statghate ways, either iterative or noniteratitfie?:2"The latter,
properties, has been further generalized for the description gf particular, have not been found to be very successful.
the excited, ionized and electron-attached states via thRence, it is helpful to have full triple benchmark results. In
equation-of-motion(EOM) CC philosophy? This elegant, s paper we report the initial results of a general purpose
very general, time independent method exploits the left- an@liagrammatic implementation of the benchmark EOM-
right-hand eigenfunctions of the non-Hermitian operafor  ccsDT method for calculation of the ionization potentials.
:efT.H eT..Whe!'] solved in a space &= p electrons, this In the EOM-CC approach an excited state is created by
equation yields ionized or electron attached states ang for (1o 4ction of an elementary excitation opera®oon the CC
=0 gives electr_onic excite_d states. A_related time-dependenttarance stat&’ , which—within the CC formalism—is ob-
method for excited states is the CC linear respdi@eLR) tained with an exponenti@' operating on the Hartree—Fock

-17
app?;CngMM%nfﬂoff ful tool since it provides. di reference,®,. The expansion coefficients for the excited
rectly L?[he sougﬁt guar?ti?ylejjfitl;tioono esne(r:g? y(EE)c;SYlBe_sz,z “state are defined by the solution of the matrix eigenvalue

ionization potentiallP) 22" or electron affinity(EA)2529 equation obtained by the projection of the eigenvalue prob-

The CC scheme most commonly used in combination wit Igm upon a suitable set of configurations. The diagonaliza-

the EOM approach is the CCSD model and its performancé'on also yields directly the excitation_ energi_es. _In other
is well documented in the literatulé?3-262829Thjs ap- word§, EOM'CC may be V'ewe‘?' asa gagonahzatlon of the
proach has been successfully used for the description of eXzC Similarity transformed Hamiltoniari, in the CI con-
cited states dominated by single excitations. Nowadays seyiguration space. On the other hand, in the ionization poten-
eral efforts have been made to improve its accuracy for th&i@l studies the wave functions that correspond to the ionized
states with large double excitation character by developingtates can be obtained by diagonalizidign a basis of de-

CC schemes with inclusion of the higher-than-double excitaterminants containing—1 electrons(N refers to the num-
tion operators® The implementation of EE-EOM-CCSDT ber of electrons inby). It is also possible to view the ion-
with full inclusion of the connected triple excitations for the ization process as an excitation in which one electron is
evaluation of the excited states energies is an exafpfe. promoted to a continuum orbital. Likewise one can obtain
The program developed in Ref. 22 is coded very efficientlyelectron affinities, together with the associateld+1)-

both at the CCSDT levdlwith quasilinear formulation of the electron eigenstates by using operators that create an elec-
CC equationsand at the CI step, where most of the termstron.

engaging three- and four-body elements of theoperator The resulting IP-EOM-CC and EA-EOM-CC ap-
were factorized. Due to this the program was successfullproaches are intimately connected to the Fock space CC
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(FSCQ approaches for th€0,1) and (1,0) sectors, respec- where the indices,b,...(i,j,...) refer to virtual(occupied

tively. FSCC and EOM-CC are known to give identical re- one-particle levels. The cluster amplitudeﬁ',".f', are ob-

sults for the principal IP and EA sectots®2The comparison tained by solving the CC equations,

between these two methods for the EE sector has also been

analyzecﬁ3'34 <(I)ﬁb |(HeT)C|(I)O>=O. (5
In this paper we will present the EOM-CC formalism (b2 | is a k-tuply excited determinant and subscripin

developed for ionization potential calculations. Detailed IP-the above equation indicates that only connected diagrams
EOM-CCSDT working equations will be given explicitly in  should be considered.

algebraic and diagrammatic form for standard and factorized \Within the EOM formalism thé-state wave function for
version. The factorization procedure makes it possible tap (¥,) is obtained by operating with thie(k) operator on
maintain the rank of the computational procedure to behe ground state wave function’g),
n3.na. for the EOM part. We stress that this procedure does _
not introduce any approximation. The factorization strategy (Wi =R(K)[Wo). ©®)
plus the real abelian symmetry implementation, makes itrhe R(k) is a linear(Cl-like) ionization operator limited in
possible to apply the method to larger150) basis sets, this approach to single, double, and triple excitations,
offering near benchmark quality for full triples.

R(K) =Ry (k) +Ra(k) + Ra(k) (7

expressed through the elementary creation-annihilation op-

THEORY erators in the following way:

Let us consider the Schidinger equation,

= (K)i+1 a Tii
HIW)=EJVy k=12,. (1) R(k) E, r.(k)|+2§ ; rij(kalji
assuming thaW, describes théth ionized state obtained by
the removal of the electron from the reference ground state D rﬁF(k)aTbTIji . €)
ab I

¥,. Within the coupled-cluster formalism the reference

wave functionW, is obtained by action of the exponential |nserting theW, wave function, Eq(6), into the Schidinger

e, equation, Eq(1), we obtain the equation-of-motion,
—al —
Vo) =€’ ®o), @ [HR(K) ]e= @ R(K), ©)

where &, is the reference determinant afidis the cluster whereH is the similarity transformed Hamiltonian, formall
operator. Within the CCSDT model, the cluster operator is v ' y

. defined as
approximated as -
—aTyaT

T=Ty+T+Ts (3) H=e 'He 19

and T, is defined as and wy is the energy change connected with the ionization
process. For ionization although the opera®ois presented
Tk:(k!)722 > tia}t.l::-aTbT_”ji, (4) as Iinea_r in Eq(6), it can equally v_veII be recognized as the
LRENTEES appropriate exponential operator in Fock space CC, since all

TABLE |. IP-EOM-CCSDT equations in Goldstone formalism for standard and factorized version.

Expressiof

(HR)= =1l "= 2r 8 1M rf | S0 20 b 0= D 2r o 0= 2r S o B = r v fe 1 o £

(ﬁFz)}’i e T e e L G o et B ALy e AP VR T e By AR BB M B Tl B N S S B
A LA S B Sl B T T S B e B o

Fif =2l B+ ol fT

Fﬂcztﬁe)(e

hpybe H ebc b mc c mb b ymn bc m H bc m ecb bc mn bc ymn ef bc H ec mb ec jbm
(HR)jki=P(b/ke)[riilek=mil jk = Fkmli} + Famlijk 1= jkml i — PUBIKE)[r mil ™= Vil e = Taknd i} 1 Fmnil jk + Fjkil e — PUB/KC) [T il ie T mil ek
1S IEM— 2reg I mb pebme pec jmby 4 b

mki mki' ej jmi ikm'ej
bcb__ mbc, e ymbc__ .e ymbc__ B e 1bmc e ymbecy_ e jnmch e pmnch H ef ymbc__ .ef ybmc_ .ef ymbc_ eb ymnc
Fii = —Tmlijic T2 milej —Fiml ejk P(Jb/kc)[rmilejk+rjm|iek(] 20 mnliekj T amleikj + Pb/KC)[2r il e = Mmijil etk — Fijml etk — 27 mnil ejk
eb ymnc eb ymnc eb ymnc eb ymnc be mc
+rmni|jek +rinm|ejk _zrnjmliek +rmjn|iek +rnjm|ike

FOS) = — ol 0% P(Ib/KO) RS S 2r &1 L= 1A= P(jb/KC)[ 1 &l LMo+ 1m0 ey ] — tebey M+ 2theey M — P(jb/Ke)toSEx M+ ey
—P(jb/ke) [t |l — txai— ticx s

aSummation over repeated indices assumed on the right-hand side; summation indices belong e the sgtP(jb/kc) implies sum of two components

differing by permutation ofb andkec. All elements ofH (IS ") and intermediatesy{ ') are defined in Tables 2 and 3, respectively.
bStandard version.
‘Factorized version.
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_______ TABLE Il. Algebraic expression for the elementstafused in the IP-EOM-
+ CCSDT model.
Expressiof
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FIG. 1. Diagrammatic form of the IP-EOM-CCSDT equations in an anti- _taenb__tabno__ 5iaeb no aeb no, taeb no
symmetrized formalism for the standard version i i i IﬂceHnol»c' Ztn-o'vce+~tm°vceﬂn°'ve-° i
g ' T A IR o PR e AR AR B
I 2t f R - R
: _ o ar L+ P(ka/Ib) 5Pl &
products of S®Y in exp@E°®Y) vanish, leaving justs®d X M Ay ebria_sebyiay s ea
. . . ki _P(ka”b_)[tnlIjk__tklIje_tjl_lek]+tjklb|e_ P(ka/lb)
=R. This makes IP-EOM-CC entirely linked, connected and X0 + 2R 0]+ 2tean in — rean
extensive, unlike that for excited states that derive fromyiia P(ik/jl)teall +tefail,
1,1)y 35-39 ; i i Jai i
expStY). BecauseH is non-Hermitian, we also have |gj!lkf |Cja,;b._tgfkbvg.;
the left-hand eigenvector.(k), L(k)H=wyL(k), where |_;jak'b tfkfﬂg'e—tﬁbg;_ - _
L(k)H is not connected. Both(k) andR(k) are needed to 15 i+ 2t5 v e~ P(jalkb) iR (o= thRu e
obtain density matrices. 4 ja coa— ;
btain density mat (W P(jalkb)[ 5l &t
|ajk ae, jk
ilb il Ueb
abj _tab nj
icd inYcd
IP-EOM-CCSDT WORKING EQUATIONS iibe oo ij
Iakim tkimb ae

In this section we present explicit working equations foraSummation over repeated indices assumed; summation indices belong to
the IP-EOM-CCSDT method. This requires solution of the /T 5" PP P ’ 9
CCSDT equations, Eq5), for the T, T,, and Tz ampli-
tudes and then the construction of tHeoperator, according
to Eq. (10). To obtain the eigenvalues and eigenvectors we — 12 134
employ a direct diagonalization schetfanalogous to the H=104 1541741 (1D
Davidson methott for symmetric matrices. In case of the We may rewrite the particular element, as the sum over
solution for the right-hand side eigenvectors we require th&omponents} , wherek indicates the number of annihilation
results of the IP-EOM-CC matrix right multiplying an arbi- |ines
trary vectorR, i.e., HR. Using the direct Cl-like formalism
the components of theHR) . vector are constructed accord-
ing to the equations presented in the diagrammatic form in |2:|§+|§+|§+|§,
Fig. 1, or, in the algebraic form, in Table I. To each term in s 3. 3 (12)
Table | (and also in Table )ithe proper permutation of the P=17+15+13,
external indices should be applied indicated by the symbol !
P(---/---) (see the explanation given at the footnote to Table 3 L
[). Note that in Tables I, Il, and lll we adopt the tensor We skipped théd components with 0 annihilation lines since
notation with implied summation over repeated indices.  they cannot be contracted with tiReoperators. Similarly in
The form ofH which is required for the construction and the last equation the‘f andl‘z1 terms are omitted since they
solution of the IP-EOM-CCSDT equations in their standarddo not enter the IP-EOM-CCSDT model.
form involves up to four-body elements. Emphasizing the  The many-body type of thed elements expressed
many-body structure dff, we may decompose it into indi- through the ;.. amplitudes are determined by the number of

vidual contributions as follows: indices, i.e.J5, If5, 1o, andl 5y, corresponding to the',

1_41 1
1I1=11413,
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\AM = AN FIG. 3. Diagrammatic picture of the factorization of selected contributions
N to the IP-EOM equations.

W: N7 \
a factorization scheme which would eliminate the difficult

FIG. 2. Diagrammatic form of the three- and four-body elementd ofsed terms, i.e., those engaging the four-boHy element and

in the IP-EOM-CCSDT equations in the antisymmetrized formalism. some of the three-body ones. without any loss of rigor The
difficult terms are indicated in Fig. 1 by the rectangules and
their construction in a factorized way is explained in Figs. 3

el G

12, 13, aer |.4 operators, rgspectively. Note .that thes,...  and 4. Hence, the diagram indicated by the ledtér the R,
symbols indicate general indices being of either hole or parequation in Fig. 1 is replaced by the contribution given in
ticle character. Fig. 3@, where the heavy horizontal line corresponds to the

It is easy to also assign creation—annihilation character amplitude and the thin one—to tfieamplitude. Thus we

to the particularl ; amplitude. The index referring to the may avoid using the three_bod-y e|ement in thd?z equa_
annihilation(creation line is represented by the presence of

the hole (particle symbol as a superscript or the particle
(hole) symbol as the subscript. Thus, e.g., thg element

corresponds to two annihilation lines: indicated with the in- A

dicesi (hole and superscripand b (particle and subscript a L: =

and two creation linesa andj, so the 'baJ amplitude is con-

nected with the 5 operator. A}\}
All elements ofH are defined in Goldstone formulation b F _

in Table Il. The three- and four-body components are pre- -

sented also in diagrammatic form within the antisymmetrized
formalism in Fig. 2. The one- and two-body components of
H are well documented in diagrammatic form in Refs. 11
and 42 and are used to define the higher rank terms in Fig. 2.
The standard derivation of the IP-EOM equations as-

sumes that we use all requirétl elements regardless of the { O/

complexity of a particular term. This means that we would d
employ all appropriate three- and four-body terms. Such a

form of the IP-EOM equations is presented diagrammatically

in Fig. 1 and in algebraic form in Table I. N

Such a formulation of the IP-EOM problem, although e = O

perhaps the most natural one, would result in high scaling of
the computational procedure either in tHeconstruction or g, 4. Diagrammatic form of the intermediates used in the IP-EOM-
in the solution of the EOM equations. To avoid this we applyCCSDT equations in the antisymmetrized formalism.

A
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TABLE IIl. Algebraic expression for the intermediates used in the IP-EOM- n® scaling, but instead we include the contributions shown
CCSDT model. in Figs. 3b) and 3c) which scale as’.
The factorization procedure shown diagrammatically in

Intermediate Expressién Figs. 3 and 4 is accounted for also in Table I, where the
Xa —2r8 p%+re e contributions denoted bi}f’ib) and Ff’kﬁb) refer to the nonfac-

Xik 2 e TR TR s torized version engaging only elements andR amplitudes

Xea ol whereas the termEjbic) and Fﬂfic) represent the factorized
Xb —2riGveh Moivbet Mionveb variant engaging also the intermediajgsand %, defined in

Xja ~rnvae Table III.

X:a" _ngeia"”ngig+regﬁ"'n’iggtrgi”n”gg The factorization procedure, i.e., replacement of séme
Xaj 2MnjVea MnjVae™ MnVae elements contracted with tHe operators with the appropri-
asummation over repeated indices assumed; summation indices belong &€ intermediates_contracted with the T operator makes the
the set{e,f,n,o}. evaluation of the il R) quantities much more efficient. We

should remember, however, that thk elements are com-
puted only once in the whole process while the intermediates

tion by construction of the intermediate shown in Figa)4 Must be recomputed in each iteration. However, it does not
and then by employing it in the diagram on the right-handthe change the general conclusion concerning significant sav-
side of the equation in Fig.(8. By the intermediate we [ng Of the computational effort due to this procedure.
understand throughout the paper the quantity obtained by the Ve should mention also that there exists a very simple
contraction of the integral df element with theR operator. formula to evaluate the rank of the computational procedure
The diagrama, engaging the three-_bodg element in the for each term. Namely, for the genera] tetr@Rm the rank

R, equation in Fig. 1 as well as thé element itself, both og(nahr%_&:%nputatlonal proceduréscaling is equal to
requiren’ scaling. On the other hand the same term com- '

puted via the diagram in the Fig(88 with the intermediate

in Fig. 4(a) requires twan* steps, so we see a definite gain in RESULTS

computational efficiency. In order to verify the correctness of the program as a first
The same refers to the diagrams contributing toR3e  step we have reproduced the IP-EOM-CCSDT results of
equation in Fig. 1 labeled with lettets c, d, g, f. In actual Hirata, Nooijen, and Bartlef¢ obtained with a FCI program
calculations they are evaluated according to the schemg gH and G molecules at the 6-31% and 6-31G basis set
shown in Fig. 3, ¢, d, e, f, respectively. The diagram d in level, respectively.
Fig. 1 requiresn® scaling while the four-bodyH element To test the performance of the EOM-CCSDT model in
engaged in it-A° scaling(see the last line of Fig.)2Instead  jonization potential calculations we selected three molecules:
we have amG scheme with the same intermediate as tha‘]\lz, CO, and E and assume the Va||d|ty of the “experimen-
used in the case of the diagram in Figa)3A similar situa-  ta|” vertical ionization potential{see Ref. 45 for a discus-
tion occurs in cases and f of Fig. 3, where the twn®  sjor). We use two types of the correlation consistent basis
contributions are replaced with tmé ones. A slightly differ-  sets of Dunnind® cc-pVXZ and aug-cc-pXZ, whereX de-
ent procedure has been applied to thandd diagrams in notes D, T, and Q. The results are collected in Table I)(N
Fig. 3. Here we do not eliminate the respective contributionsraple v (CO), and Table VI (E). For each basis set we run
in the R3 equation of Fig. 2, but avoid only the most difficult calculations with all electrons correlatésee rows with AE
contribution to the three-bodyl element. So in this case the headings in Tables IV—Vlor with the core electrons frozen
savings occurs since we do not take the contribution td}he (rows with VE headings As we see the exclusion of the core
H element shown in first line of Fig. 2 and analogous term inelectrons from the correlation treatment has a very small ef-
the fourth line of the same figur@oth contributions require fect on the calculated “valence,” potentials. The same is true

TABLE IV. Vertical ionization potentials of Bl molecule with IP-EOM-CC method®V) (R=1.097 685 A).

Nominal cc-pvDZz aug-cc-pvDZz cc-pvVTZ aug-cc-pvTZ cc-pvQZz aug-cc-pvQz
ominal

state CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSBExpt?

3oy AE®  15.18 15.10 15.43 15.34 15.58 15.46 15.66 15.54 15.71 15.57 15.75 15.60 15.60
VE® 15.18 15.10 15.43 15.34 15.56 15.44 15.65 15.52 15.68 15.55 15.71 15.58

1w, AE®  16.93 16.64 17.12 16.84 17.19 16.92 17.27 16.99 17.31 17.02 17.34 17.05 16.98
VE®  16.93 16.64 17.11 16.84 17.18 16.90 17.25 16.98 17.28 16.99 17.31 17.03

20 AEP  18.47 18.35 18.70 18.57 18.82 18.66 18.91 18.74 18.94 18.76 18.98 18.79 18.78
VE® 1847 18.36 18.71 18.57 18.83 18.67 18.92 18.75 18.94 18.77 18.98 18.80

3Reference 49.
PAll electrons correlated.
“Valence electrons correlated.
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TABLE V. Vertical ionization potentials of CO molecule with IP-EOM-CC methee¥) (R=1.128 323 A).

Nominal cc-pvDz aug-cc-pvDzZ cc-pVTZ aug-cc-pvVTZ cc-pvQz aug-cc-pvQz
ominal

state CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSBExpt?

50 AEP  13.81 13.58 13.99 13.76 14.14 13.90 14.19 13.95 14.24 13.99 14.26 14.01 14.01
VE® 1381 13.58 13.99 13.76 14.13 13.89 14.18 13.94 14.22 13.98 14.23 14.00

1w AEP  16.74 16.71 16.92 16.90 17.04 16.98 17.10 17.03 17.16 17.07 17.18 17.09 16.91
VE® 16.74 16.71 16.92 16.89 17.02 16.96 17.08 17.02 17.13 17.05 17.15 17.07
4o AEP  19.47 19.33 19.67 19.52 19.74 19.55 19.80 19.60 19.87 19.64 19.89 19.66 19.72

VE®  19.47 19.33 19.67 19.52 19.74 19.55 19.80 19.60 19.86 19.64 19.88 19.66

®Reference 49.
PAll electrons correlated.
“Valence electrons correlated.

when the explicit core functions are included in the basis setamounting to 0.23, 0.22, and 0.08 eV foo,540, and 7
We performed calculations for the cc-pCVTZ basis with all states, respectively. Note that here the smallest effect refers
electron correlated and obtained negligible changes, e.gto the 7 state, unlike the M molecule. In the k case we
15.47, 16.92, and 18.68 eV for the three states 9fndl-  should note the different behavior of the, state for which
ecule which differ from the AE cc-pVTZ values by 0.01, theT; operator increases the IP value. For the remaining two
0.00, and 0.02 eV, respectively. For CO the analogoustates thel; effect is similar to that for the other molecules,
changes are 0.01, 0.00, and 0.01 eV for te &, and 4r  i.e., it lowers the energy by 0.12 and 0.09 eV, respectively,
states, respectively. While for thg Folecule the cc-pCVTZ  for 7, and o4 states. All values quoted above refer to the
values differ by 0.01 eV for all states. For double zeta basigug-cc-pVQZ results with all electrons correlated. For the
sets the effect of core functions is below the accuracy of thenajority of cases the small basis sets underestimatd the
quoted results for most cases, for the triple zeta basis iffect, i.e., by increasing the size of the basis seflthgives
ranges from 0.00 to 0.02 eV and for the quadruple zeta wa larger contribution, e.g., fory and o, states of N it
observe the largest effects amounting to 0.02—0.03 eV. Somacreases from 0.08 and 0.12 to 0.15 and 0.18 eV, respec-
states, e.g., ther, state of N or the o state of CO are tively. For one case, the state of N, the effect of triples
practically insensitive to the presence of core correlatioris stable, remaining close to 0.3 eV for all basis sets. A more
functions in the correlation treatment. This indicates thatpeculiar behavior is observed for thestates of the Fmol-
even in high accuracy calculations we may limit the correla-ecule; for the double zeta basis the effect is positive, i.e.,
tion treatment to the valence electrons only which, for theit increases the IP value. For the larger basis set it reduces
very sophisticated approaches, can significantly lower thérom —0.20 to —0.04 eV for themy state while for them,
cost of calculations. Of course, it is another question whethestate theT; correction changes sign from0.06 eV for
the core functions have a significant effect on core ionizadouble zeta to+-0.12 eV for augmented quadruple zeta. The
tions. above results indicate that in some cases one has to be cau-
The main feature to note is the importance of the tious when discussing the effect of the higher clusters on the
operator in the CC calculations of the ionization potentialsbasis of calculations done for very small basis sets.
The general effect of th&; operator is to lower the value of When comparing the computed values with experiment
the ionization energy, and its magnitude depends upon thene should observe that the final IP value is a result of two
molecule and the state studied. For theriblecule the larg- opposite trends: An increase in the basis set size always
est effect is observed for the, state for which thel; cor-  moves the calculated IP’s up whereas the inclusion oflthe
rection is equal to 0.29 eV, whereas for the remaining twooperator lowers their values in all but one case. So one can
statesgy ando, it is equal to 0.15 and 0.18 eV, respectively. see that for a double zeta basis set the computed values are
For the CO molecule the effect dff; is slightly smaller smaller than those for the largest basis(seg-cc-pVQZ by

TABLE VI. Vertical ionization potentials of - molecule with IP-EOM-CC method®&V) (R=1.411 93).

Nominal cc-pvDz aug-cc-pvDZz cc-pvVTZ aug-cc-pvTZ cc-pvQz aug-cc-pvQz
ominal

state CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSDT CCSD CCSBExpt?

1y AE®  15.10 15.30 15.40 15.59 15.50 15.58 15.63 15.69 15.69 15.73 15.75 15.79 15.83
VE® 15.10 15.30 15.40 15.59 15.49 15.57 15.61 15.68 15.66 15.71 15.72 15.76

1w, AE® 1841 18.47 18.77 18.81 18.83 18.75 18.97 18.89 19.03 18.90 19.09 18.97 18.8
VE®  18.40 18.47 18.76 18.81 18.81 18.74 18.96 18.88 19.00 18.89 19.06 18.95

9 AEP  20.77 20.70 21.16 21.12 21.06 20.97 21.19 21.11 21.21 21.11 21.27 21.18 21.1
VE®  20.77 20.70 21.16 21.12 21.05 20.96 21.18 21.10 21.19 21.09 21.25 21.16

3Reference 49.
PAll electrons correlated.
“Valence electrons correlated.
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TABLE VII. Extrapolated ionization potential valuegeV) (AE).” rately measured, so this discrepancy potentially could be re-
duced. The same is true for the, state, but here the
. cc-pV=Z aug-cc-p\keZ . . . .
Nominal deviation from experiment is larger, 0.19 eV, i.e., of the order
C
Molecule  state  CCSD ~CCSDT CCSD  CCSDT Expt”  of error that occurred for ther state of CO molecule. Gen-
N, 30, 15.78 15.63 15.80 1563  15.60 erally it looks as if the full CCSDT level has more difficulty
1m, 17.38 17.08 17.38 17.09  16.98 with the 7 states than the-y ones.
o 25(:: 1?1'23 1?1-(?421 12-2(2) ii-gi ﬁg? In the next table, Table VII, we list the CCSD and
1o 1723 1712 1723 1713 1691 CCSDT IE values extrapolated.to the cqmplete basis set
Ao 10.95 1969 19.95 1970 19.72 (CBS limit. We explore two series of basis sets: standard
F, 1mg 15.80 15.82 15.82 15.85  15.83 and augmented ones. For both cases we obtained the same

1m, 1915 1899 1916  19.02 188 CBS limit with an accuracy up to 0.01 el¢he only excep-
87g 2130 2120 2132 2123 2Ll ignis theo state of the F molecule where the difference in

2An extrapolation formula was taken from Ref. 50. the limit amounts to 0.03 eNM(at infinity both basis sets
:A” electrons correlated. should converge to the same limifThe CBS values are
Reference 49. somewhat(0.03—-0.04 eV higher than the aug-cc-pvQZ

ones(0.05-0.06 eV for ) which were used above for com-
i i . Th f i f th I
~0.4-0.6 eV for the CCSD scheme and by 0.3-0.5 eV fol o 50! 10 experiment. The confrontation of the extrapolated
values with experiment does not change the conclusions pre-

the CCSDT one. Thus the effect of the basis set is more o
Sented above. The states remain in excellent agreement
pronounced than that due to tfig operator.

Comparing the AE EOM-CCSDT values for the aug_CC_vv_hereas the difference for the states i_s insignificantly
pVQZ basis set with experiment for the, Nnolecule we Elgher. Or|1_e m ayl expegththat th(_a compqlrllson O.f the_ CC.SDT
observe perfect agreement for thg and o, States(0.01 eV asis set limit values W|_t experiment will permit estimating
erron. For the, state the error is slightly largef.07 eVj the |mlportance O.f the h|ghe¢Q,T5,...) clusters.
which would indicate that th&, operator could play a more It IS also of interest to d|scuss_ the pgrformance of the
significant role here than for the previous states, anhougﬁpproxmateTg models by comparison with the complete

further basis set extension in the core and mid-valence regioPProach. Noniterativé; corrections to IP-EOM-CCSD or
cannot be discounted. its Fock space equivalent, have generally been

The CO molecule shows perfect agreement for the 5 unsatisfactory’ Iterative T models, e.g., CCSDT-3, have
state (0.01 eV difference and is slightly worse for ther ~ been more satisfactofy:** Short of the full EOM-CCSDT,
state. Here the computed value is 0.18 eV larger than thEOM-CCSDT-3 is the most complete method available. In
experimental one. There is no immediate explanation for thidable VIII we list the CCSD and CCSDT values for the

discrepancy; one can hardly assign this exclusively tolthe aug-cc-pVTZ and aug-cc-pVQZ basis sets and we also quote
operator. For the remaining state the theoretical IP value is the CCSDT-3 and CC3 results taken from Ref. 27. We ob-

0.06 eV lower than the experimental one. serve that both approximale; schemes behave in a similar
For the K, molecule two statesyy andoy, are reason- manner. The largest error occurs for the gtate of CO: 0.18
ably (as for that level of sophisticatiprtiose to the experi- and 0.16 eV, respectively, compared to 0.23 eV for CCSD

mental data. Therg state is lower by 0.04 eV while the;, ~ (aug-cc-pVQZ valugs For the majority of states the errors
one is higher by 0.08 eV than the experimental value. Ap-stay below 0.1 eV which is reflected by the average deviation
parently the experimental value for tlg state is less accu- of 0.08 and 0.07 eV for the CCSDT-3 and CC3 approaches,

TABLE VIII. Comparison of the full and approximatg; models in the IP calculation&V) (AE).2

. aug-cc-pvTZ aug-cc-pvQz
Nominal
Molecule state CCSD CCSDT-3 CC3 CCSDT CCSD CCSDT-3 CC3 CCSDHxpt?
N, 30y 15.66 15.58 1554 1554 15.75 15.64 15.60 15.60 15.60

1w, 1727 1695 16.88 1699 17.34 17.00 16.94 17.05 16.98
20, 1891 1887 1882 1874 1898 1892 1887 1879 18.78
co 5 1419 1394 1386 1395 1426 13.99 1391 1401 14.01
17 17.10  17.10 17.09 17.03 17.18 17.16 17.15 17.09 16.91
4o 19.80 19.77 19.76 1960 19.89  19.84 19.82 19.66 19.72
F, im, 1563 1580 1575 1569 1575 1588 1583 1579 15.83
1w, 1897 19.04 1894 1889 19.09 19.11  19.01 18.97 18.8
30, 2119 2113 2115 2111 2127 2119 2120 2118 211
aeT e 0.14 0.08 0.07 0.00 0.6 0.08 0.07  0.00
a.e. expf! 0.16 0.08 0.09  0.07 0.22 0.12 0.10  0.07

2All electrons correlated.

PReference 49.

“Average error with respect to thg; values.

daverage error with respect to the experimental values.
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