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A generalized correlation group table (CGT) method isdescribed for the rel ativistic config-
uration interaction (RCI) wavefunctions of molecules containing heavy atoms. In this method
first four keywords are defined and two properties are discussed in terms of spectroscopic
states and double group theory. These definitions and properties are then used to summa-
rize six principles to stipulate the relationship among relativistic states, nonrelativistic states,
as well as RCI configurations. The definitions, properties, and principles comprise the gen-
eralized CGT method, which facilitates the classification and assignment of the RCI wave-
functions, and thus, provide a general technique for complex systems containing several open
shells. Finaly, the techniques are exemplified with a few computational models.
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1. Introduction

Relativistic effects play an important role in the electronic structure and spec-
troscopy of molecules containing very heavy atoms [1-4]. The coupling of electron
correlation effects and relativistic effects could be important, especially for molecules
containing very heavy atoms[1]. While other relativistic effects and electron correlation
effects can be introduced simultaneously by invoking the averaged relativigtic effective
core potentials (ARECPSs) for large-scale Cl calculations [1], the spin—orbit effects will
have to be considered for molecules containing very heavy atoms. For example, for
molecules such as IrC and IrCO, the spin—orbit effects have been found to be nonneg-
ligible [5,6] due to the large spin—orbit splitting of the Ir atom. In order to address
the coupling of spin—orbit and electron correlation effects, the relativistic configuration
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interaction (RCI) technique has been developed to include the electronic correlation ef-
fects and spin—orbit coupling simultaneously for such systemsin the double group of the
molecular point group [1,7,8].

It is well established that the RCI technique poses a magjor difficulty, especialy
for diatomics exhibiting several open-shell electronic configurations. For such systems,
the classification and assignment of the RCI wavefunction patterns are the major bot-
tlenecks. This stipulates the construction of aframework of wavefunctions as reference
configurations that correlate into given nonrelativistic and relativistic states. In order to
facilitate this, a series of correlation group tables, which mold the RCI wavefunctions
in terms of the relativistic states of a given w angular momentum, have been developed
by one of the authors [1] for simple cases that contain only afew open shells. The cur-
rent article is aimed at a systematic development of techniques for complex molecules
containing any number of open shells.

We first provide a brief outline of the correlation group table (CGT) method start-
ing with introduction to the basic principles used in [1]. Subsequently, we provide a
framework of definitions and properties that result in important rules and tables for the
assignment of the RCI wavefunctions arising from electronic states containing severa
open-shell electronic configurations. It is shown that the method can be used to con-
veniently classify the RCI wavefunctions derived from a given electronic configuration
that leads to high spin multiplicities. Some specific calculations, results and correlation
tables have been provided for convenient use in complex electronic states of very heavy
molecules.

2. Method
2.1. Preliminaries

Once the spin—orbit operator is included into the Hamiltonian, neither the spa-
tial symmetry operators nor the spin angular momentum operators commute with the
Hamiltonian. Choosing the many-electron basis functions to transform according to the
irreducible representations of the double group [1,7,9] may then block the Hamiltonian
matrix. Note that the matrix elements may be real, imaginary or complex, although itis
known that for molecules that exhibit Co, or higher symmetries, the matrix elements are
either purely real or purely imaginary [7].

Consider the simplest case of a singly occupied  orbital as an example. This
electronic configuration generates a 2T nonrelativistic state. In the C2,, double group,
the A = 1 spatial state and the spin 1/2 state correlate into IT and E4,, irreducible
representations, respectively, as seen from tables 1 and 2.

Thus, for the 2IT state under consideration, the overall relativistic states are ob-
tained as

: D
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Table1
Irreducible representations of diatomics and their v—w state
designation in the Cgov double group.

Irreducible representation w—w state designation
»+ 0+
T 0~
I1 1
A 2
P 3
r 4
E1/2 1/2
E3)2 3/2
En/2 n/2
Table 2
Spin state correlation for diatomics in the €2, double
group.
D* Irreducible representations
DO =t
pl/2 E1/2
pt T+
D3/2 E12+ E3)2
D" ST+ T+ 41" neven
D" ¥ +4+00+---4+TI", nodd
p"/? E12+ Egj2+ -+ Epp2

In terms of complex and rea orbitals, the 1/2 state can be expressed as

1 : e,
s=TB=(p+inp) — { i, . 2
Thus, the 1/2 relativistic state arising from the = configuration consists of two configu-
rations with g spin; w, g isrea, while 7,8 is imaginary, but with the same sign, so that
the net result is a 1/2 angular-momentum state. Similarly, the 3/2 relativistic state can
be expressed as

T[Xaa

—=rta=(ma+tin,ag) = { i, (3

2

Note that the difference of the configuration between 1/2 and 3/2 states is the spin
direction, namely, 8 and «, respectively.

By correlating the patterns of the RCI wavefunctions in terms of the signs of the
wavefunctions, and the corresponding nonrelativistic and relativistic states, one obtains
the correlation group table for the r electronic configuration, as seen from table 3, where
00, 01, 10, and 11 represent null, 8, «, and full occupations, respectively. This method
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Table 3
RCI wavefunction patterns for 7z configuration.
Case Configuration
A—s State w-w state signs Ty Ty Coy (A—s)
2n 1/2 + 01 00 2B1 or 2By
+i 00 01
3/2 + 10 00
+i 00 10

of describing the RCI wavefunctions can be generalized to more complex systems ex-
hibiting multiple open shells, which we call the correlation group table (CGT) method.

For other nonrelativistic states with high multiplicities, for example, °1, which are
often seen to be the low-lying states for species containing heavy transition metals, the
construction of the CGT ismore involved. Ascan be seen fromtablesl and 2, thexr =1
gpatial symmetry correlates with IT irreducible representation, but the s = 5/2 spin
symmetry correlates into E1,5, Es/p, and Es), irreducible representations. The overall
states are obtained as

NINNTOINT W

Eip@MN=E1p®Ezp — Q=

Ezpp@M=Ey)p® Espp — Q= (4)

Esp@MN=E7,® Ezp — Q=

NIWNIFENIE-

Consequently, a ®TT nonrelativistic state generates two 1/2, two 3/2, one 5/2, and one
7/2 relativigtic states. Since the two 1/2 states and the 5/2 state will inevitably lead
to similar RCI patterns with the only exception of signs, one must differentiate them in
terms of a generalized CGT technique, which we describe below.

2.2. Definitions and properties

Before describing the generalized CGT method, we first outline four definitions
that are used to categorize the RCI wavefunctions. Subsequently, we introduce two use-
ful properties by which more complicated RCI wavefunctions can be assigned relative
to the given relativistic and nonrelativistic states.

Definition 1. A set of RCI wavefunctions is caled a RCI configurationif the sign of
the coefficient of each RCI wavefunction remains relatively unchanged after linearly
combining the eigenfunction of a given relativistic state. Here “relatively unchanged”
means the signs are the same with respect to every operation. Note that the sign may be
either real or imaginary (that is, +1 or =+i).

Definition 2. Among &l the RCI configurations derived from an electronic configura-
tion with the same overall angular momentum alongside the z axis, each of a set of RCI
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configurations is called a characterized RCI configuratioof a given relativistic state if
the set makes the greatest contribution to this state.

Toillustrate, consider a  electronic configuration as an example. As can be seen
from table 3, there are four RCI wavefunctions altogether derived from this electronic
configuration, which can be expressed as +, 8, +im, 8, +m.a, and +imya. Inthis case,
+m.f and +imy B, and 4o and +imr, 0 comprise two RCI configurations, respectively.
Thefirst RCI configuration is the characterized RCI configuration of the 1/2 state, while
the second one is the characterized RCI configuration of the 3/2 state.

Definition 3. A spin configuratiorrefers to a distribution of electrons among complex
molecular orbitals that includes spin—orbit coupling, for example, 7t - 7B or 7t -
8%*a, etc. A spin configuration determines a set of RCI wavefunctions, namely, a RCI
configuration.

Definition 4. A pair of spin configurations is said to be coupledif one transforms to the
other by exchanging two electrons of different spin orientations between two different
complex molecular orbitals. For example, 7+a - 7~ and 7~ « - B congtitute a pair
of coupled spin configurationshich relate to the 0t or 0~ relativitic states.

Property 1. The number of spin configurations derived from a given nonrelativistic
electronic configuration is equal to that of the relativistic states derived from the same
electronic configuration.

To prove property 1, it may be observed that a spin configuration has one-to-one
correspondence with an eigenfunction for the z component of the overall angular mo-
mentum, 2, which is the sum of all of the individua angular-momentum projections.
Thiswell-known w—w coupling is expressed as

Q= Ea)i, (5)
where w; isthe total angular momentum of the ith occupied electron, i.e.,
w; =X, +5;,. (6)

Note that 2 commutes with the total Hamiltonian including spin—orbit term (i.e.,
in the double group), or

[H,Q] =0. ©)

Thus, the set of spin configurations has one-to-one correspondence with the eigenfunc-
tions of the Hamiltonian and the energy levels including spin—orbit splitting. Conse-
quently, the total number of spin configurations is equa to the number of relativistic
states.

Property 2. Nonrelativisticaly, apair of coupled spin configurations has the same spa-
tial symmetry if A # 0; for A = 0, the coupled spin configurations correspond to
¥+, ¥, respectively.
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Consider, for example, A # 0 case, namely, oo - 7ta - 7'~ B (A) andoa - e -
'~ B (B). They are both composed of the same type of complex molecular orbitals, thus
leading to same overall spatial angular momentum

A=3Xhs=Zhp. (8)

For A = 0, according to the definition in diatomic molecular term symbols, a pair of
wavefunctions with opposite orientation linearly constitutes =+ or . Usualy, A + B
leadsto =+, while A — B leadsto = .

2.3. Generalized CGT method

The classification of the RCI wavefunctions can be simplified through the determi-
nation of the RCI configurations and characterized RCI configurations in terms of states.
Thus, we have summarized some useful principles as follows:

1. Pauli’sprinciple: electrons with the same w and s cannot be in degenerate orbitals.

2. Relativistically, a pair of coupled spin configurations, namely, A and B, gener-
ates A + B and A — B linear combinations. We attribute 0" to A + B, while 0~
to A — B. Thus, the RCI wavefunction derived from a'x* state is completely
symmetric, and the sign for the RCI wavefunction of the 1=+ dtate is identically
positive. For nonrelativistic states with the same spatial symmetry, possible charac-
terized RCI configurations corresponding to each state should be selected from the
overall RCI configurations in terms of number, similarity, and degeneracy of the
RCI wavefunctions.

3. If @ + 2 and Q relativistic states contain the same type of RCI wavefunctions, but
possess different signs, then these RCI wavefunctions build up different character-
ized RCI configurations, which belong to different nonrelativistic states. Basically,
the nonrelativistic states are those with the same spin momentum, and differing in
spatial momentum by 2.

4.1. The corresponding relationships between the characterized RCI configurations and
nonrelativistic states are developed through the use of properties 1 and 2.

4.2. We stipulate that if an Q state changes to 2 — 1 by changing the spin orientation
of an electron (from « to B) in the highest-occupied orbital, the characterized RCI
configurations corresponding to the  and 2 — 1 relativistic states, respectively,
belong to the same nonrelativigtic state.

5. All of the RCI wavefunctions corresponding to the characterized RCI configura
tions of agiven relativistic state are to be fully considered with the exclusion of the
“redundant” RCI wavefunctions.

6. The contributions of different nonrelativistic states to a given relativistic state de-
pend on the MRSDCI energy values and spin—orbit coupling matrix elements.
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2.4. Applications of the CGT method

The principles presented above could be applied to several complicated electronic
configurations. We consider several such cases containing multiple open shellsto illus-
trate the power of the CGT method and develop systematic tables for the classification
of multiple open-shell wavefunctions that can be utilized in future computations and
developments.

Example 1l (zx’ case). Thiselectronic configuration isformed by placing two electrons
in nonequivalent = molecular orbitals. According to the diatomic molecular term sym-
bol rules[1,9] the w7’ electronic configuration generates nonrelativistic states including
SAF(3,2,1), 1A (2), 3=t (1,07), =t (0), 3%~ (1,01), X~ (07), while those in
parentheses are relativistic states corresponding to each nonrelativistic state. From prop-
erty 1, the number of spin configurationsshouldbe3+1+2+1+4+2+ 1= 10.

(1) For @ = 3, there is only one spin configuration, namely, 7 *ta - #'*a, which
leads to asingle characterized RCI configuration for the 3A, state.

(2) For Q = 2, there are two spin configurations, 7 ta - 7't and 7™ B - 7'*«, thus
generating a pair of coupled spin configurations. From definition 4 and property 2, the
gpatial symmetry for the two nonrelativistic states should be A, which is consistent with
molecular term symbol rules. From principle 4, 7 ta - 7/t B and 7B - #'Ta correlate
with 3A, and 1A states, respectively.

(3) For Q = 1, there are three spin configurations, 7 ta - 7'~ a (A), 7 ~a-7'ta (B)
andz+B - 7'*B (C). From principle 2, A and B are more similar compared to C, sug-
gesting that A and B should be chosen to form RCI configurations corresponding to the
3%~ and 3=+ dates, while C is attributed to 3A,. Specifically, A + B, or Re(A or B)
provides the characterized RCI configuration for the 3:+ sate, while A — B, or
Im(A or B) yidldsthe 3x~ state.

(4) Forthe @ = 0" or O~ states, there are four spin configurations, 7+ -7/~ B (A),
7tB-n""a (B), n a -7'tB (C) and 7~ B - n'ta (D), thus generating two pairs of
coupled spin configurations, A and B, and C and D. From principle 2, Re(A + B
or C + D) yields the characterized RCI configuration for the 'x*(0") state, while
Re(A — B or C — D) is the characterized RCI configuration for x+(07). On the
other hand, Im(A + B or C + D) yields the characterized RCI configuration for
3¥=(0"), and Im(A — B or C — D) provides the characterized RCI configuration
for 12(07), respectively. All of the classifications derived above satisfy princi-
ple 3.

Asaresult, the CGT for the 7w’ electronic configuration, shownin[1, table 5.15],
has been generalized and shown in table 4. For the actual computations such as Q2 = 0
(f or ), since A and B, and C and D are similar in the form of wavefunctions,
thus, the redundant ones C and D are not necessary to be considered in construct-
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Table 4
Correlation group table for the 7" electronic configuration.
Spin RCI wavefunction RCI wavefunction
Q configuration  Sign 7y 7wy my wy SN w w wy wy A
3 ntan'ta + 10 10 - 10 10 SAr
+i 10 10 +i 10 10
2 atan'tB + 10 01 - 10 01 SA,
+i 10 01 +i 01 10
xtBn'ta + 01 10 - 01 10 1a;
+i o1 10 +i 10 01
1 nater’~a(A) + 10 10 + 10 10 Re(AorB):3nt
+i 10 10 i 10 10
n~an'ta (B) + 10 10 + 10 10 Im(AorB): 3%~
—i 10 10 +i 10 10
atpr’'tB + 01 01 - 01 01 S3A;
+i 01 01 +i 01 01
ot, 00 ntan’"B(A) + 10 01 + 10 01 Re(A+ BorC+ D)
—i 10 0l  +i 01 10 I+t
atpr’~a(B) + 01 10 + 01 10 Re(A—BorC—D)
—i o1 10 +i 10 01 3yx+0M)
ran’tB(C) + 10 01 + 10 01 Im(A+BorC+ D)
+i 10 01 i 01 10 3yt
7~ pr’'Ta (D) + 01 10 + 0L 10 Im(A-BorC—D)
+i 01 10 i 10 o1 Is=0)

ing reference configurations. The correlation between the nonrelativistic and relativis-
tic states is then obtained according to the signs of the RCI wavefunctions listed in
CGT.

Example 2 (o28%). This electronic configuration results in electronic states with sev-
eral spin multiplicities and, thus, alarge array of electronic states. To determine the po-
tential energy surfaces and the electronic structure for linear molecules containing very
heavy atoms, such as Ta—CO, Re-CO, etc., these types of electronic configurations have
to be considered since the ground states of these systems have very complex electronic
states. Since the correlation of the 07282 electronic configuration and the corresponding
nonrelativistic statesis not listed in Herzberg's equivalent and non-equivalent electronic
configuration tables (see[9]), we, thus, obtain in table 5 the nonrelativistic states derived
from the o 7282 electronic configuration by combining the term symbols.

The o252 electronic configuration can be envisaged as a direct product of o 7?
and 52, i.e,

on?® 8% = on?s 9
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Table5
The relativistic states and the nonrelativistic states derived from the o 77252 electronic configuration.

= 2xt@) 2572 2A03) 4@ “4=t@ “A 6=t 2r@2 4r 27 Numberof Q

33 30 o 1o 1 1 1

3 3@ 3o 3 3 9

23 303 3 6

w—w % %(2) % 4
3@ 3 3

2 S

i3 1

According to Herzberg's table [9], o2 generates 2+, 2X~, ?2A and *X~ elec-
tronic states, and 52 generates 1 X+, 3%, 1T states. Since

Is*®@or?=232t,?22 7 2Aand?x,
3y " @on?=227,42 7,2t 4t 2A %A, 22T Axt and O Y, (10)
'®on?="°T,°T,%A,?% and T,

consequently, the relationship between the relativistic and nonrelativistic states derived
from the o 7282 electronic configuration is easily determined, as seen from table 5.

Based on property 1 and table 5, the number of spin configurations corresponding
to relativistic states from 1 to £ are 11, 9, 6, 4, 3, 2, and 1, respectively. Suppose o is
the highest molecular orbital in energy, one obtains the assignment as follows:

(1) For @ = £, as can be seen from table 4, the spin configuration cax *ax*B
8%*as?+ B isthe only characterized RCI configuration for the 2/ state.

(2) For Q@ = &, there are two spin configurations, namely, o8 *ar* p6%tas?* B
and car tar~as?> as? B. From principle 4, the former is the only characterized RCI
configuration for the 21 state, while the latter characterizes “T".

(3) For @ = 2, there are three spin configurations, ofr*ar ~as* as?' g (A),
cartanr B8 as? B (B), and car ~artB8%Tas?t B (C). According to definition 4,
A and B is a pair of coupled spin configurations, while B and C, and C and A are
coupled spin configurations. In terms of similarity of the RCI wavefunctions, as stipu-
lated from principle 2, the B and C configurations, which have the same form of RCI
wavefunctions, are the characterized RCI configurations for 2I" and 2I"(11), respectively.
Thus, the A configuration is the characterized RCI configuration for the “I" state. This
assignment can be verified by the use of property 2, which stipulates that the spatial
symmetries of the three nonrelativistic states are indeed the same as A = 4. Moreove,
the above assignment is in conformity with principles 3 and 4. For example, comparing
ocantantps?tas? g of 21 (Q = ¥) and cantar~Bs* s B of 27T (Q = 2), one
may deduce that the difference of spatial momenta between the two nonrelativistic states
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isindeed 2, asin principle 3. Alternatively, one may obtain the same assignment from
principles 3 and 4.

(4 For @ = £, the spin configurations include oo *an*Bs? as® a (A),
oBrtanr~B8*Tas* B (B), o antBé*tas?tB (C)andoan~ frt Bs%tas?t B (D).
From definition 4, B and C, C and D, and B and D are pairs of coupled spin configura-
tions, while B and C congtitute a degenerate pair. Thus, from principle 2, the B and C
configurations are the characterized RCI configurations for T" and 2T"(I1), respectively,
while D characterizes “T". Finally, the A configuration belongs to the A state.

(5) The spin configurations for @ = 2 include oartar 5% as? B (A),
cartantBs?>as? B (B), oprtant s as> a (C), cantar~as’>tas® o (D),
oBrtpr~ BT as?t B (E), and canr ~amr~ B6*Tas?t B (F). From principle 4, C and
E yield the *A and “T" States, respectively. Since A, B and F are more similar in the
form of the RCI wavefunctions, they are attributed to the 2A, 2A (1) and 2A(I11) states,
respectively, which are a'so consistent with principle 3. Finaly, the D configuration is
atributed to the °=+ tate.

(6) The spin configurations for @ = 2 include oBntan*ps* as? B (A),
oBrtant B> as** B (B), ofn " an~ B8 ad’tp (C), cantantps*tBs>= B (D),
cantar~ad® as*tB (E), cantan~as?*tad® B (F), can antps* as> o (G),
cantar~ 8%t as® o (H), and ofr~antad® as?> o (I). Sincethe spatial symmetry
for A—D isthe same as A, the A, B, C configurations are attributed to the 2A, 2A(Il)
and 2A(I11) states, respectively, while D is attributed to the *A state. The E and F,
and G and H configurations are coupled spin configurations, and the RCI wave func-
tions derived from E and F, and G and H are similar in form, respectively. Thus,
we attribute Re(E or F) and Re(G or H) to 4+ and X+ (ll), respectively, while
Im(E or F) and Im(G or H) to *x~ and “x~(Il), respectively. Finally, the configu-
ration I belongs to the ®= * state.

(7) The spin configurations for @ = 1 include oo ar~ps* as? B (A),
oBnan T8> as* B (B), cantan~B8* as*tB (C), can antBs> as* B (D),
cartanr~as*tas?> B (E), ofntan—as?> as’ B (F), ofntan—pé* as® a (G),
oBrn~antps*tas® o (H), cantan~as? ps> B (1), can*Br~ps% as’> a (J),
and oBrtantB8>TBS> B (K). In accordance with principles 2-4, we attribute
Re(A or D) and Re(B or C) to X+ and 2= *(I1), Im(A or D) and Im(B or C) to 2%~
and 22~ (1), Re(E or F) and Re&(G or H) to “x+ and 4= *(Il), and Im(E or F) and
Im(G or H) to*x~ and *X~(ll), respectively. On the basis of principles 3 or 4, K isthe
characterized RCI configuration for the A state. On the other hand, it is difficult to con-
trast J and I by using principles 2—4 aone, and thus, principle 6 will have to be invoked.
Suppose that the 7th spin configuration is a preferable characterized RCI configuration
for the 5x+ state, and J is the one for the 2+ (l11) state. In this case, principle 6 is
useful for the assignment of the RCI wavefunctions in the actual computations, since the
63+ and 2x* states have different MRSDCI relative energies. Consequently, the CGT
for the o262 eectronic configuration is summarized in table 6.
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2.5. Examples of calculations and results

A series of intriguing systemsin catalytic research comprises heavy transition met-
as interacting with CO that usualy possess high spin states from complex electronic
configurations as the low-lying states. As some of the spectroscopic results pertinent to
Ta—CO, Re-CO and W-CO have been published elsewhere [10-12], we describe here
only salient details asto how the generalized CGT method can be utilized for such com-
plex molecular systems.

The nonrelativistic spectroscopic properties for Ta interaction with CO have been
reported previoudy [1]. Due to the fact that a o252 electronic configuration appears to
dominate the X+ first excited state at the MRSDCI level, the generalized CGT method
could be used to include spin—orbit coupling. Table 7 shows the RCI reference con-
figurations for the Ta—CO system including spin—orbit coupling. Consider the Q = %
relativigtic state as an example. As can be seen from tables 6 and 7, the characterized
RCI configurations A—D are exactly the same in the RCI wavefunctions, thus, only one
characterized RCI configuration such as A needs to be selected. Note that A contains 16
reference configurations. Similarly, the E, G, I, J, K configurations are also selected
subsequent to A, all of which donate 30 RCI wavefunctions. For the second root of RCI,
the RCI wavefunctions

0, T, Ty, 82,2, 84yt + 10, 10, 10, 01, O1,
O, Ty, Ty, 8,2_y2, 8,0 + 10,01, 01, 10, 10

Table 6
RCI reference configurations for Ta—CO system including spin—orbit coupling.
Electronic configuration A—s State w-w State
1o 20 3 1n 27 15 1/2 3/2 5/2
2 2 1 4 2 2 bzt 30 29 25
2 2 2 4 2 1 %A 10 10 10
2 2 2 4 3 0 2n 2 2
2 2 1 4 3 1 “n 16 16 16
Number of RCI reference configurations 58 57 51
Number of CSFs 13697 13452 12237
Table 7
Correlation group table for the o w252 electronic configuration. §1 = 8,2_y2,82 = bxy.
RCI wavefunction RCI wavefunction
Q  Spin configuration Sgn o mxy wy 81 62 Sign o my my 81 62 A-s
B cantartpsttas®p + 10 11 11 + 10 10 o1 11 27
- 10 11 11 +i 10 01 10 11
- 10 11 11 —-i 10 10 01 11

+ 10 11 11 —-i 10 01 10 11
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Table 7
(Continued.)
RCI wavefunction RCI wavefunction
©  Spin configuration Sgn o wmy my 81 82 Sign o my wy 81 82 s
- 10 10 01 10 Ol +i 10 11 10 o1
- 10 01 10 10 01 —i 10 1.1 10 o1
- 10 10 01 01 10 +i 10 1 01 10
- 10 01 10 01 10 —i 10 1 01 10
U oprtantpstas?p + 01 11 11 + 01 10 01 11 2y
- 0 1 1 +i 01 01 10 11
- 0 1 1 —-i 01 10 o1 11
+ o1 11 11 —i 01 01 10 11
- 01 10 0L 10 01 +i 01 1.1 10 o1
- 01 01 10 10 O1L —i 01 11 10 o1
— 01 10 01 01 10 +i 01 1 01 10
- 01 01 10 01 10 —i 01 1 01 10
cantar~as?tas?tp +i 10 10 10 11 — 10 10 10 10 01 4r
—-i 10 10 10 1 - 10 10 10 01 10
3 opntar—as®ras?tp +i 01 10 10 11 — 01 10 10 10 01 4r
—-i 01 10 10 1 - 01 10 10 01 10
cantar~ps2tas?tp + 10 11 11 -i 10 10 01 11 2r
+ 10 1 1 + 10 01 10 11
- 10 1 1 +i 10 10 01 11
- 10 11 11 —i 10 01 10 11
+ 10 10 01 10 01 +i 10 11 10 o1
- 10 01 10 10 O1L +i 10 11 10 o1
+ 10 10 01 01 10 +i 10 1 01 10
— 10 01 10 01 10 +i 10 1 01 10
car~antpstas?p + 10 1.1 11 +i 10 10 01 11 211
+ 10 1 1 —-i 10 01 10 11
- 10 1 1 —-i 10 10 o1 11
- 10 11 11 +i 10 01 10 11
- 10 10 01 10 O1L +i 10 11 10 o1
+ 10 0L 10 10 01 +i 10 11 10 o1
- 10 10 01 01 10 +i 10 1 01 10
+ 10 01 10 01 10 +i 10 1 01 10
5 cantantpstas®a +i 10 11 10 10 — 10 10 01 10 10 “A
—i 10 1 10 10 — 10 01 10 10 10
oprtan—Bs2tas?tp + 01 11 11 —-i 01 10 01 11 2r
+ 01 1 1 + 01 01 10 11
ofrn~anTBstas?tp — 01 11 11 + 01 10 o1 11 2rqn
- 0 11 11 —i 01 01 10 11
+ 01 10 0L 10 01 +i O1 11 10 o1
— 01 01 10 10 01 +i 01 1.1 10 o1
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Table 7
(Continued.)
RCI wavefunction RCI wavefunction
€ Spin configuration Sign 0 my my 1 82 Sign o mxy wy 81 82 A=s
+ 0L 10 0L 01 10 +i O1 1 01 10
— 01 01 10 01 10 +i o1 1 01 10
+ 01 11 11 +i 01 10 01 11
+ 01 1 1 —-i o1 01 10 11
- 0 1 11 —i 01 10 O01 11
- 01 11 11 +i 01 01 10 11
— 01 10 01 10 01 +i 01 11 10 o1
+ 01 01 10 10 OL +i 01 11 10 o1
— 01 10 01 01 10 +i oO1 1 01 10
+ 0L 01 10 01 10 +i O1 1 01 10
ocantpr—pstas?tp +i 10 01 01 11 — 10 01 01 10 01 4r
—i 10 01 o1 1 — 10 01 01 01 10
S cantantps®tas?tp + 10 11 11 + 10 10 01 11 2A
- 10 1 1 +i 10 01 10 11
+ 10 11 11 +i 10 10 01 11
- 10 11 1 +i 10 01 10 11
+ 10 10 01 10 01 —i 10 11 10 01
+ 10 01 10 10 01 +i 10 11 10 01
— 10 10 01 01 10 +i 10 1 01 10
- 10 01 10 01 10 —i 10 1 01 10
cantartps?as?p + 10 1.1 11 +i 10 10 01 11 2A(ID
- 10 1 1 +i 10 01 10 11
+ 10 11 11 +i 10 10 01 11
- 10 11 1 +i 10 01 10 11
- 10 10 01 10 01 +i 10 11 10 o1
- 10 01 10 10 01 —i 10 11 10 01
+ 10 10 01 01 10 —i 10 1 01 10
+ 10 01 10 01 10 +i 10 1 01 10
can"ar B8%tas®tp + 10 1.1 11 —-i 10 10 01 11 2A(ID
- 10 1 1 —-i 10 01 10 11
- 10 11 11 +i 10 10 01 11
+ 10 11 1 +i 10 01 10 11
+ 10 10 01 10 OL +i 10 11 10 o1
+ 10 01 10 10 01 —i 10 11 10 01
+ 10 10 01 01 10 +i 10 1 01 10
+ 10 01 10 01 10 —i 10 1 01 10
oprtantps?tas? a +i 01 11 10 10 — 01 10 01 10 10 4A
—i o1 1 10 10 — 01 01 10 10 10
opntpr—ps%tas?tg +i 01 01 01 1 — 01 01 01 10 01 4r
—i 01 01 o01 1 — 01 01 01 01 10

cantar~as?tas?®te + 10 10 10 10 10 6y +
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Table 7
(Continued.)

RCI wavefunction RCI wavefunction
€2 Spin configuration Signo my mwy 61 82Signo my my 81 82)-s

01 11 11 +i 01 10 01 11 2A
01 11 11 +i 01 01 10 11

01 11 11 +i 01 10 01 11
01 11 11 +i 01 01 10 11
01 10 01 10 01 —i 01 11 10 01
01 01 10 10 01 +i 01 11 10 01
01 10 01 01 10 +i 01 11 01 10
01 01 10 01 10 —i 01 11 01 10

01 11 11 +i 01 10 01 11 2A(1)
01 11 11 +i 01 01 10 11

01 11 11 +i 01 10 01 11

01 11 11 +i 01 01 10 11

01 10 01 10 01 +i 01 11 10 01

01 01 10 10 01 —i 01 11 10 01

01 10 01 01 10 —i 01 11 01 10

01 01 10 01 10 +i 01 11 01 10

01 11 11 —i 01 10 01 11  2A(lI)
01 11 11 —i 01 01 10 11

01 11 11 +i 01 10 01 11

01 11 11 +i 01 01 10 11

01 10 01 10 Ol +i 01 11 10 o1

01 01 10 10 Ol —j 01 11 10 01

01 10 01 01 10 +i 01 11 01 10

01 01 10 01 10 —i 01 11 01 10

cantant st psi—p +i 10 11 01 01 — 10 10 01 01 01%A
—i 10 11 01 01 — 10 01 10 01 O1

cantar~as?tas? B (A) +i 10 10 10 11 + 10 10 10 10 O1Re(Aor B): 4m+
+i 10 10 10 11 — 10 10 10 01 10

% 0/371+oz71+ﬁ62+a62_/3

+

I+ + 1+ |

oBrTantBs2as?tp

I+ 1+

oBr " an~ Bsetas?tp

|+ o+ A+

A+

cantar~as? as?tB (B) +i 10 10 10 11 — 10 10 10 10 OlIm(Aor B): 4~
+i 10 10 10 11 +i 10 10 10 01 10
cantar~ 82T as? a (C) +i 10 11 10 10 + 10 10 01 10 10Re(C or D): 4+ (lI)
+i 10 11 10 10 — 10 01 10 10 10
can~antps?tas? a (D) +i 10 11 10 10 — 10 10 01 10 10Im(C or D): 4=~ ()
+i 10 11 10 10 + 10 01 10 10 10
oBrntan~as?tas?a + 01 10 10 10 10 6y +

+ 10 11 11 —i 10 10 01 11 Re(Aor D) 2x+
+ 10 11 11 +i 10 01 10 11
+ 10 11 11 —i 10 10 01 11

L oantan~Bo%tas? B (A)
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Table 7
(Continued.)
RCI wavefunction RCI wavefunction
© Spin configuration Sign o my my 81 62 Sign o my my 81 62 A=
+ 10 11 11 +i 1001 10 11
-~ 1010011001 —i 1011 1001
+ 1001 10 10 01 —i 10 11 10 01
+ 10 10 01 01 10 +i 10 11 01 10
— 1001 10 01 10 +i 10 11 01 10
car~antps?Tas? g (B) + 10 11 11 +i 10 10 01 11  Im(A or D): 25~
+ 10 111 —i 10 01 10 11
+ 10 11 1 +i 1010 00 11
+ 10 11 11 - 1001 10 1.1
+ 1010 01 10 01 —i 10 11 10 01
— 1001 101001 —i 1011 1001
— 1010 01 01 10 +i 10 11 01 10
+ 1001 10 01 10 +i 10 11 01 10
cantar—ps?as?tp(Cc) + 1011 11 —i 10 10 01 11  ReB or C): 2=t ()
+ 10 111 +i 10 01 10 11
+ 10 11 1 —i 101001 11
+ 10 11 11 +i 1001 10 11
+ 101001 1001 +i 10 11 10 01
-~ 1001 10 10 01 +i 1011 1001
-~ 1010 01 01 10 —i 10 11 01 10
+ 10 01 10 01 10 —i 10 11 01 10
car~antpsZas?tp (D) + 10 11 11 +i 10 10 01 11  Im(Bor C): 2=~ ()
+ 10 111 —i 10 01 10 11
+ 10 11 1 +i 101001 11
+ 10 11 11 - 100110 11
— 101001 1001 +i 1011 1001
4+ 1001 101001 +i 10 11 10 01
+ 10 10 01 01 10 —i 10 11 01 10
-~ 1001 10 01 10 —i 10 11 01 10
oBnTan—Bs2tas? B (E) +i 01 10 10 11 + 01 10 10 10 01 Re(E or F): 42+
+i 0110 10 11 — 01 10 10 01 10
oBrntar " ad? a8t (F) +i Ol 10 10 11 — 01 10 10 10 O1 Im(E or F): 4x~
+i 0110 10 11 + 01 10 10 01 10
ofrtanBs2tas? o (G) +i 01 11 10 10 + 01 10 01 10 10 Re(G or H): 4=+l
+i 01 11 1010 — 01 01 10 10 10
oBrantBsZtas? o (H) +i 01 11 10 10 — 01 10 01 10 10 Im(G or H): 4=~ (II)
+i 01 11 1010 + 01 01 10 10 10
cartar~as?TBs2- (1) + 10 10 10 O1 01 63+ (preferable)
canTBr~Bs%Tws? a (J) + 10 01 01 10 10 2y +a1n
ofrtantpsetps?—p(K) +i 01 11 0101 — 01 10 01 01 01 %A

01 110101 - 0101 10 01 01
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were found to make significant contributions, with a total weight factor of 94%. Note
that the 2x* state is too high in energy to be considered at the MRSDCI level [11], the
Q = (1) relativitic state is, thus, attributed to the °x+ state by using table 6. The *A
state, which yields Q = % was found as the ground state of the Ta—CO molecule.

Example 3 (W-CO). The ground state of W—CO was found to be a ‘> state at the
MRSDCI level, which originates from the oo’ 28° electronic configuration [10]. By
using the generalized CGT method, it is seen that

on?8’° Qo' = oo'n?8?, (11)

where o’ is the highest occupied molecular orbital mainly composed of C(2p,) and
O(2p;). The CGT constructed for this case is shown as table 8.

Table 9 shows the RCI reference configurations for the W—CO system including
spin—orbit coupling. Consider 2 = 0 as an example; as can be seen from tables 8 and 9,
since the characterized RCI configurations B—D, F—H, M—N, and Q—R are redundant,
the remaining A, E, I-J, K-L, O—P, S-V donate 60 RCI reference configurations.
Additionaly, the I and J configurations can also be neglected, since they contribute to
the energetically higher 0+ or 0~ states derived from the °A state. We have included
those configurations corresponding to the I'th characterized RCI configuration in order
totest if they are important [10]. Thus, the total number of RCI reference configurations
for the 0~ state is 56.

According to the computational results, the 0~ state is dominated by those config-
urations derived from the Sth through Vth characterized RCI configurations, suggesting
that this relativistic state is dominated by the S+ ground state, with a weight factor
of over 96%. The contributions of 7 and J configurations are negligible, as the weight
factor isless than 10~°.

3. Conclusions

In this investigation we have considered a generalized CGT method for the rela-
tivistic configuration interaction wavefunctions of the spin—orbit electronic states with
high spin multiplicities. This was accomplished through a formulation of some defini-
tions and afew properties of the RCI states and wavefunctions. Secondly, we formulated
six principles to seek relationships among relativistic states, nonrel ativistic states, aswell
as RCI configurations. Asamatter of fact, these principles are not necessarily limited to
linear systems, as properties 1 and 2 are applicable for nonlinear systems of polyatomic
double groups. Finaly, we exemplified the techniques with several computational mod-
els and summarized the results with several CGT tables for systems containing many
open shells for future applications.
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Table 8

Correlation group table for oo’7282 electronic configuration.

229

© Spin configuration

RCI wavefunction

RCI wavefunction

Sign o

O_/

mx my 61

82 Sign o

O_/

TTx

Ty

51

82

A—s

7 cac'antantBs2tas?tp

6 cao'Brtantps2tasitp

oBo’antantpstasitp

aaa’aﬂ+an*a82+a82+;3

5 oBo’BrtantBsitas?tp

oBo’antar~as?tas?tp
ocao’'Brtan~as?tas?tp

aaa/aﬂ+an_ﬁ82+a82+;3

+

_|_

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

10
10

01
01
01
01
01
01
01
01

01
01

10
10

10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

10
10

01
01
01
01
01
01
01
01

10
10

01
01

10
10
10
10

11

11

10
01
10
01

11

11

10
01
10
01

11

11

10
01
10
01

10
10

11

11

10
01
10
01

10
10

10
10

11

11

11

11
01
10
01
10

11

11
01
10
01
10

11

11
01
10
01
10

10
10

11

11
01
10
01
10

10
10

10
10

11

11

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11

11
11

10
10
01
01

11

11

11
11

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

11

11
11
01
01
10
10

11

11

11
11

+i
+i
—i
—i
+i
—i
+i
—i
+i
+i

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

10
10

01
01
01
01
01
01
01
01

01
01

10
10

10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

10
10

01
01
01
01
01
01
01
01

10
10

01
01

10
10
10
10

10
01
10
01
11
11

10
01
10
01
11
11

10
01
10
01
11
11

10
10

10
01
10
01
11
11

10
10

10
10

10
01
10
01

01
10
01
10

11
11

01
10
01
10

11
11

01
10
01
10

11
11

10
10

01
10
01
10

11
11

10
10

10
10

01
10
01
10

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

10
01

11
11

10
10
01
01

10
01

10
01

11
11

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

01
10

11
11
01
01
10
10

01
10

01
10

11
11

31




230 H. Tan et al. / Correlation group table (CGT) method

Table 8

(Continued.)

€ Spin configuration

RCI wavefunction

RCI wavefunction

Sign o

o’ Ty

Ty

51

32 Sign o

O,/

TTx

Ty

51

82

A—s

ocac'an " antBs2tas?tp

4 oBo’Brntan~as?tas?tp
cac’ant B~ B8t astp

cao’Brtan— Bs2tasitp

cao’ B~ ant ps2Tasitp

oBo’antar~ 82t astp

oBo’an " antps2tasitp

I+ 1

|+ +

|+ +

I+ + + 1+

I+ 1+ 1

+ +

10
10
10
10

10
10
10
10
10
10
10
10

01
01

10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

01
01

10 10
10 01
10 10
10 01

10 11

10 11

10 10
10 01
10 10
10 01

01 10
01 10

10 01
10 01

01 11

01 11

01 10
01 01
01 10
01 01

01 11

01 11

01 10
01 01
01 10
01 01

10 11

10 11

10 10
10 01
10 10
10 01

10 11

01
10
01
10

11

11
01
10
01
10

10
10

01
01

11

11
01
10
01
10

11

11
01
10
01
10

11

11
01
10
01
10

11

10
10
01
01

11
11

10
10
01
01

11

11

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

01
01
10
10

11
11
01
01
10
10

11

11

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

10
10
10
10

10
10
10
10
10
10
10
10

01
01

10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

01
01

10
10
10
10

10
10
10
10
10
10
10
10

01
01

10
10

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

10
10

11
11

10
01
10
01
11
11

10
10

01
01

10
01
10
01
11
11

10
01
10
01
11
11

10
01
10
01
11
11

10
01

11
11

01
10
01
10

11
11

10
10

01
01

01
10
01
10

11
11

01
10
01
10

11
11

01
10
01
10

11
11

01
10

10
10
01
01

11
11

10
10
01
01

10
01

10
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

01
01
10
10

11
11
01
01
10
10

01
10

01
10

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

S

5

3ran

S

ir

iran
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Table 8

(Continued.)

231

€ Spin configuration

RCI wavefunction

RCI wavefunction

Sign o

O,/

mx mwy &1

82 Sign o

O_/

mx my 61

82

A—s

aaa/aﬂ+an+ﬂ82+a82+ot
3 0'/30/(XJT+OHT+,352+(X52_O[
ocao'Brtant B8t as?a
oBo’ant B~ B8t st B
ocao'Brtpr— ps2tas?tp

oBo’ Brtam~ B84t as?t B

oBo’ Br ot Bsetas?t B

cac’anTant Bs2tas?tp

+ I+

Fr++ 11+ 1+ 11 ++

L+ + 1+ 0+ + 1+

01
01
01
01
01
01

10
10

01
01

10
10

01
01

10
10

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

10
10
10
10
10
10

10
10

10
10

01
01

10
10

01
01

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

11

10
01
10
01

11

11

11

01
01

01
01

11

11

10
01
10
01

11

11

10
01
10
01

11

11

10
01
10
01

11
01
10
01
10

11

11

11

01
01

01
01

11

11
01
10
01
10

11

11
01
10
01
10

11

11
01
10
01
10

10
10
01
01

10
10

10
10

10
10

11

11

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11
01
01
10
10

10
10

10
10

10
10

11

11

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

+i
+i
+i
+i
+i

01
01
01
01
01
01

10
10

01
01

10
10

01
01

10
10

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

10
10
10
10
10
10

10
10

10
10

01
01

10
10

01
01

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10
10
10
10
10
10
10

10
01
11
11

10
01

10
01

10
01

01
01

01
01

10
01
10
01
11
11

10
01
10
01
11
11

10
01
10
01
11
11

01
10

11
11

01
10

01
10

01
10

01
01

01
01

01
10
01
10

11
11

01
10
01
10

11
11

01
10
01
10

11
11

10
10
01
01

10
10

10
10

10
10

10
01

10
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11
01
01
10
10

10
10

10
10

10
10

01
10

01
10

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

S

3AUD
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Table 8

(Continued.)

© Spin configuration

RCI wavefunction

RCI wavefunction

Sign o

O,/

mx my 61

82 Sign o

O_/

mx wy 61

82

A—s

oaa/an+an+ﬁ82_a82+,3

oaa/an_an_ﬁéz"'aéz"'ﬂ

cac’anTan " as?tas?a

2 oBo’antantps?tasip

oBo’anTant B2 as?t B

oBo’an " an~ B82Tas?t B

cao’Brtant pstasitp

—+

I+

I+ o+

l+4+ 1+ 1+ + +++++

I+ 1+

L+t

L+ A+

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

10

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01

11

11

10
01
10
01

11

11

10
01
10
01

10
11

11

10
01
10
01

11

11

10
01
10
01

11

11

10
01
10
01

11

11

11
01
10
01
10

11

11
01
10
01
10

10

11

11
01
10
01
10

11

11
01
10
01
10

11

11
01
10
01
10

11

11
11

10
10
01
01

11
11

10
10
01
01

10

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

11
11
01
01
10
10

11
11
01
01
10
10

10

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

01
01
01
01
01
01
01
01

10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

10
10
10
10
10
10
10
10

01
01

10
01
10
01
11
11

10
01
10
01
11
11

10
01
10
01
11
11

10
01
10
01
11
11

10
01
10
01
11
11

10
01

01
10
01
10

11
11

01
10
01
10

11
11

01
10
01
10

11
11

01
10
01
10

11
11

01
10
01
10

11
11

01
10

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
01
01

11
11

10
10
10
01

11
11

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
10
10

11
11
01
01
01
10

SAQIN

SAUV)

7E+

1A

Iaan

XU

3AUD
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Table 8
(Continued.)
RCI wavefunction RCI wavefunction
© Spin configuration Sign o o’ mx wy 81 82 Sign o o’ e wy 81 82 A-s
+ 1001 11 11 +i 10 01 10 01 11
— 10 01 11 11 +i 10 01 01 10 11
+ 10 01 10 01 10 01 —i 10 01 11 10 01
+ 1001 01 10 10 01 +i 10 01 11 10 01
— 10 01 10 01 01 10 +i 10 O1 11 01 10
— 1001 01 10 01 10 —i 10 O1 11 01 10
ocac'Brtantps?as?tp + 10 01 11 11 +i 10 01 10 01 11 EINUD)
— 10 01 11 11 +i 10 01 01 10 11
+ 1001 11 11 +i 10 01 10 01 11
— 10 01 11 11 +i 10 01 01 10 11
— 1001 10 01 10 01 +i 10 O1 11 10 01
— 1001 01 10 10 01 —i 10 O1 11 10 01
+ 1001 10 01 01 10 —i 10 01 11 01 10
4+ 10 01 01 10 01 10 +i 10 01 11 01 10
ocac'ran~ Bs%tas?tp + 10 01 11 11 —i 10 01 10 01 11 SA(IV)
— 10 01 11 11 —i 10 01 01 10 11
- 10 01 11 11 +i 10 01 10 01 11
+ 10 01 11 11 +i 10 01 01 10 11
+ 1001 10 01 10 01 +i 10 01 11 10 01
+ 10 01 01 10 10 01 —i 10 01 11 10 01
+ 10 01 10 01 01 10 +i 10 01 11 01 10
+ 10 01 01 10 01 10 —i 10 01 11 01 10
oBo’Brtantps?tas? o +i 01 01 11 10 10 — 01 01 10 01 10 10 5A
—i 01 01 11 10 10 — 01 01 01 10 10 10
cac'artarTBSZTBs2~ B +i 10 10 11 01 01 — 10 10 10 01 01 01 3A
—i 10 10 11 01 01 — 10 10 01 10 01 O1
oac'Brtan~as?tas? « + 10 01 10 10 10 10 Tyt
oBo’antar~as?tas?~« + 01 10 10 10 10 10 Sy+
oBo’Brt g~ Bs%Tas?tp +i 01 01 01 01 11 — 010101 01 10 01 °r
—i 0101 01 O1 11 — 01 01 01 01 01 10
ocac’'artar~as?tas? B +i 10 10 10 10 11 + 10 10 10 10 10 01 Re(A or B):
(A) +i 10 10 10 10 11 — 10 10 10 10 O1 10 3x+(lI)
oac’antan~as? as?tp +i 10 10 10 10 11 — 10 10 10 10 10 01 Im(A or B):
(B) +i 10 10 10 10 11 + 10 10 10 10 01 10 5%~
cac’artar B2t as? a +i 10 10 11 10 10 + 10 10 10 01 10 10 Re(C or D):
(C) +i 10 10 11 10 10 — 10 10 01 10 10 10 °z*(In
ocac’antar 8% as?ta +i 10 10 11 10 10 — 10 10 10 01 10 10 Im(C or D):
(D) +i 10 10 11 10 10 + 10 10 01 10 10 10 ®T ()
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Table 8
(Continued.)
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RCI wavefunction

RCI wavefunction

Q  Spin configuration Sign o o’ my 7wy 8182 Sign o o' wy 7wy 8182 A—s
1 oBo'Brntantps?tas? B + 010111 11 +i 0101100111  3AQI)

— 0101 1111 +i 0101011011

+ 010111 11 +i 01011001 11

— 0101 11 11 +4i 01010110 11

+ 010110011001 —i 010111 1001

+ 010101101001 +i 010111 1001

— 010110010110 +4i 0101 110110

— 010101100110 —i 0101 110110
ofo’'rtantpsias?tp 4+ 010111 11 +i 0101100111  3AQN

— 0101 1111 +i 0101011011

+ 010111 11 +i 01011001 11

— 0101 11 11 +4i 01010110 11

— 010110011001 +4i 010111 1001

— 010101101001 —i 010111 1001

+ 010110010110 —i 0101 110110

4+ 010101100110 +4i 0101 110110
oBo’ B anBs2tes?tp  + 010111 11 —i 0101100111 3AQV)

— 0101 1111 —i 0101011011

— 010111 11 +i 01011001 11

4+ 0101 11 11 +4i 01010110 11

4+ 010110011001 +4i 010111 1001

+ 010101101001 —i 010111 1001

+ 010110010110 +i 0101 110110

+ 010101100110 —i 0101 110110
opo’antantps?tps?=p + 011011 0101 — 011010010101 S3A (suggested)

—i 0110 110101 -— 011001100101
ocao'BrtantBs2Ts2—p +i 101011 0101 — 101010010101 SA (suggested)

—i 1010 110101 - 101001100101
oBo’ Brtanr~as?tas?a 010110 10 1010 Tyt
ocac’anTan~as?tps2-B + 101010 10 0101 Sy+
oac’ant pr~ps%tas?a + 101001 011010 Syt
oo’ frtan~as?tas?~p +i 100110 1011 + 100110101001 Re(A or B):
(A) +i 10011010 11 — 100110100110 °x*(I)
oo’ frtan—as? as?tp  +i 1001101011 — 100110101001 Im(A or B):
(B) +i 10011010 11 + 101010100110 °%~
ocao'Brtanr Bs%tas? e +i 100111 1010 + 100110011010 Re(C or D):
(C) +i 1001 111010 — 100101101010 Ss*(lI)
ocao'Brtanr Bs% as?te +i 100111 1010 — 100110011010 Im(C or D):
(D) +i 1001 111010 + 100101101010 °x—(Il)
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Table 8
(Continued.)
RCI wavefunction RCI wavefunction
€ Spin configuration Sign o o' w7y 8182 Sign o o mx 7wy 8182 A-s

ofo’antar~as?tas? B 4+i 011010 10 11 + 011010101001 Re(E or F):
(E) +i 01101010 11 — 011010100110 3x+(I)
oBo’antar~as? as?tp 4+i 011010 10 11 — 011010101001 Im(E or F):
(F) +i 01101010 11 + 011010100110 3%~
oBo’anTanr~Bs%tas? a +i 011011 1010 + 011010011010 Re(G or H):
(G) +i 0110 111010 — 011001101010 3Z"‘(III)
oBo’anTanr B8% as?ta +i 011011 1010 — 011010011010 Im(G or H):
(H) +i 0110 111010 + 011001101010 3%=—(II)
ocac’antan—ps?tas® g + 101011 11 —i 1010100111 Re(1 or L):
1) + 1010 1111 +i 1010011011  3zt@v)

4+ 101011 11 —-i 10101001 11

+ 1010 11 11 +i 10100110 11

— 101010011001 —-i 101011 1001

+ 101001101001 -i 101011 1001

4+ 101010010110 +i 1010 11 01 10

— 101001100110 +i 1010 11 01 10
ocac’an"an~ps%tas® g + 101011 11 +i 1010100111 Im(7 or L):
) + 1010 1111 —i 101001 1011 3E_(III)

4+ 101011 11 +i 10101001 11

+ 1010 11 11 —-i 10100110 11

+ 101010011001 -i 101011 1001

— 101001101001 —-i 101011 1001

— 101010010110 +i 1010 11 01 10

+ 101001100110 +i 1010 11 0110
ocac’antan—ps%as?tp + 101011 11 —i 1010100111 Re(J or K):
(K) + 1010 1111 +i 101001 1011 3E"'(V)

4+ 101011 11 —-i 10101001 11

+ 1010 11 11 +i 10100110 11

4+ 101010011001 +i 101011 1001

— 101001101001 +i 101011 1001

— 101010010110 —-i 1010 11 01 10

4+ 101001100110 —-i 1010 11 01 10
cac’an"antps®"as®tp  + 101011 11 +i 1010100111 Im(J or K):
(L) 4+ 1010 1111 —i 101001 1012 3E_(IV)

4+ 101011 11 +i 10101001 11

4+ 1010 11 11 —-i 10100110 11

— 101010011001 +i 101011 1001

+ 101001101001 +i 101011 1001

4+ 101010010110 —-i 1010 11 01 10

— 101001100110 —-i 1010 11 01 10
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€ Spin configuration

RCI wavefunction

RCI wavefunction

Sign o o' 7y 7wy §182Sign 0 o’ mx 7y 8182 A—s

0t,0” ocao’Brntan—Bs2tas? B
(4)

cao’' B~ ant B8t as? B
(B)

cao’ Brtan— 82 as?tp
©)

cao’ B~ an T Bs2astp
(D)

oBo’antar~ 82t ast—p
(E)

oBo’an~antps2tasi—p
(F)

100110011001
100101 101001
10011001 0110
1001 01 1001 10

I+ 4+ 1+ ++

100110011001
1001 01 101001
100110010110
1001 01 100110

I+ 4+ ++ +

100110 011001
1001 01 101001
100110010110
1001 01 1001 10

l+++++ +

100110011001
1001 01 101001
100110010110
1001 01 100110

L+ 41 ++++ + 1

011010011001
011001 101001
011010010110
011001 100110

L+ 41+ 4+ +

+ +

i 1001100111 Re(A+E
i 1001011011 or D+ H): °=t ()
i 10011001 11
i 10010110 11
i 100111 1001
i 100111 1001
i 1001 110110
i 1001 110110

i 1001100111 Im(A+ Eor D+ H):
i 1001011011 3x—(0h)

i 10011001 11

i 10010110 11

i 100111 1001

i 100111 1001

i 1001 110110

i 1001 110110

i 1001100111 Re(A — Eor D — H):
i 1001011011 3x+(0)

i 10011001 11

i 10010110 11

i 100111 1001

i 100111 1001

i 1001 110110

i 1001 110110

i 1001100111 Im(A — E or D — H):
i 1001011011 °£—(0")

i 10011001 11

i 10010110 11

i 100111 1001

i 100111 1001

i 1001 110110

i 1001 110110

i 0110100111 ReB+ For C + G):
i 0110011011 Sz

i 01101001 11

i 01100110 11

i 011011 1001

i 011011 1001

i 0110 110110

i 0110 110110

i 0110100111 Im(B+ F or C + G):
i 0110011011 3=—(©OM)N
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Table 8

(Continued.)
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RCI wavefunction

RCI wavefunction

Q Spin configuration Sign o o' 7y 7wy 8182 Sign o o’ my 7wy $182 A-s

+ 011011 11 +i 01101001 11

+ 0110 11 11 —i 01100110 11

+ 011010011001 —i 011011 1001

— 011001101001 —i 011011 1001

— 011010010110 +i 0110 110110

+ 011001100110 +i 0110 110110
oBo’anTar B8% as?tp + 011011 11 —i 0110100111 Re(B-— ForC —G):
(G) + 0110 1111  +i 0110011011 3xzt©O)(IN)

+ 011011 11 —i 01101001 11

+ 0110 11 11 +i 01100110 11

4+ 011010011001 +i 011011 1001

— 011001101001 +i 011011 1001

— 011010010110 —i 0110 110110

+ 011001100110 —i 0110 110110
oBo’anr antps?as?tp + 011011 11  +i 0110100111 Im(B— ForC —G):
(H) + 0110 1111  —i 0110011011 3®%—(©0")(l)

+ 011011 11 +i 01101001 11

+ 0110 11 11 —i 01100110 11

— 011010011001 +i 011011 1001

+ 011001101001 +i 011011 1001

+ 011010010110 —i 0110 110110

— 011001100110 —i 0110 110110
oBo’BrtantBs%tas?= B +i 010111 0101 — 010110010101 7+ J: 3A(0H)
) —i 0101 110101 — 010101100101
ocac’an~an~B8%tas? a +i 101011 1010 + 101010011010 7 — J:3A(07)
) —i 1010 111010 + 101001101010
oBo’'Brtanr~Bs%tas? o +i 010111 1010 + 010110011010 Re(K + L or M + N):
(K) +i 0101 111010 — 010101101010 1x*(ot)
ocac’antan~Bs2tBs2 B +i 101011 0101 + 101010010101 Re(K — L or M — N):
(L) +i 1010 110101 — 101001100101 3=t )(lII)
oBo’Br~antBs2tas? o +i 010111 1010 — 010110011010 Im(K + L or M + N):
(M) +i 0101 111010 + 010101101010 3=—(H)(lII)
ocac’an"anTBs2TBSZ B +i 101011 0101 — 101010010101 Im(K — L or M — N):
(N) +i 1010 110101 + 101001100101 1xz—(0")
oBo’'Brtanas?Tas? f +i 0101101011  + 010110101001 Re(O + P or Q + R):
(0) +i 01011010 11 — 010110100110 1=+@h)(1)
ocac’antprBs%tas?~p +i 101001 01 11 + 101001 011001 Re(O — P or Q — R):
(P) +i 10100101 11 — 101001010110 3=t (07)(1V)
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Table 8
(Continued.)
RCI wavefunction RCI wavefunction

Q Spin configuration Sign o o' mx my 8182 Sign o ¢ mx mwy 81 82 A—s
oBo’'Brtaras? as?tp +i 0101101011  — 0101101010 O1 Im(O + P or Q + R):
Q) +i 01011010 11 + 0101101001 10 3z~ (0H)(IV)
cac’artBfr—B8% as?tp +i 1010010111  — 1010010110 01 Im(O — P or Q — R):
(R) +i 10100101 11 + 1010010101 10 3=—(07)(Il)
oBo’antar~as?tB52 B + 011010 100101 Suggested S+ U + T + V:
(S) EORE(OST(I)
oBo’ant Br 8% Tas? « + 011001 011010 S—U)+ (T -V):
(T) 32+ 07)(V)
O'Oto'/ﬂﬂ+ot7'[70t52+ﬂ527,3 + 100110100101 S+U)—(T+V):
) S+t (1)
ocao'Brtpr—Bs%tas? a + 100101 011010 (S—U)— (T -V):
V) [Dha (!

Table 9
RCI reference configurations for W—CO system including spin—orbit coupling.
Electronic configuration A—s State w—w State

1o 20 30 1 15 ot 0~ 1 2

2 1 1 2 2 y+ 56 35 54

2 1 1 3 1 5¢ 3R R

2 2 0 2 2 Syt 18 12 17

2 2 0 3 1 3n 8 8 8 8

2 1 0 4 1 3A 2 4

2 2 0 4 0 Iyp+ 1

2 0 0 4 2 4

Number of RCI reference configurations 31 64 89 115

Number of CSFs 5077 8560 9848 12762
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