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1. Introduction

Accurate descriptions of excited and ionized states of molecules have long
been a challenging subject in quantum chemistry. Chemistry involving these
states has shown a rich variety of phenomena that were quite appealing but
could not be fully understood without knowledge of their electronic structure
underlying the observed phenomena. Many of the excited and ionized states
are described as one-electron processes from the ground state. However,
there exist a lot of excited and ionized states that are characterized by two-
or more-electron excitations from the ground state. Since these states are
usually not observed by optical measurements, these multi-electron
processes have been less focused, both experimentally and theoretically.

In 1982, one of the authors calculated the ionization spectra of H,O,
CO,, COS, and CS, by the SAC-CI method'™ and was deeply impressed by
the existence of so many two-electron excitation-ionization states in the
inner-valence region of the spectra. Most of these states were not observed,
because the transitions to these states from the ground state were optically
forbidden: only few were observed as shake-up satellite peaks when mixing
with single-electron processes could occur. However, since so many states
exist, they must play an important role in rather high-energy chemistry, for
example, in energy-relaxation processes, high-energy reaction processes, etc.
These states are interesting theoretically, since they usually involve much
information on the electron correlations of molecules, as it is in the satellite
peaks in the valence ionization spectra. This means also that accurate
description of these multi-electron processes is more difficult than that of the
single-electron processes. Thus, accurate descriptions of multi-electron
processes are theoretically challenging subject.

The SAC/SAC-CI(symmetry-adapted-cluster configuration-interaction)
method*® has been successfully applied to the various kinds of molecular
spectroscopy.l':"“}23 For ordinary single-electron processes, the SD-R method
was enough and gave qualitatively satisfactory results.>® However, this was
not so for the two-, three-electron processes, like ionization-excitation
processes involved in satellite peaks of ionization spectra. The SAC-CI
general-R method” was designed to give quantitative descriptions for not
only one-electron processes but also multi-electron processes appearing in
the excited, ionized, and electron-attached states in rather higher-energy
region. In the original paper published in 1991, the potential usefulness and
applicability of the general-R method were demonstrated by the applications
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to the various electronic states of CO and C,.2* It was also shown that the
exponential generation algorithm®™*" was useful in the performance of the
SAC-CI general-R method. The method was also shown to be useful for the
excited states of open-shell systems, since they are often described by the
two-electron processes from the closed-shell SAC state.

There are many two-electron states in the inner-valence region of even
small molecules, as mentioned above. This causes a problem in the iterative
diagonalization of large dimension matrices. The SAC-CI general-R method
has a merit at this point, since its computational dimension is much smaller
than that of ordinary CI approaches. We have calculated a variety of satellite
peaks appearing in the valence ionization spectra.zg‘34 We have confirmed the
accuracy of the SAC-CI general-R method for the main and satellite peaks of
the ionization spectra by comparing it with the full-CI spectra of N, and
CO.® More recently, we have performed a series of SAC-CI general-R
studies on the ionization spectra of various molecules, for exam?le, HC1,3°
C,H,” CO,* HX (X=0, S, Se),** cyclopentadiene,” pyridine,” etc., and
obtained quite accurate results that agree well with the experimental spectra,
giving accurate assignment of the spectra.

It should be noted that the development of the experimental techniques,
such as high-resolution synchrotron radiation photoelectron spectroscopy
(SRPES), X-ray PES, electron momentum spectroscopy (EMS), and Penning
jonization spectroscopy (PIES) have enabled the detailed analysis of the
satellite peaks not only about the peak positions and intensity, but also about
their ionization characters that reflect their electronic structures. Theoretical
information is, therefore, very important in the assignment and interpretation
of these spectroscopic results.

The analytical energy gradient of the SAC/SAC-CI method has been
formulated and implemented,” 36 and recently, this method has been
extended to the SAC-CI general-R method.” This general-R gradient method
has provided important quantitative descriptions of the spectroscopic
properties such as molecular geometry, vibrational frequency, and adiabatic
excitation energy of the multi-electron states in the excitation, ionization,
and electron-attachment processes. This method is also useful to study
similar properties of the excited states of open-shell systems. We can also
study chemical reaction dynamics and energy relaxation processes, in which
multi-electron processes often play an important role as mentioned above.

In 1985, the SAC/SAC-CI computer program system (SAC85)’** has
been published. It was also this year that the program system of the
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MEG(multi-exponential ~ generation)/EX(excited)-MEG  method  was
completed.”” This MEG/EX-MEG program is a very general code that can
deal with not only multi-reference quasi-degenerate states?5?7 but also
completely general SAC/SAC-CI calculations including higher excxtatlon
operators R without any neglect of unlinked terms. The recent version* was
made more efficient in integral evaluation and diagonalization.

As a theory of the excited states, coupled cluster linear response theory
(CC-LRT) were formulated in time-dependent manner by Monkhorst and
Dalgaad*** and time-independent manner by Mukherjee.* After a decade,
CC-LRT** were reformulated and the equation-of-motion coupled-cluster
(EOM-CC) method**® were published. It has been theoretically pointed out
that they are identical to the SAC-CI method.*® However, this fact has not
been properly described in the papers of EOM-CC and CC-LRT. The
IP-EOM-CC® and EA-EOM-CC” are just equivalent to the SAC-CI method
for ionization and electron attachment processes: in SAC-CI, all of the
singlet and triplet excitations, ionizations and electron attachments were
calculated at the same time since the original program coded in 1978 to 1979.
The extension to include higher-order terms, namely, SAC-CI general-R
method® is closely related with EOM-CCSDT>"*? and response theory of
CC3* published much later. We will show some numerical result confirming
the equivalence of EOM-CC and CC-LRT to SAC-CI.

In this review article, we first explain the SAC/SAC-CI methods briefly
in Sec.2. In Sec.3, the results of C, are reviewed from the original work of
the general-R method.” In Sec.4, we show more recent applications of the
general-R method to the valence ionization spectra of molecules, such as N,
CO, H,0, H,S and XONO, (X=F, Cl, Br, I) molecules. In Sec.5, we show
SAC-CI general-R analytical energy gradient calculations. In Sec.6, we will
numerically confirm the equivalence of EOM-CC and CC-LRT to SAC-CIL
We also show that some approximations adopted in current SAC-CI are
accurate and useful. Sec.7 gives a summary of this article.

2. Theory
2.1. SAC/SAC-CI method

For totally symmetric ground state, we define the SAC expans:on as,
PA¢ =exp(S)|0) )

where |0) is Hartree-Fock and
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S| being symmetry-adapted excitation operator. Note that the SAC

expansion can also be defined for higher-symmetries.*
In the SAC expansion the unknown variables C, are associated to the

ST, so that we require the Schrodinger equation is satisfied within the space
of the linked configurations as
(0|H - E,|¥3*) =0 (32)
(0[5, (H - E,)| ) =0. (3b)

This solution is called non-variational.
The variational solution is obtained by applying the variational
principle to the SAC wave function and we obtain,

(P3| H - E,|¥3) =0 ' (42)
(¥3|(H -E,)S]|¥5*) =0. (4b)

The variational solution is more difficult than the non-variational one,
because it includes the integrals between unlinked terms. Recently,
variational CCD** solution has been obtained by Voorhis and Head-Gordon
and shown to behave properly even up to the dissociation limit.

The SAC theory defines not only the SAC wave function for the ground
state, but also the excited functions that span the basis for excited states.>”’
Starting from Eq. (4b), we define the excited functions {®, } by

®, =PS} |‘P:AC) 5)
where P is an operator which projects out the ground state,

P=1 —|‘{’§"C)<‘I’§"C| . (6)
Then, it is easily shown that the functions {®  } satisfy

(@ |¥3)=0, (@, |H|¥;)=0, ™

which means that the functions {®,} form a basis for excited state. We

therefore describe the excited state by a linear combination of these
functions,

‘PEAC_CX = deq)x (8)
K
which is the SAC-CI theory.
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Applying the variational principle for solving the unknown variables
{dy}, we obtain

(@ |H - E,|#3) =0. ©9)

The SAC-CI wave function automatically satisfies the orthogonality and
Hamiltonian orthogonality with the ground state and also with different
excited states.

The SAC-CI wave function is also defined for the excited states having
different symmetries, and for ionized and electron attached states. We
generalize Eq. (5) as

_ ppt |\ysac
@, = PR} |¥5™) (10)
where (R} represents a set of excitation, ionization, and/or electron
attachment operators.

The non-variational SAC-CI solution is obtained by projecting the
Schrodinger equation onto the space of the linked configurations,

(O|R (H - E,)|¥2"') =0. an -

In the case of totally symmetric singlet excited states, the non-variational
SAC-CI formulation giving SAC solution for the ground state'' is written as

( (0|(H - E,)e*|0) (0|(H - E.)Rie* | 0) J=0: (12)

(O|Ry (H —E,)e*|0) (O|R, (H —E,)Rye*|0)
This is equivalent to the formulation based on Eq.(5) that uses the projector
P.
The SAC-CI theory is based on the transferability of correlations
between ground and excited stats. This would be clearly understood by
writing the SAC-CI wave function as,

SAC
YA =R (13)
where the excitation operator R is defined as,
R=> diR}. (14)
K

For totally symmetric states, we may include identity operator within { R} }

to ensure the orthogonality of the excited states to the ground state. The
electron correlation of the ground state is well described by the SAC wave
function and the excitation operator describes a modification of the electron
correlation by excitation: this is much easier than calculating all the
correlations of the excited states from the beginning. Further, a balanced
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description of electron correlations between ground and excited states is
rather difficult actually. In physics community, this concept is often called
renormalization.

2.2. SAC-CI general-R method

For implementing the SAC-CI method, there are two standards in the choice
of the R-operators.®** First choice is to include single and double excitation
operators within the R-operators. This choice gives accurate results when the
excitations or ionizations involve only one-electron processes, as have been
confirmed by many applications. The second choice is to include not only
single and double excitation operators, but also triple-, quadruple- and
higher-excitation operators within the R-operators. This choice is necessary
when we study two-or-more electron processes in the excitation and
ionization phenomena. We call the former method as the SD-R method and
the latter as the general-R method.

The SAC-CI general-R method has the following features.

(1) It is applicable to various electronic states, singlet and triplet excited
states, ionized states, electron-attached states and high-spin states from
quartet to septet states including multi-electron processes in the same
manner as the SAC-CI SD-R method.

(2) It is applicable to a large number of excited and ionized states at the same
time.

(3) It is also useful to calculate the excited states of open-shell systems, since
their excited states are often described by the two-electron processes from
the closed-shell SAC state.

(4) It is useful to study the chemical reaction dynamics and energy relaxation
processes, in which the multi-electron processes often play an important
role.

For generating the triple-, quadruple-, and higher-excitation operators in
the SAC-CI general-R method, the exponential generation algorithm®™?’ is
useful, which is explained in Sec. 2.3. This method combined with the
perturbation selection has also been shown to be accurate and efficient. For
small molecules, one can also generate all the triple and quadruple operators
followed by the perturbation selection.

The method of calculating the analytical energy gradient for the SAC-CI
general-R method has recently be developed and implemented.”’ For the
details of the method, we refer to the original paper.”” The method has
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provided a powerful tool for investigating the geometries and vibrational
frequencies of the excited states in which two- and multi-electron processes
are involved.

2.3. Exponential generation algorithm

In the SAC-CI SD-R method, all the double excitation operators are
generated and the perturbation selection is performed. However, this
algorithm for triple, quadruple, and higher-excitation operators can be quite
time-consuming even for the medium-sized molecules. This is circumvented
effectively by introducing the exponential generation (EG) algorithm®? of
the higher operators from the lower ones.

In the series of studies on the quasi-degenerate system, we introduced a
new exponential-type operator defined by

mm(ZaKA; ): Q(ao +) a AL +%ZaKLALAZ +] (15)
K K K,L

where the excitation operator A} runs over all the space and spin
symmetries and O is a symmetry projector. Single and double excitation

operators are usually adopted for A} operators. The constructions of the

higher order excitation operators are made in the spirit of the cluster
expansion theory: the higher order operators are generated as the products of
lower-order operators as in the cluster expansion, but the coefficients of the
product operators a,, are made free from those of the lower operators a, .
In order to include all possible highly connected terms such as simultaneous
double excitations, all independent spin and space functions are included in
{ A} } to produce the product operators {A}A]}.

For better understanding of the above method for constructing higher
excitation operators in various spin symmetries, we explain the EGCI
(exponentially generated CI) method. The EGCI method normally starts
from the totally symmetric singlet ground states using € £°Z operator as

E Ja =$£’9(;aKAL )o) : (16)

In Eq. (16) we include only those single and double excitation operators A

that are important for the description of the ground state. In the expansion of
the ## 2 operator, we successively generate higher product operators from
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the lower ones using its importance as a criterion. The wave functions for the
excited, ionized, and electron attached states are constructed by applying the
excitator to the ground state as

Wy Eoct =9I‘P§GC‘. a7
R is expanded by a linear combination of the excitation operators {B}} as
R=> byBy (18)

K

where {B}} is usually the single and double operators which describe the
excitation, ionization, and electron attachment, and usually we choose only
some important ones. Note that {b,} is not a simple coefficient but an
operator that gives the independent coefficients for the product operators
{ALB!} and {ALA]B]}, etc. The resultant EGCI wave function of various
spin multiplicity is thus expressed as

wE =0l Y b B +leKLA}BZ 1 S by ALAlBy +... |0) .(19)
K 2 K,.L 3 ! K,LM
Again in Eq. (19), we generate higher product operators only from important

lower operators A. and B] . In the SAC-CI general-R method, the
higher-excitation operators {A}B]} and {AyA}Bj} are generated in the
same way. For more details, we refer to refs. 25 — 27.

3. Accuracy of the SAC-CI general-R method: C,

The SAC-CI general-R method was proposed in 1991 and first applied to the
excited, ionized and electron attached states of CO and C, to investigate its
accuracy and efficiency for describing multi-electron processes.”* Table 1
shows a comparison of the full-CI and SAC-CI results for C, at its
equilibrium bond length. The basis set was the [4s2p] GTOs of
Huginaga-Dunning.”>*® The active MOs were limited to four occupied and
five unoccupied MOs. ‘Excitation level’ denotes the number of electrons
involved in the excitation, ionization, or electron attachment. ‘Main
configuration’ shows the most important configuration in the full-CI, ‘size’
denotes the SAC/SAC-CI dimensions, and A shows the difference in the
total energy between SAC-CI and full-CI.

Since the po-bonding MO is left unfilled in the low-lying region, the C;
molecule has many doubly excited states in a relatively low-energy region.
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Table 1. SAC-CI and full-CI results in hartree for C, at R=1.24253A

(equilibrium distance)

State Exc. Main configuration® Full-CI SAC-ClI general-R®
level (C>0.35) size _ enmergy  size  enmergy A™*10°
Singlet
T’ 0 0.85(2222)-0.35(20222) 748 -75.52629 46 -75.51985 6.44
112 -75.52378 2.51
I, 1 0.96(22121) 654 -75.45297 86 -75.45147 1.50
'Z,‘ 2 0.63(22202 +22022) 748 -75.42469 112 -75.42195 2.74
'A‘ 2 0.68(22202 - 22022) 748 -75.42356 112 -75.42130 2.26
‘I'l, 2 0.90(21212)+0.36(2211101) 654 -75.32914 69 -75.32437 4.77
s’ 1 0.86(21221) 688 -75.30272 111 -75.30186 0.86
‘TS 2 0.60(20222)+0.39(2222) 748 -75.25369 112 -75.24821 5.48
‘T, 1 0.62(221201 - 2221001) 620 -75.22000 79 -75.21597 4.03
‘A, 1 0.63(221201)+0.62(2221001) 620 -75.20743 111 -75.20551 1.92
(2.90%1.46)"
Triplet
, 1 0.94(22121) 950 -75.50716 158 -75.50437 2.79
N 1 0.91(21221) 960 -75.48006 152 -75.47606 4.00
N 2 0.96(22112) 940 -75.45908 95 -75.45324 5.84
31'[, 2 0.90(21212) 960 -75.42354 124 -75.41957 3.97
A 1 0.57(222101 - 2212001) 960 -75.28156 152 -75.27305 8.51
’A, 1 0.62(2221001 + 2212001) 940 -75.25573 152 -75.24966 6.07
’l'[c 2 0.80(2211101)+0.48(222011) 960 -75.23213 124 -75.22675 5.38
'z, 1 0.62(2221001+221201) 940 -75.23070 115 -75.22491 5.79
’ﬂ‘ 2 0.59(2211101)+0.48(222011 - 220211) 960 -75.19460 124 -75.18999 4.61
’Z" 2 0.50(212111 - 2112101) 920 -75.19404 124 -75.18586 8.18
-0.42(212111 - 2112101) (5.51%x1.72)
Cation
o, 1 0.84(2212)-0.39(20122) 756 -75.06396 145 -75.05952 4.44
A, 2 0.66(22201 - 22021) 784 -74.99347 141 -74.99174 1.73
. 2 0.61(22201 +22021)-0.37(20221) 784 -74.99019 141 -74.98752 2.67
22‘- 2 0.82(22111)-0.48(22111) 728 -74.97066 109 -74.96650 4.16
T, 2 0.85(21211) : 756 -74.96718 139 -74.96376 3.42
N 1 0.90(2122) 784 -74.96041 149 -74.95513 5.28
I, 3 0.89(22102) 756 -74.95202 145 -74.94621 5.81
’A, 3 0.64(21202 - 21022) 728 -74.89972 123 -74.89819 1.53
T3 0.61(21202 + 21022) 784 -74.86227 149 -74.86018 2.09
’E,’ 2 0.81(20221) 784 -74.84186 141 -74.83864 3.22
P 3 0.78(21112)+0.45(21112) 728 -74.83681 123 -74.83394 2.87
(3.38%1.34)°
Anion
PN 1 0.93(22221) 1164 -75.57950 133 -75.57263 6.87
I, 2 0.96(22122) 1100 -75.54346 142 -75.54102 2.44
T2 0.87(21222) 1144 -75.48444 121 -75.48003 4.41
Continue
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Continued

ZH‘ 1 0.88(222201) 1100 -75.35620 125 -75.35020 6.00
N 2 0.64(222111 -2212101) 1144 -7532372 121 -75.31868 5.04
5 2 0.66(2221101)-0.50(221211)+0.45(221211) 1056 -75.32053 125 -75.31667 3.86
I, 3 0.78(2211201)+0.56(222021) 1100 -75.31882 125 -75.31391 4091
A, 2 0.59(221211)+0.57(2221101)+0.35(2221101) 1056 -75.31794 121 -75.31379 4.15
A, 2 0.60(221211)-0.58(2221101)+0.36(2221101) 1056 -75.30293 125 -75.29987 3.06
N 2 0.65(2221101)-0.49(221211)+0.47(221211) 1056 -75.28780 125 -75.28073 7.07

(4.78+1.45)°

* The MO ordering is (25)(250*)(Pm)(pPm)(po)(pT*)(pT*)(pC*)(pC).

® The first row is the SAC value and all the others are the SAC-CI values.

° A shows the difference from the full CI result.

¢ (xxy) where x means the average discrepancy from the full-ClI value and y means the standard
deviation, both in millihartree.

As seen from the excitation level, there are many two- and even
three-electron processes. The errors of the general-R method are
consistently small, independent of the excitation levels; this is clearly seen
from the average discrepancies and the standard deviations given in the
parentheses. The sizes of the matrices involved are much smaller than
those of the full-CIL.

The average discrepancy in the excitation energy, ionization energy,
and electron affinity was calculated from the results shown in Table 1, and it
was 0.054 eV for the general-R method. From the results of CO and C,, it
was confirmed that the SAC-CI general-R method describes many-electron
processes very accurately. In general, the SAC-CI SD-R method is realiable
for single electron processes. For two- and many-electron processes, we
should use the general-R method.

4. Valence and inner-valence ionization spectra of molecules
4.1. Comparison with the full-CI spectra: N, and CO

First we show the accuracy and efficiency of the SAC-CI general-R method
for describing the main and satellite peaks in the ionization spectra. We
investigated the outer- and inner-valence ionization spectra of N, and CO
using full-CI and SAC-CI general-R method.”® Though the molecules are
small, many shake-up states exist in the inner-valence region.®*"®" The
basis sets were [4s2pld] GTOs™* with one Rydberg s function. Since
full-CI calculations were limited for solving many roots, the active spaces
were restricted to five occupied and five unoccupied MOs. In the general-R
calculations, higher-excitation operators were generated by the exponential
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generation algorithm and were included up to 6-ples excitations. For
comparison, SAC-CI SD-R calculations without perturbation selection were
also performed.

Fig. 1 compares the ionization spectra of N, calculated by the full-CI,
SAC-CI general-R and SD-R methods. Three main peaks were well
reproduced by both the general-R and SD-R methods. The satellite peaks in
the inner-valence region were reproduced quite accurately by the general-R
method, while the SD-R method was not as satisfactory for these peaks. Note
that the SAC-CI general-R spectrum almost completely superposes the
full-CI spectrum. The SAC-CI general-R method gave quite accurate peak
positions and intensities for both main peaks and satellite peaks. The
intensities were mainly due to the final-state interaction with (36, and
(26,)"", which were precisely described by explicit inclusion of interactions
between dominant doubles and higher triples and quadruples.

1.00 1.00

(a) full-ClI (a) full-CI
0.80 0.80
Z0.60 Z0.60 ]
H H
2 3
Z 0.40 E 0.40 1
0.20 0.20
0.00 . r . .l ekl 0.00 ; b .I I‘ L
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
lonization energy (eV) lonization energy (eV)
1.00 1.00
(b) SAC-CI general-R (b) SAC-CI general-R
0.80 0.80
%‘ 0.60 2 0.60
g g
£ 0.40 - € 0.40
0.20 § 0.20
0.00 T T T l[ l'll"l'I % 0.00 T L T 4 II Jl T T
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
lonization energy (eV) lonization energy (eV)
1.00 1.00
(c) SAC-CI SD-R (c) SAC-CI SD-R
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g 2
£ 0.40 7 £ 040 ]
0.20 | 0.20
0.00 |I T T ey T l' T 0.00 T by Ly IEEnas: I
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
lonization energy (eV) lonization energy (eV)
Fig. 1. Ionization spectrum of N, Fig. 2. Ionization spectrum of CO
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Examination of the method was also performed for the ionization
spectrum of CO as shown in Fig. 2. Many shake-up states appear in the 25 -
42 eV region as observed in the experimental spectrum. Again, the SAC-CI
general-R method gave accurate spectrum for both position and intensity. It
is interesting that the SD-R method gave better descriptions for CO than for
N,: two small peaks at ~26.5 and ~32.7 eV and prominent peak at ~42 eV
were reproduced. But, the twinning of the peaks at c.a. 36.0 eV was only
reproduced by the general-R method.

These results show that the SAC-CI general-R method is an accurate and
reliable method and enables a quantitative analysis of the ionization spectra
in both outer- and inner-valence regions.

4.2. Inner-valence ionization spectra of H,O and H,S

The Group VI hydrides show interesting characteristic ionization peaks
in the inner-valence region of the ionization spectrum. In particular, the
satellite peaks of H,O and H,S have been intensively studied by the
SRPES,” XPS,” and EMS spectroscopies.®*®> Since the inner-valence
spectra are very complicated, the detailed assignments of the peaks have
long been difficult. In this section, we show the SAC-CI §eneral-R results of
the inner-valence ionization spectra of H,O and H,S.** We compare our
SAC-CI spectra directly with the experimental spectra and characterize in
detail the nature of the satellite peaks. We calculated the vertical ionization
energies at the experimental geometry.®® Since two-electron processes
involving the excitations to the Rydberg orbitals were known to be important,
we used cc-pVTZ®"%® augmented with three s-, p-, and d-type Rydberg
functions® for O and S.

The main peaks of these molecules were accurately calculated by both
the general-R and SD-R methods, and so we here present only the results of
the inner-valence spectra. Fig. 3 shows the inner-valence ionization spectrum
of H;0 observed with the EMS* experiment compared with the spectrum
calculated by the SAC-CI general-R method. The EMS experiment observed
three satellite bands numbered 1-3, which were shown by a dashed line. Our
calculation gave many satellite peaks in this region of the spectrum and these
peaks makes up as a whole the bands observed experimentally.

For the prominent band 1 centered at 32.2 eV, we assigned three split
?A, states. The total pole strength of these states was calculated to be 0.612
in good agreement with the experimental intensity of 0.580.% For band 2 of
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the medium pole strength at 35.0 eV, three shake-up states were calculated.
These states were characterized as the shake-up states including the
excitation to the Rydberg orbitals. We also found the medium band at around
37 eV, which was shown by arrow in Fig. 3. This band was composed by
five shake-up states. The total intensity of the satellite peaks in the region of
34-38 eV was 0.168, which agreed well with the experimental value of
0.180.% The weak broad band 3 at 38.90 eV was assigned to the five
shake-up states, which were mainly described as the ionizations
accompanied by the excitations to the valence orbitals.

1 (a) EMS (1200eV)
£ H20 g\ ©=0 deg
g
T
20 25 30 35 40 45
0.4+
3 1 (b) SAC-CI
2 0.33 general-R
‘g 3
g 024
£ ]
0.1
0 : T T LA 4 L. ] T T F T 7 T T T T T T T T
20 25 30 35 40 45

Binding Energy [eV]

Fig. 3. Inner-valence ionization spectrum of H,O by (a) EMS* and
SAC-CI general-R method. >

In the inner-valence region, we found two peaks that were not reported
in the EMS study. In the lower energy region below the strong band 1, we
calculated a weak peak at 27.56 eV. The EMS spectrum also seems to have a
peak in this energy region ~27.0 eV. A very weak band seems to exist at
around ~41 eV in EMS. Two shake-up states with low intensity were
assigned to this band.

Next, we show the results of the inner-valence spectrum of H,S, which
has more complicated structure than that of H,O as shown in Fig. 4. It shows
the theoretical ionization spectrum in the entire inner-valence region along
with the EMS experimental spectrum. In order to elucidate this spectrum,
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many experimental techniques have been applied: the SRPES® observed 13
peaks and gave fine analysis especially in the region of 22-24 eV. The XPs®
experiment determined the relative cross sections of the satellite peaks. The
present SAC-CI general-R method calculated more than 35 states with
considerable intensities up to double ionization threshold, and gave detailed
theoretical assignments for all of these peaks.

As seen in Fig. 4, the SAC-CI general-R method reproduced the shape
of the EMS spectrum. A weak band 1 was observed below the strong peak;
the present method calculated “shake-down” state assigned as (2b,nay),
which was consistent with the experimental analysis. For the strong band 2
observed at 22.37 eV, a prominent peak was calculated at 22.21 eV, which
was characterized as a linear combination of (4a,") and (2b;”na;). The
intensity of this peak was calculated to be 0.241 in agreement with the XPS
intensity of 0.210. Two split peaks were calculated at 23.20 and 23.62 eV,
and constitute band 3 centered at 24.07 eV of EMS. For the bands 4-7
observed in the EMS, many satellite peaks were continuously calculated. As
shown in Fig. 4, the convoluted theoretical spectrum agreed well with the
shape of EMS spectrum in this region. An arrow in the theoretical spectrum
shows a cluster of small satellite peaks: this was observed by the SRPES and
XPS,%*%* but was missing in the EMS, though a small structure was also
observed by EMS.

(a) EMS (1200eV)
= X all angle
5
g
:‘E"
<
7
1 LI 1 T
20 25 30 35
0.3 5
2 (b) SAC-CI
%‘0.2_; 3 general-R
So1d H 4 5 86
3
3
3 7
P A |J T T [T
T T 7T
20 25 30 35
Binding Energy [eV]

Fig. 4. Inner-valence ionization spectrum of H,S by (a) EMS®
and SAC-CI general-R method.*
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In the series of studies for Group V and VI hydrides,**™ the SAC-CI
general-R method has reproduced fine details of the experimental ionization
spectra for not only the peak positions but also the intensities as shown in the
present examples. It could successfully give quantitative assignments for the
peaks in both the outer- and inner-valence regions.

4.3. Outer-valence ionization spectra of XONO; (X=F, Cl, Br, I)

In conjugated molecules, multi-electron processes appear in lower energy
region of the ionization spectra than in non-conjugated molecules. The
valence ionization spectra of XONO, (X=F, Cl, Br, I) are of interest, since
their He I PES have been recently observed except for X=L""" XONO, is
known to be an important molecular species in the ozone depletion catalytic
cycle in the atmosphere.”””" In particular, C1O, which appears in the ozone
depletion cycle, reacts with NO; to produce CIONO,, and therefore, CIONO,
is considered to be one of the important temporary reservoir species of ClI
atom.

We have investigated the outer-valence ionization spectra of these
compounds by the SAC-CI SD-R method.?' The calculated spectra agreed
very well with the experimental ones and some new assignments were
proposed. Here, we apply the SAC-CI general-R method to these molecules
to see the effects of the two-electron processes interacting with the
one-electron processes that constitute the main peaks. The geometries and
the basis sets were the same as those used in the SD-R study:*' the basis sets
are [5s3p1d] GTOs™ for N, O, and F, [6s5p1d] GTOs™ for Cl. For Br and I,
the relativistic effective core potential”‘ O was used with [2s2pld] GTO
basis.

We show the SAC-CI general-R spectra of CIONO, and BrONO; in Figs.
5 and 6, respectively, in comparison with the spectra observed by the He I
PES. For the main peaks that are due to the one-electron processes, the
present general-R calculations gave the same assignments as those of the
previous SD-R calculations.” However, in the present calculations, many
shake-up states appeared in the low-energy region and the Koopmans’
picture broke down. Correlation diagram of the valence ionized states of
XONO, is shown in Fig. 7 for X = F, Cl, Br, and I. From Fig. 7, we see that
the character of HOMO is different between FONO, and other molecules.
The valence ionized states shift to smaller energy as X is replaced from ClI to
I, reflecting the LP. of the halogen atoms.
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Fig. 5. Outer-valence ionization Fig. 6. Outer-valence ionization
spectrum of CIONO, by (a) He IPES”"  spectrum of BrONO, by (a) He I PES™
and (b) SAC-CI general-R and (b) SAC-CI general-R
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Fig. 7. Correlation diagram of outer-valence ionized states of XONO,
(X=F, Cl, Br, I) calculated by the SAC-CI method

For CIONQO,, the first and second ionized states were characterized as
the ionizations from the orbitals localized on ClO unit. The third band was
reported to be an overlapping band since different two vibrational structures
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were observed. Actually, in our calculation, two ionized states were closely
calculated for this band. Up to 16 eV, all the states are mainly described by
the one-electron processes. Many satellite peaks appeared below from the
band around 18 eV as shown in Fig. 5. The intensities of these peaks
originate from the MOs localized on NO; unit. For BrONO,, the IPs of the
shake-up states were calculated in the energy of 16-18 eV. Correspondingly,
in the He I PES, a weak continuous band was observed in this region.

5. Analytical energy gradient of the SAC-CI general-R method

Recently, the SAC-CI analytical energy gradient method has been extended
to the general-R method, and the performance of the method has been
examined for the excited states of BH and CH,” for which some
experimental information for the two-electron processes is available.®’ As
noted in Sec. 2.2, the method is useful for studying the physical properties of
the multi-electron processes and the excited states of open-shell systems.
Here, we show the results of the excited states of BH and CNC.

5.1.BH

First, we show the spectroscopic properties of BH. In the SAC-CI general-R
method, the R-operators were limited up to triples. The results of 7., W, and
T, are summarized in Table 2 comparing with the experimental values.8!

As shown by ‘excitation level’, low-lying A'Il and a° IT states of BH are
described essentially by one-electron excitations from the ground state,
while C"A, C'T* and b’T states are described by two-electron excitations.
For the one-electron excitation processes, the SAC-CI SD-R and general-R
methods give very similar results in good agreement with experiments: the
effects of the triples are negligibly small and within 0.005 A, 0.03 eV, and 50
cm’ for r., T., and ., respectively. For the other three states generated by
the two-electron excitation processes, the general-R method gives
considerably better results than the SD-R method, especially for T.. The
effect of including triples amounts up to c.a. 0.8 eV for T of b’T and C'A
states. The calculated r. agreed excellently with experiments for these states;
the deviations were within 0.002 A. Thus, for the two-electron processes, we
should use the SAC-CI general-R method for obtaining quantitatively
reliable results.
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Table 2. Excitation level, equilibrium internuclear distance (r.), adiabatic excitation
energy (T.), and harmonic vibrational frequency (@), for the singlet and triplet
states of BH.

State Method Exc. r, T, , Main configuration ®
level (A) (eV) (cm™)
X'zt SAC 0 1243 - 2362
Exptl.® 1232 - 2356
a1 SD-R 1 1.194 1.190 2664 0.94(3c"1m)+0.32(30 '2r)
general-R 1 1.195 1.163 2653 0.93(3c '1m)+0.32(30 '2m)
Exptl.® 1201 -
ATl SD-R 1 1236 3.074 2227 0.94(3¢"'lm)
general-R 1 1241 3.018 2171 0.933c'1n)
Exptl.® 1.219 2.868 2251
b’T  SD-R 2 1206 5470 2629 0.86(307*1%%)+0.30(3c6°21n2w)
-0.30(3021m2m)
general-R 2 1.228 4.616 2405 0.84(30717%)+0.30(361n2n)
-0.30(30°2112r)
Exptl.® 1227 -
C'A SD-R 2 1190 6.815 2776 0.90(3c71%?)
general-kR 2 1.198 6.092 2673 0.89(3c *1n?)
Exptl.” 1.196 5.701 2610
C't* SD-R 2 1191 7.550 2762 0.63(30 217%)+0.63(30%17%)
general-R 2 1200 7.014 2657 0.63(3c 217%)+0.63(3c%1n%)
Exptl.” 1.213 6.854 2475

* The Hartee-Fock electronic configuration for the ground state is (16)*(20)*(30)~
b
Ref. 81

5.2.CNC
Next, we show the result for the open-shell molecule CNC, whose excited

states are described by the two-electron processes from the closed-shell SAC
(cation) state. We first calculate closed-shell CNC* by the SAC method, and
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then calculate various electronic states of CNC radical by the SAC-CI
electron-attachment method. In Table 3, the SAC-CI general-R and SD-R
results of r. and T, are compared with the experiment and with the CASPT2
calculation.8? The R-operators up to triples were included in the general-R
calculation.

Table 3. Excitation level, equilibrium internuclear distance (Rcy), adiabatic

excitation energy (T.) for the doublet ground and excited states of CNC.

State Method  Exc. Ren T. Main configuration®

level (A) (eV)

X M1, SD-R 1 1257 —  097(1m)+0.13(1n, In2m,)
generallR 1 1.253 - 091(Im)+0.16(1x, 17 2m,)
CASPT?2 1.253
Exptl.” 1.245

A’A, SD-R 2 1257 7205 0.92(30,'1m,)+0.92(30,  In,’)
generallR 2 1256 3934 092030, Im)+0.91(3c, ' 1n;)
CASPT2 1257  3.425
Exptl.° 1.249  3.761

B 2%, SD-R 2 1260 7.644 0.65(30,"1n,)+0.65(3c," 1n,%)
generallR 2 1259 4545  0.65(30,"'1n,)+0.65(30," 1)
CASPT2 1259  4.001
Exptl.® 1259 4315

? The electronic configuration and the excitation level are given relative to the
closed-shell CNC*, namely, (core)®(36,)%(26,)*(1,)*(46,)*(30,)°

® Ref. 82

° Ref. 81

The ground state, le'Ig is described by the one-electron process, while
the other two doublet excited states, A’A, and B’Z,", are represented by the
two-electron process. For r., both general-R and SD-R gave excellent
results for the ground and excited states: the deviations from the experiment
are within 0.008 A. For T, the general-R method drastically improves the
results of the SD-R method. The effect of including triples in the R-operators
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is as large as 3.1-3.3 eV. The adiabatic excitation energies calculated by the
general-R method agree well with the experiment, while the CASPT2
method underestimates these values.

6. Equivalence of EOM-CC and CC-LRT to SAC-CI

The EOM-CC and CC-LRT methods are equivalent to the SAC-CI method.
This was obvious theoretically from the beginning, however, this fact has not
been properly understood by some investigators. In this section, we give
some numerical proofs that show the equivalence of EOM-CC and CC-LRT
to SAC-CI both in the SD level. We performed SAC-CI SD-R calculations
for CH; and CH* for which the EOM-CCSD** and CCSD-LRT calculations
were reported. We also would like to take this opportunity to show that the
approximation of neglecting the unimportant unlinked terms and the
perturbation selection of the linked operators are both accurate and useful.
As noted in the introduction, the program system MEG/EX-MEG" coded in
1985 can perform both SAC-CI SD-R and general-R calculations as special
cases of more general MEG/EX-MEG calculations without introducing any
approximations. Such calculations are also possible with the SAC-CI96
program system.*!

The excitation energies of the singlet and triplet excited states of CH,
and singlet excited states of CH' are compared in Tables 4 and 5,
respectively. The basis sets and geometries are identical to those used in the
EOM-CCSD and CCSD-LRT calculations. The SAC-CI SD-R results
obtained without any selections are given in the column under ‘full’. From
Table 4 we see that the SAC-CI SD-R and EOM-CCSD give identical results,
and from Table 5 that the SAC-CI SD-R and CCSD-LRT give identical
results: This is a numerical proof of the equivalence of the three methods.

A policy of the SAC/SAC-CI program is we calculate only important
terms, and we neglect terms if they are certainly negligibly small. By doing
so, we can make programs more efficient, so that we can calculate larger and
more complex systems, and the physics and chemistry of the calculated
results becomes clearer than otherwise we can. It is by this virtue that we
could have been able to apply our SAC-CI method to the porphyrin
systems'®® and to the reaction center of photosynthesis of
Rhodopseudomonas viridis.®® For this purpose, we may introduce the
following approximations.

(1) Some classes of unimportant unlinked terms are neglected from the
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beginning.

(2) The perturbation selection of the linked operators and further the
selection among the unlinked terms composed of the selected linked terms
are performed.

The accuracy of these approximations is also shown in Tables 4 and 5.
App.(1) means that we adopt the approximation (1) given above, and
App.(2) means that the approximation (2) is further done together with the
approximation (1). It is seen that both approximations give reliable results
within chemical accuracy. The results of SAC-CI-V method®’ are also given
for CH', and we can see the reliability of this method.

Table 4. Excitation energy (in eV) of singlet and triplet excited states
for CH, with 6-31G*

SAC-CI-NV EOM-CCSD®  Full-CI*
State Full* App.(1*  App.(2)
Singlet
A, 5.844 5.871 5.796 5.844 4517
9.120 9.109 9.111 9.120 9.053
A, 6.101 6.105 6.105 6.101 6.093
B, 1.668 1.669 1.692 1.668 1.679
B, 9.692 9.660 9.637 9.692 8.254
Triplet
A, 8.389 8.376 8.406 8.389 8.327
A, 5.300 5.305 5.325 5.300 5.315
B, -0.344 -0.344 -0.328 -0.344 -0.310
B, 8.382 8.370 8.342 8.382 6.904
9.304 9.299 9.304 9.304 9.150

3 SAC-CI-NV with all terms and without any selection
b Unlinked terms of R;*S, and R,*S, are included and others are neglected.
¢ Unlinked terms are same as b) and further selection is performed
with A,=10"%, A;=107, 7,=0.005, 1=1:=0.05, t=10".
¢ Ref. 52

314



Table 5. Excitation energy (in eV) of singlet excited states for CH' with
[5s3p1d/3slp].

State . SAC-CI-NV SAC-CI-V CC-LRT*
Ful®  App.(1)°  App.2)° App.(1)°  App.(2Y
Izt 9.109 9.098 9.082 9.114 9.080 9.109
13.580  13.577  13.591 13574 13587  13.580
e 3.261 3.272 3.283 3.262 3.280 3.261
14454 14468  14.460 14444 14455  14.454

# SAC-CI-NV with all terms and without any selection
® Unlinked terms of R;*S, and R,*S; are included and others are neglected.
¢ Unlinked terms are same as b) and further selection is performed
with A=10", =107, 1,0.005, 1,=14=0.05, ©=10".
? Ref. 46

When we want to apply the SAC-CI method to multi-electron processes
as discussed in this review, the improvement within the SD-R approximation
is meaningless: we have to extend the R-space to include higher excitation
operators such as triple, quadruple, etc., excitations, as clearly shown in
1991.%* Again, the number of triples, quadruple, etc. operators are huge even
for molecules of moderate size, so that we adopt the EG algorithm combined
with the perturbation selection. This makes us possible to calculate
chemically interesting systems with considerable accuracy. We have
performed such calculations of general-R method for many molecules.?***”°
In recent papers of the EOM-CC and CC-LRT, similar extensions of the
R-operator are also done, but they do not adopt the approximations (1) and
(2) explained above. 5153

7. Summary

In this review article, we have explained the SAC-CI general-R method
in comparison with the SD-R method and showed some applications to the
valence ionization spectra of molecules. The SAC-CI general-R method is
applicable not only to ordinary one-electron processes, but also to
multi-electron processes accompanied by the excitation (from singlet to
septet), ionization, and electron-attachment processes. It is also applicable to
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the excited states of open-shell systems. It can deal with a large number of
different states at the same time: this merit is important for calculations of
jonization spectra, because so many different states of different
multi-electron processes are involved up to deep inner valence region. For
this reason, these multi-electron processes should be important for the study
of high-energy chemical reaction dynamics and energy relaxation processes.

In this review, we first explained the underlying theoretical background
of the SAC-CI general-R method and the algorithms currently adopted in the
program. We next showed the accuracy and the efficiency of the method in
the test calculations of the excited, ionized, and electron attached states of
CO and C; in comparison with the full-CI results.* We also compared the
valence ionization spectra of N, and CO with the full-CI spectra.”® More
recently, the method has been extensively applied to a variety of the systems
for which interesting valence ionization spectra have been observed. ™
Here, the applications to H,O, HS, and XONO, (X=F, Cl, Br, I) have been
reviewed. The spectra of these molecules were quantitatively reproduced so
that the present method gave the detailed assignments for the band observed
by the experiments.

The analytical energy gradients of the SAC-CI general-R method have
been recently developed and implemented. This is a very powerful tool for
studying the geometrical and vibrational properties of the molecular states
that are produced by multi-electron processes from the ground state:
experimental investigations are rather difficult, though some pioneering
studies certainly exist," and so, reliable theoretical calculations are very
valuable. The results of BH and CNC for which some of the excited states
are described by the multi-electron processes have been presented. The
method was confirmed to be quite accurate providing reliable results for the
properties of the systems including multi-electron processes.

We presented the numerical results for the excited states of CH, and
CH* that show the EOM-CC and CC-LRT methods are the same as the
SAC-CI method. We also showed that some of the unlinked terms can be
safely neglected and that the perturbation selection of linked operators is an
accurate and useful approximation. This makes the SAC-CI SD-R and
general-R method to be chemically useful method.
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