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Electronic structure of silicon Rydberg series. I. The (3pnd) O', O', F', and F' series
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Research Institute for Catalysis, Hokkaido University, Sapporo, Japan
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The (3s 3pnd) 'D', 'D', 'F', and 'F' Rydberg series of the silicon atom are investigated by a restricted
Hartree-Fock calculation and configuration interaction (CI) calculations of various levels, The relative

energies with respect to the ionized level (3s 3p) P' given by the largest CI calculation in the present work
are —2.63, —1.46, —0.85, —0.55, —0.38, and —0.28 eV, respectively, for the first six members of the
'D' series, while the experimental values are —2.56, —1.45, —0.85, —0.55, —0.38, and —0.27 eV. The
agreement between the two is excellent. The configuration (3s3p ') D' is predominant in the first member of
the 'D' series, and it also acts as a strong series perturber in the rest of the series. For the 'D' series the
relative energies with respect to 'P' by the largest CI calculation are —2,27, —1.16, —0.70, —0.46, and
—0.32 eV, respectively, whereas the experimental values are —2.31, —1.17, —0.70, —0.47, and —0.34
eV. In this series, (3s3p ')'D' acts as a series perturber just as 3s3p ' does in the 'D' series. At any levels

of the approximations, (3s3p )'D' is not found below the P' state. The (3s 3pnd) 'F' and F' series are
found to be pure Rydberg series.

I. INTRODUCTION

The silicon atom is astrophysically important
because it is a dominant contributor of the elec-
trons in the outer part of the solar photosphere.
A systematic study of the spectra of the silicon
atom was made first by Fowler' and then by
Kiess. ' The data up to 1938 are collected in Ref.
3 (AEL 1}. Since then several experimental and
theoretical investigations have been performed, 4 "

- and they have expanded our knowledge about the
Rydberg series with high principal quantum num-
bers.

In AEL 1, Moore' assigned the state which lies
below the ionized level by 2.14 eV as (3s3p')'D'.
The state is situated between (3s'3p3d) and
(3s'3p4d) D' (see Fig. 1). However, Shenstone
has suggested that the first 'D' state is to be as-
signed as (3s3p') 'D' and the state which was desig-
nated as (3s3p'} 'D' in AEL 1 is not a member of
this series and thus the series terms (3s'3pnd;
n= 4-8) 'D' in AEL 1 have n decreased by one (see
Fig. 1)." These assignments for 'D' have been
widely accepted. 4-&z, i, x4

Radziemski and Andrew' have carried out a
semiempirical multiconfiguration calculation and
have found that the configuration 3s3p' and ss'Sp3d
contribute almost equally to the lowest two 'D'
states,

q'('D') -0.75(3p3d) —0.61(3s3p') + 0.25(3p4d),

(»)
~/,
'('D') -0.66(3P3d)+ 0.'70(3s3P') 0.27(3p4d) .

(lb)

(See Ref. 11.) The results of their calculation
mean that we had better interchange Shenstone's
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FIG. 1. Experimental designations for the 3D' Byd-
berg series.

designation. From (la) and (lb), we find that the
couplings of 3s3P', 3p3d, and 3P4d are large. This
suggests that (3s3p') 'D' acts as a series pertur-
ber.

Series perturbers are classified into two types.
One of them is a "weak perturber" which disturbs
the member of the Rydberg series only in its vi-
cinity. The other is a "strong perturber" which is
strongly coupled to a considerable number of the
series members and has a widespread effect on the
spectra. " It will be interesting to investigate the
character of the perturber 3s3p' in detail by theo-
retical calculations.
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TABLE I. Basis set for RHF calculations.

s type

P type

d type

1s
Bs
Bs

2P
3p

Bd

3d
(Bd

14.5344
4.0-
0.79

5.7795
2.0

1.7
0.34
0.066

1s
Bs

3d
3d
3d

22.6052
2.97

11.1182
1.41

1.13
0,22
0 044

2s
Bs

Bd
Bd

3d

13.0783
1.78

4.0
1.0
0.76
0.15
0.030)

2s
Bs

5.0446
1.19

2.83
0.71

0.50
0.10

The exponents of the first four s-type and the two p-type STO's are those given by
Clementi (Ref. 17) for the ionized state (Bs 3p) P'. The other exponents are selected to cover
the charge distribution of Bs, BP, and Bd electrons.

The d-type STO's in the parentheses are the orbitals augmented for the CI with the Byd-
berg-like configurations (Bs BP&d).

The 'D' states also arise from the configurations
SsSp' and 3pnd. The problem of whether (SsSp'} 'D'
lies below the ionized level 'P' or not has received
considerable attention, "but it has not. been set-
tled. The problem of whether (Ss3p') 'D' acts as a
series perturber or not is of another interest.

The (3Pnd) 'E' and 'E' Rydberg series are stud-
ied in order to compare with results of the 'D' and
'D' series. Throughout this paper magnetic inter-
actions such as the spin orbit one are not included
in the Hamiltonian.

In Sec. II, the energy levels and characters of
the members of the Rydberg series 'D', 'D', 'E',
and 'E' are discussed. The effects of the pertur-
ber and the electronic correlation on the quantum
defects are discussed in Sec. III. Concluding re-
marks are given in Sec. IV.

II. ENERGY LEVELS AND THE CHARACTERS

OF THE RYDBERG SERIES

A. 3D series and its perturber

Firstly, the restricted Hartree-Fock (RHF)
calculations" are performed for the ground state
(SS Sp ) P, (SSSp ) 3Do lDo (SS23pSd) 3Do 1Do

'E', 'E' and the ionized state (3s'3p) 'P'. The
basis set is composed of Slater-type orbitals
(STO's) and is common for all the states under
consideration. The STO's employed are given in
Table I. The total energies are collected in Tab-
le II together with those of Clementi" for the
ground state (Ss'Sp') 'P and the ionized state
(Ss'Sp)'P'. The present result for 'P' agrees
with that of Clementi and the result for 'P differs
by only 0.0002 a.u. from that of Clementi. The
s- and P-type basis set will be sufficient for de-
scribing the orbitals for 3s3p' and those of the
ion core for the Rydberg series.

In RHF, (Ss'SpSd) 'D' is below the ionized state
'P' by 1.64 eV. For (Ss'Spnd, n=- 4)'D', the RHF

wave functions are not orthogonal with each other.
In order to obtain the wave functions and nd orbit-
als in the RHF level, which are mutually ortho-
gonal, a configuration-interaction (CI) calcula-
tion" with the configurational space (3s'3pnd, n
=3—13)'D' is performed, where 1s, 2s, 3s, 2p,
and 3P orbitals are fixed to the RHF ones for
(Ss'SpSd) 'D'. The d-type basis set is composed of
three diffuse 3d STO's in addition to those used in
RHF calculation (see Table I}. We call this calcu-
lation PRHF and the resulted nd orbital nd&RHF.
The total energies, relative energies to 'P', and
the calculated quantum defects are collected in
Table III. The energy of the ionized state, 'P',
calculated with the present s and p orbitals agrees
with that of the RHF calculation for 'P' within the
error of 0.00001. Thus the ion core of the series
is well described. The quantum defects are al-

TABLE II. Results of BHF.

State
BHF energy

(a.u.)

Belative energies
to 'Po (eV)

BHF Expt.

Present
(BsBP3) 'D'
{Bs3P) P
(BsBP3) 3D

(Bs23PBd) i+o

(Bs BP3d) 3D'

{Bs23PBd)3+ o

(Bs'BPBd) 'Do
Bs23P2 3P

Qlementi bo

(Bs'BP) 'P
(BsBP) P

-288.4661
-288.5728
-288.6197
-288.6266
-288.6329
-288.6394
-288.6401
-288.8540

-288.5728
-288.8542

2.903
0.0

-1.276
-1.464
-1.635
-1.812
-1.831
-7.652

0.0
-7.657

0.0
-2.557
-l.557
-1.452
-1.978
-2.303
-8.175

0.0
-8.175

The difference of the center of the gravities between
P and the lowest state in each symmetry is given for the

relative energy to P'of experiment. See Bef. 10.
Beference 17.
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TABLE III. Results of PRHF for 3D' series.

State

Configurations (Bs23pnd, n = 3-13)
Total energy Relative energy to ~P'

(a.u. ) PRHF (ev) Expt. (eV)
Quantum defect

PRHF (ev)

3p~d
3p9d
3p8d
3p7d
3p6d
3p5d
3p4d
(3s3p3)
BpM

-288.5728
-288.5777
-288.5803
-288.5833
-288.5873
-288.5938
-288.6061
(-288.6197)
-288.6329

0.0
-0.136
-0.204
-0.285
-0.394
-0.573
-0.906
(-1.276)
-1.638

0.0
-0 ~ 159
-0.206
-0.272
-0.375
-0.548
-0.851
-2.558
-1.452

-1.02
-0.16

0.10
0.13
0.13
0.13

0.12

This value is quoted from Table II.

TABLE IV. Configuration interaction with BpMpRHF and 3sBp for D series.

Configurations Bs B~dpRHF and BsBp
Dimension of CI 12
Matrix elements for the first six members

BdpRHF 4dpRHF Bp3 5dpRHF 6dpRHF 7dpRHF

Diagonal
Off diagonal

-0.0326
-0.0229

-0.0057
0.0166

0.0000 0.0066
0.0123

0.0131 .

0.0098
0.0171
0.0074

Solution
Total energy

(a.u. )

Relative energy to 2I (eV)
PRHF+ PT Expt.

1
2

5
6

-288.6666
-288.6237
-288.6025
-288.5920
-288.5861
-288.5825

-2.554
-1.386
-0.808
-0.524
-0.362
-0.264

-2.558
-1.452
-0.851
-0.548
-0.375
-0.272

Weight of configurations ( j&)

Solution

1
2
3

5
6

The largest conf iguration
in BP dpRHF and its weight

BpBd. . . 25.61
BpBd. . . 70.16
Bp4d. . . 80.74
3p5d. . . 83.21
3p6d. . . 83.34
3p7d. . . 86.36

55.53
11.43
3.82
1.83
1.20
0.97

Others

18.87
18.41
15.44
.14.95
15.46
12.67

Mean value of & by MpRHF and by d-type NO of PRHF+ PT (a.u. ).

Solution

PRHF
PRHF+ PT

9.39
4.84

19.42
12.33

32.43
22.68

48.35
36.51

72.11
53.38

118.12
71.46

The values of the diagonal elements are expressed by the difference from the energy of
BsBp3. The energy of BsBp3 is -288.6004 a.u. which is obtained by the use of the ls, 2s, 3s,
2p, and 3p RHF orbitals for (BpBd) O'. Note that the energy of 3sBp is greater than the RHF
value by 0.0193 a.u. lace Table Il). The off-diagonal element is (3pndpaH„~H~3s3P ).

See Ref. 10.
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most constant for the first four ol five solutions.
These solutions may be close to those of RHF.
The (3s3P') 'D' given by RHF lies at the midpoint
of (3p3dpa„F) 'D' and (3p4dpasF) 'D', whereas
(3s3p')'D' is the lowest state in experiment. The
calculated term values are far from the experi-
mental ones for these three solutions.

Since the matrix elements between the 3s3p' and

3PndpRHF's are not zero, we have performed a CI
calculation with 3s3P' and (3pndpasv, n= 3—13).
We call this CI PRIIF+ PT. The results are given
in Table IV.

Experimentally, the lowest 'D' lies below 'P' by
2.56 eV. In the PRHF+PT calculation, it lies be-
low 'P' by 2.55 eV which is close to experiment.
The lowest state was designated as 3p3d up to 1957
and was redesignated as 3s3p' after 1958. Rad-
ziemski and Andrew' adopted the same desig-
nation although their semi empirical calcu-
lation indicates the first state to be 3p3d. Con-
trary to the result of Radziemski and Andrew,
the weight of 3s3p' reaches 56%%ua for the lowest
'D' and is greater than that of Z3s'3Pnd (44%)
(see Table IV). It would be appropriate to desig-
nate the lowest state as 3s3p', if the labeling has
a meaning in a case of such a strong mixing.

The relative energies with respect to 'P' of the
PRHF+ PT calculation are compared favorably
with those of the PRHF calculation for the higher
solutions. It should be noted that a fairly large
mixing of 3pndp„HF's occurs in these solutions.
Since the matrix elements between 3pndpRHF s are
zero, the mixing arises from the interaction of
3Pnd pIHF's with 3s3P'. The perturbation theory
gives the following expression for the perturbed
wave function P„:

0 pT

m n m

(2a)

(2b)

and C„and C'~T denote 3pndp«F and 3s3p', respect-
ively. Some of the matrix elements Il » in the
summation have the order of the magnitude of the
corresponding energy spacings E„-E (see the
first part of Table IV). Therefore the second- and
higher-order effects of the mixing coefficients are
as great as or greater than the first-order effect.
In fact, we can see that, in the sixth solution,
the weight of 3s3p' is 1%, whereas the suin of the
weights of the Rydberg configurations other than
the main one amounts to 13/0. The matrix element

TABLE V. Atomic orbitals for the Rydberg series.

s type

p type

1-2~HF( D )

2PHF( D')

3-4s„o('W)

pNo(

d type

f type

3P 0.7.1:3P.0.41 3P 0.24

3-13dNO|2Po)

fNO( ~)

B„,~T decreases gradually with the increase in n.
Thus the effect of 3s3P' is expected to be still
large for the higher states with n~ 8. We conclude
that (3s3P')'D' which is predominant in the first
3D' state acts as a, strong perturber.

The present result shows a strong contrast with
that of the aluminium (3s'~d) Rydberg series. "
In this case 3s3p' acts as a strong perturber and
is smeared out over the entire series. The weight
of 3s3p' does not exceed 21/o in any members of
the series.

The weights of the Rydberg-type configurations
amount to (89-99)%%uo for the second to sixth solu-
tions. The designation for these solutions will be
3p3d, 3p4d, 3p5d, and 3p6d.

In order to confirm the designation given above,
we have performed a rather large CI calculation
for the 'D' series. The atomic orbitals (AO's) for
the CI calculation are given in Table 7 and are
common for all the series under consideration.
They mainly consist of the natural orbitals (NO's)
which are obtained from the 498-dimensional CI
calculation for the ionized state 'P' (see the Ap-
pendix). In these orbitals, the 4s„o, 4p„o, 3d„o
and 4f„o-7f„o and in some cases 5p-7p, 4d„o, and

5d» are chosen as the correlating orbitals.
In the CI calculation for the 'D' series, 3s3P',

3s'3Pnd (n= 3-13) and 3s3P nP (n= 4-7) are treated
as reference functions and the electronic correla-
tions. of the outer four electrons of these functions
are considered. Two types of the correlations
are taken into account. Firstly, pairwise excita-
tions which represent the 3s-nd and 3p-nd cor-
relations in the Rydberg configurations and those
which represent the correlations in the other two
types reference functions 3s3P' and 3s3p'np's are
considered. " Secondly, in order to describe the
correlation effects of the ion core in the Rydberg
configurations we select 18 configuration-state
functions (CSF's) from 498 CSF's for 'P' which
have large coefficients (~ c,

~

~ 0.01, see Table
XIV) and make GSF's for the Rydberg series by
adding a d electron to these CSF's.

The truncated set of CSF's describes the cor-
relation effects of the ion core almost fully, be-
cause the 18-dimensional CI calculation for 'P'
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TABLE VI. Reference configurations and results for
3g)0 0.2 300

Dimension of CI

Solution Total energy (a.u. )

Reference functions . 3s 3p+d, +=3-13
3s3p
3s3p'np, n-4-7
838

Relative energy
to 2P' (eV)

CI Expt.

O. I

1
2
3

5
6
3s 3p

-288.7317
-288.6886
-288.6663
-288.6552
-288.6490
-288.6453
-288.6350

-2.630
-1.458
-0.851
-0.549
-0.380
-0.278

0.0

-2.558
-1.452
-0.851
-0.548
-0.375

00272
0.0

See Ref. 10.

gives the total energy of -288.6350 a.u. which is
only 0.001 a.u. above the result of the 498-dimen-
sional CI. (The calculated M-M shell correlation
energy by the 18-dimensional CI is -1.693 eV,
which covers (90-94)/o of the estimated experi-
mental value for sP'. ) The number of CSF's thus
obtained is 838 for the 'D' series.

The total energies and the relative energies to

0.00 30.00 60.00
r (a. u. )

90.00 1 20.00

FIG. 2. Radial charge distribution of d NO' s for the
D' Rydberg series. The suffix & which denotes the lev-

el is attached to d .

'I" by Ithese CI calculations are given in Table VI
together with the experimental values. The agree-
ment between the calculation and experiment is
satisfactory in that the maximum error is only
0.006 eV except for the first solution.

The weights of the important configurations are
given in the first part of the Table VII. The
weights of 3s3P' and Z3s'pnd for the first solution
are 56/c and 39%%uq, .respectively. The designation
for the-first state is 3s3P'. This is the same re-
sult as the PRIG'+ PT calculation. In the rest of
the solutions the weights of 3s3p' in the table are

TABLE VII. Important configurations and results of NO analysis for ~D series.

(a) Important configurations (%)
Solutio

SF's +3s'3pnd p'3s3p3dnd ' +3s3d'np 3s3p3
b

1
2
3

5
6
3s 3p

38.99
79.73
89.27
91.76
92.61
93.11
93.92

1.97
2.51
2.62
2.64
2.66
2.65
2.66

0.56
2.17
2.43
2.50
2.52
2.54
2.57

1.29
0.26
0.11
0.06
0.04
0.03

55.66
14.22
4.60
2 11
1.27
0.78

(b) Occupation numbers for each NO.

Solution, designatio
0 3sNQ 3PNQ

1 . ..3s3P
2 . . .3p3d
3 . . . 3p4d
4. . .3p5d
5 . . .3p6d
6 . . .3p7d

3s 3p

1.369
1.767
1.861
1.886
1.894
1.899
1.907

2.148
.1.327
1.140
1.093
1.077
l.067
1.053

0.441
0.849
0.951
0.977
0.986
0.992
0.032

0.018
0.035
0.033
0.032
0.032
0.032

4.466
11.554
21.300
34.392
50.165
71.715

The symbol P' indicates that summation on n is performed except for n =3.
The contribution from Q'3s3p np is also included. The weights of Q'3ssp2np are small

compared with that of (3s3p ): they are 2.96%, 1.57%, 0.52%%u&, 0.280/0, 0.19%, and 0.12% for
the respective solutions.

The symbol (r& ) indicates (d'(r(d').
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also nearly equal to those given in Table IV. The
NO analysis is performed and the results are
shown in the second part of Table VII where the
d-type NO's with the largest and next-largest
occupation numbers are denoted by d' and d", re-
spectively. The radial charge distribution of d'
orbital for each level is given in Fig. 2. The

orbital d' for the first state (d,') is rather con-
tracted ((r„,) =4.5 a.u. ). Except for d|, the others
show the typical shape of the Rydberg series.
They are quite similar to the hydrogen nd orbitals
with n= 3-7. One of the examples is shown in
Fig. 3. Since the occupation numbers for d (i
= 2-6) are greater than 0.85, we assign the higher

TABLE VIII. Configuration interaction with 3pndpRHF and 3s3p for D' series.

Configurations 3s 3p+dpRHF and 3s3p
Dimension of CI 12
Matrix element for the first five members of PRHF+ PT

PRHF 4dpRHF 5dPRHF 6dpR 7dpRHF

Diagonal
Off diagonal

-0.2126
0.0383

-0.1820
0.0249

-0.1683
0.0173

-0.1611
-0.0127

-0.1566
-0.0089

Solution
Total eriergy

(a.u. )

Relative energy to I"(eV)
PBHF+ P T Expt.

1
2
3

5

-288.6495
-288.6133
-288.5974
-288.5892
-288.5843

e

-1.821
-0.990
-0.616
-0..419
-0.298

-2.087
-1.103
-0.671
-0.448
-0,313

-2.305
-1.170
-0.699
-0.469
-0.339

9
10

-288.5190
-288.4009

2.203
10.020

1.462
4.675

Solution

Weight of configurations (%)
The largest configuration
in 3pMpRHF and its weight 3s3p Others

1
2
3

3p3d. . . 89.04
3p4d. . . 87.26
3pjd. . . 87.50
3p6d. . . 88.8S
3P76. . . 91.84

O

5.83
2.43
1.20
0.65
0.35

5.13
10.30
11.30
10.47
7.81

9
10

3plld. . . 71.69
3plld. . . 24.54

16.00
60.88

12.31
14.58

Mean value of & by dpRHF and by d-type NO of PBHF+ PT (a.u.).
Solution

1 2 3

PBHF
PBHF+ PT

7.80
6.28

17.41
15.54

30.05
27.69

46.40
44-, 07

72.14
69.60

The ls, 2s, 3s, 2p, and 3p orbitals are the BHF orbitals for (3p3d) 3D'. The &d orbi. tais
are determined by CI with the configurations (3p&d) iD, and they are denoted by &dpRHF.

b. The value of the diagonal element is expressed by the difference from 3s3p3. The energy
of the term is -288.4271 a.u. Note that the position of 3s3p3 is pushed up by 0.0390 a.u. com-
pared with the RHF value (see Table II), and this 3s3p3 situated above the ionized level by
8.96 eV. The off-diagonal element is (3padpasp(Hjss3p').

' The value is higher than the value given in Table II by 0.0004 a.u. (BHF: -2S8.6401;
PBHF: -288.6397).
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Hydrogen 4d orbital and d' NO for (3p4d) 30o TABLE. IX. Heference functions and results for D
series.

0.06-
OJ

0.03 -d

IO

4d(H

20
r (a. u. )

40

Dimension of CI

Solution
Total energy

(a.u. )

Reference functions 3s 3pnd, n=3-13
3s3p
3s3p2np, n=4-7
606

Belative energy
to P' (eV)

CI Expt.

FIG. 3. Radial charge distributions of the hydrogen
4d orbital, and d NO of (+4d) 3D'.

states as (Sped, n = 3 7) 'D-'. It is found that the
shapes of d" orbitals are close to d' NO for 'P'.
They are the correlating orbitals for the ion core
and 3s3p

The weights of ZSp'nd and Z'SsSpSdnd increase
and approach to those of the ionized state as the
state becomes higher. They express the correla-
tion effects of the ion core.

8. D series and its perturber

1
2

4
5

0

3s 3p

9
10

See Ref. 10.

-288.7185
-288.6775
-288.6606
-288.6520
-288.6468

-288.6350

-288.5949
-288.5226

2 y 272
-1.156
-'0.696
-0.462
-0.321

0.0

1.103
3.059

-2.305
-1.170
-0.699
-0.469
-0.339

0.0

The PRHF and PRHF+ PT calculations are per-
formed. The results are given in Table VIII. The
contributions of 3s3p' in the PRHF+ PT wave func-
tions are small in comparison with those of the
'D' series. Nevertheless we find that the relative
energies to 'P' of the PRHF+ PT calculation are
much improved and that the small contribution of
3s3p' gives rise to a considerable mixing of
Spnd~l» configurations. The absolute value of the
matrix element between Spnd~asF and Ss3p' slowly
decreases with the increase in the principal quan-
tum number n The e. ffect of (SsSp') 'D' can be
expected to extend to higher members of the Ryd-
berg series. The term (SsSp')'D', which is above
the ionized state by -4 eV (see footnote b in Table
VIII), act as a strong perturber.

Radziemski and Andrew' showed by their calcula-
tion that (SsSp') 'D' is above the ionized level,
whereas Brown, .Tilford, Tousey, and Ginter' re-
ported that (SsSp') 'D' probably lies below the
ionized level. Table VIII shows that the state,
which lies above 'P' by 4.68 eV, mainly consists
of (3sSP')'D' The resul.t is in accord with that
of Radziemski and Andrew.

The configuration 3s3p' is valencelike and the
electronic correlation is probably greater than
those of the ion cere.

The correlation effect may bring the position of
3sSp' below the ionized state 'P'. Therefore we
have performed a rather extensive CI calculation.
The reference functions are SsSp', SsSp np (n
=4-7), and Ss'Spnd (n=3-13). The methods of
the calculation are the same as those of the 'D'

series. The dimension of CI is 606. The total
energies and the energies relative to 'P' are given
in Table IX. The first eight solutions are found
below the ionized state, and they have a main con-
figuration of ZSs'Spnd. The ninth and tenth solu-
tions are situated at 1.10 and 3.06 eV above 'P'.
The sums of the contributions from Ss3p' and
ZSsSpmnp are 37.6% and 44.5%%ug, for the respective
solutions (see the first part of Table X). We did
not find a state in which SsSp' is a leading term
below 'P'. We feel that any further inclusion of
the correlation effect does not bring the position
of the state, where Ss3p' is predominant, below
the ionized state.

The relative energies with respect to 'P' for
the first five solutions of 606-dimensional CI were
already given in Table IX. The agreements between
the calculation and experiment are reasonably good.

C. SF and ~F Rydberl series

The total energies and the relative energies Wth
respect to 'P' by the PRHF and extensive CI cal-
culations are collected in Tables XI and XII to-
gether with the experimental term energies. The
differences between the PRHF and experimental
values for 'F' and 'E' are less than 0.19 and 0.10
eV, respectively. The agreements of the PRHF
results with experiment for the two series are as
good as or sometimes better than those of the
PRkV'+ PT results for the 'D' and 'D' series. This
implies that the 'F' and 'F' series are pure Ryd-
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TABLE X. Important configurations and results of NO analysis for ~D' series.

Solution
(a) Important configurations (%)

SF's +3s23pnd

85.47
90.45
92.07
92.85
93.26

2.79
2.74
2.71
2.69
2.69

Q 383p3dnd

1.42
2.28
2.45
2.51

+3s3d'np

0.82
0.17
0.Q6

0.03
0.02

3s3p
b

7.70
3.28
1.76
1.02
0.63

38 3p
0

93.92 2.66

9
10

65.79
47.65

3.32
3.33

1.74
1.02

0.25
1.59

27.55
44.50

(b} Occupation numbers for each No

Solution, designatio

NO BPNO dPP (&„)' (a.u. )

1 . . .3pBd
2 . . . 3p4d
3 . . . 3p5d
4 . . .3p6d
5 . . .Bp7d

0

1.825
1.872
1.888
1.896
1.900

1.209
1.119
1.088
1.073
1.067

0.923
0.965
0.981
0.989
0.993

0.023
0.031
0.032
0.032
0.032

0

5.659
14.827
26.740
42.862
67.359

0

Bs23p 1.907 1.053 0.032

9 ~ ~ ~ ~

1Q,
1.621
1.436

1.595
l.911

0.700
0.534

0.045
0.041

17.886
8.772 .

See footnote a in Table-VII.
The contribution from P'3s3p2np is also included. The weights of g'3s3ptnp are 0.46%,

0.21%, 0.13%, 0.08%, 0.05%, 3.45%, and 10.06% for the respective solutions.
See footnote c in Table VII.

TABLE XI. Results of PRHF and CI for 3E' series. TABLE XII. Results of PRHF and CI for &' series. '

State
Total energy (a.u. }
PRHF CI Expt. '

Relative energy
to 'I" (eV)

HF CI State
Total energy (a.u.)
PBHF CI Expt.PRHF

Relative energy
to 'P' (eV)

CI

BpBd
3p4d
Bp5d
Bp6d
Bp7d
Bs"3p

-288.6384
-288.6091
-288.-5955
-288.5882
-288.5837
-288.5728

-288.7051
-288.6729
-288.6584
-288.6508
-288.6462
-288.635Q

-3 .786
-0.990
-0.617
-0.420
-0.299

0.0

-1.907
-1.029
-0.635
-0.429
-0.303

0.0

-1.980
-1.048
-0.643
-0.434
-0.312

0.0

3p3d -288.6265 -288.6909
Bp4d -288.6032 -288.6665
Bp5d -288.5923 -288.6551
Bp6d .-288.5862 -288.6489
Bp7d -288.5826 -288.6452
Bs23p -288.5728 -288.6350

-1.463
-0.828
-0.531
-0.367
-0.268

0.0

-1.521
-0.855
-0.546
-0.377
-0.275

0.0

-1.559
-0.874
-0.560
-0.389
-0.285

0.0

The reference functions are (3s 3pnd, n=3-13) E'
and (BS3p np, n =4-7) E and the number of dimension
for CI is 671.

See Ref. 10.

The reference functions are (Bs 3pnd, n =3-13) P' and
(3sBp np, n =4-7) ~& and the number of dimension for CI
is 526.

See Ref. 10.
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berg series.
In fact, the weights of the main configuration

Z3s'3Pnd are around 93.5/g in the wave functions
of the extensive CI calculation for the 'E' and 'E'
series, and the occupation numbers of d' orbitals
(Rydberg ones) are always nearly 1 (occupation
number ~ 0.997). Moreover the shapes of the re-
sulted 3s„o, 3p„o, and the correlating d-type NO

and the occupation numbers of these orbitals in
each solution are close to those of the ionized state
2P' (occupation numbers: 3s» 1.904—1.907 for
E', 1.905-1.907 for 'E' and 1.907 for I", 3p„o
1.056-1„053for 'E', 1.054-1053 for 'E' and 1.053
for I", d" 0.026-0.031 for 'E', 0.031 for 'E" and
d' 0.032 for 'P'). Tables XI and XII show that the
results obtained by the extensive CI calculations
are satisfactory.

0.5—

Quantum defect p. for F and F

6 f'EXPTL( F )
3 0

@CD(3F )

fPRHF(F )

O

0.0
f EXPTL ('F )

pcs(F )—I 0

I

-2.0
I

—I.O

Relative energy to P (eV)

I

0.0

FIG. 4. Quantum defects p for S' and E'. The suffix
CI indicates the 526- and 671-dimensional CI's for ~
and 3+', respectively.

III. QUANTUM DEFECTS

The quantum defect (p) and the energy lowering
from the ionized level (OE) are related by

aE =B, /(n —p)'. (3)

The calculated and experimental. p, 's for 'E' and
'E' are given in Fig. 4. The experimental results
are denoted by p, EX «. The quantities p, pgap agree
well with p, m»TL. The error is at most
-0.15. The quantum defects, p, p„»'s are smaller-
than p.E~TL's. This indicates that the wave func-
tion obtained by PRHF is broader than the true
one. It is a general tendency in RHF-level wave
functions. The diffuseness of the wave function is
reduced in the CI calculation as is shown in the
figure.

The small decreases in p, p„„r and pc, at (3p6d)
'E' will be attributed partly to the deficiency of
the d-type orbitals for the series.

The quantum defect, s for 1Do and 3Do are gj

Quantum defect p, for 'D and D

I.O—
6 7 p, ,(D)

(3DO)

3 0+ PRHF +PT

E 0.5—

I 0
i"Expt'L( D )5~

( Ipo)
I 0

O'PRHF +PT ( D )

0.0
-3.0

PPRHF ( D )

Pt 4 5 3 0x = == I PRHF( D )

-2.0 —I.O 0.0
Relative Energy to P (eV)

FIG. 5. Quantum defects p for D and D'. The suf-
fix CI indicates the 606- and 838-dimensional CI's for
~B' and D', respectively. The symbol PT indicates
(Bs3p ~)3D'.

in Fig. 5. A comparison of p, &RH& with p,~„„~pT
of the 'D' series clearly shows the large effect
of the perturber. It should be noted that the PRHF
calculation gives almost the same quantum defects
for the E' and D series and the PRHF+PT cal-
culation resolves these near degeneracies. For
the 'D' series, we label all the levels by a run-
ning quantum numer yg,

' and take n = 3 for the
lowest 'D' state. Reflecting the existence of the
perturber, p. 's for PRHF+ PT, CI and experiment
increase as the quantum numer n increases. The
CI calculation almost reproduces the experiment-
al results.

IV. CONCLUDING REMARKS

We have performed CI calculations on the first
five or six members of the 1Do 3Do 1Eo and SE'

Rydberg series of the silicon atom. The magnetic
terms are not included in the Hamiltonian. The
calculated energies relative to the ionized level,
(3s'3p) 'P', agree well with the experimental
values.

Our rather large CI calculation shows that the
weight of 3s3P' exceeds 55% and that of the Ryd-
berg-type configurations is 39%%uo in the first 'D'
state. The configurations 3s8p3 and 3pnd are so
strongly mixed and perturbed with each other,
that it will not be meaningful to designate the
state by a single term. If it is necessary for the
sake of convenience, the labeling for the first
state is 3s3p' and that for the higher states is
3Pnd, where n begins with 3.

It is also found that the 'D' series is strongly
perturbed by 3s3p . For 'D', at any levels of ap-
proximation, a state which has the leading con-
figuration of 3s3p' is found below the ionized state,
whereas a corresponding state is not found below
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the ionized level for 'B'.
The common role of the strong perturber is as

follows. The perturber mixes the unperturbed
Rydgerg configurations which have zero matrix
elements among them and it considerably deforms
Rydberg configurations from the unperturbed ones,
even though the contribution of the perturber it-
self is small in the wave functions.

The present result agrees with the conclusion of
Radziemski and Andrew' as to the position of
(SsSp'} 'D' relative to 'P'.

The 'E' and 'E' series are found to be pure Ryd-
berg series.
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APPENDIX: CONFIGURATION-INTERACTION
CALCULATIONS FOR THE IONIZED STATE

AND THE GROUND. ,/TATE

In this Appendix, we discuss the ground state
'P and the ionized state 'P' to which all the Ryd-
berg series under consideration converge. The
correlation energies for both states will be invest-
igated.

Iterative-natural-orbital-configuration-inter-
action (ING-CI) calculations are performed for
the two states. The atomic orbitals for CI are
common for the two states and are given in Table
XIII. The correlation effects of the M-she1. 1 elec-
trons are taken into account by exciting one or
two electrons from the reference function (Ss'SP
for 'P' and 3s'3p' for 'P). For two electron ex-
citations, the angular momentum conservation of
the excited pair is taken into account. For exam-
ple, let us consider 3s-3p pair excitations. Ex-

TABLE XHI. Atomic orbitals for CI of P and 3P.

TABLE XIV. Results of CI for 2P'.

Beference function
Dimension of CI
Total energy (CI)
Total energy (BHF)
Correlation energy

3s 3p
498

-288.6363 a.u.
-288.5728 a.u.

-1.728 eV

Important configuration {(c)~0.01}
Configurations Number of CSF's eight (%)

Main 3s 3p

Reorganization 3s24p

s- s correlation 4s23p
3p3

(4p') '83p
(3d ) 83p
(4f') '83p

s-p correlation 4p4s3s
4p3p'
3d3p3s
3d4p3s
4f3d3s

1
1
1
1
1

93.97

0.02

0.05
2.62
0.03 2.91
0.2
0.0

0.11
0.26
2.54 3.06
0.08
0.07

The sum of the weights of all CSF's is given.

TABLE XV. Results of CI for 3P and ionization poten-
tial.

Reference
Dimension of CI
Total energy (CI)
Total energy (RHF)
Correlation energy

3s23p2

734
-288.9293 a.u.
-288.8540 a.u.

-2.049 eV

citations of (3sSp) "P- (&kct'k'} "P are taken
into account, but excitations of (3s3p) "P-
(o.'ka'k') "L (L &P) are not included in CI. The di-
mension of CI amounts to 498 and 734 for 'P' and
P, respectively. The results for P and P are

given in Tables XIV and XV, respectively.
We consider how much of the M-M shell corre-

lation energy is taken into account by the present
CI. The sum of the jK-M, L-M, and M-M shell
correlation energies is estimated to be -0.087
a.u. for silicon 'P' by Clementi" from the experi-
mental data. A value of -0.007 a.u. is given by
Clementi" for the sum of K-M and I.-M correla-
tion energies of Na(K'L'Ss). Meyer and Losmos '.
have shown that the I -M shell correlation energy
per one M-shell electron is almost constant from
Na to Al(K L'Ss'SP) (-0.005 to -0.006 a.u.). Since

s type 1sHF-8sHF [(3P3d) D'] 3s 0.79 3s 0.53
3s 0.35 3s 0.23 3s 0.16

p type 2~F-8pHF [(3p3d) D ]
d type Same as those given in Table I.
f type 4f 2.20 4f 1.27 4f 0.73 4f 0.42

Ionization potential

RHF
CI
Expt. (BS)

See Bef. 10.

7.652 eV
7.973
8.175
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the L-M shell correlation energy is much greater
than the K-18 shell correlation energy, we adopt
-0.006 to -0.007 a.u. for the sum of the E-M and
L-M shell correlation energies per one electron
for silicon. By the use of these values, the ex-
perimental M-M shell correlation energy for 'I"
is estimated to be -1.80 to -1.88 eV. In the pres-
ent CI, the M-M shell correlation energy is cal-
culated to be -1.73 eV for 'P' (see Table XIV),
which corresponds to (92-96)% of the estimated
experimental value. The M-M shell correlation
energy for 'P is estimated to be -2n10 to -2.20 eV.
The calculated value is -2.05 eV (see Table XV)
which covers (93-98)% of the estimated experimen-
tal value. The present CI, thus, sufficiently de-
scribes the correlation effects among the M-shell
electrons.

The ionization potential I' of the CI calculation
is 7.97 eV, whereas the experimental value is
8.18 eV. The difference between the two is 0.21
eV (= 0.007 a.u. ), which is almost equal to the sum
of the K-M and L-M correlation energies per one
M-shell electron adopted for silicon. It is reason-
able because the following relation holds for

gK4I and L-M(2Po) gK-M and L-M(3P)
EXrn C & co&& corx

where we assume that the correlation energies
among the inner shell electrons are equal in the
two states and that the M-M shell correlation ef-
fects are fully taken into account in the CI calcula-
tions.
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