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Using restricted Hartree-Fock (RHF) wave functions and two previously defined types of
configuration-interaction (CI) wave functions —the polarization wave function and the first-
order wave function —we have made ab initio calculations of the hyperfine structure (hfs) of
D C, D N, P N, and D O. The hyperfine parameters of these excited states exhibit some

interesting effects not encountered in the hfs of the ground states of first-row atoms. In

particular, both D N and P N show no electric-quadrupole hfs in the RHF approximation.
However, both the polarization and first-order wave functions predict a small electric-
quadrupole hfs for these states of N . Radford and Evenson have experimentally studied the
hfs of D N, and our CI results are in good agreement (usually within experimental error)
with their hfs constants. As was found previously for the ground states of N, O, and F, the
polarization wave function gives better agreement with the experimental hfs than does the
first-order wave function. The present results also indicate that the hfs parameters ) $(0) ),
(rl ), (rs ), and (r ) are not usually transferable between different states of the same
atom.

INTRODUCTION

The purpose of this series of papers' is to
study, using configuration interaction (CI) wave
functions, the hyperfine structure (hfs) of first-
row atoms. In papers I and II, we introduced
two types of limited CI wave functions, the polar-
ization wave function' and the first-order wave
function. '& The polarization wave function in-
cludes the restricted Hartree-Fock (RHF) con-
figuration plus all configurations corresponding
to polarizations of the core and valence RHF or-
bitals. The first-order wave function' contains
the RHF configuration plus all configurations
which do not correspond to true correlation ef-
fects. ' Polarization and, to a lesser degree,
first-order wave functions, yielded hfs para-
meters for the ground states of N, O. and F in
better agreement with experiment'y ' than pre-
viously used' ' theoretical approaches. In
particular, polarization wave functions resulted
in spin densities between 25 and 45$ too small,
and other hfs parameters were within 2%%uo of ex-
periment. %e note that previous calculations
of the spin density I $(0) P had given highly er-
ratic results for these atoms, sometimes even
differing in sign from the experimental spin den-
sity.

Since the submission of paper I, highly suc-
cessful calculations of the spin densities of the
ground states of oxygen, "nitrogen, "and phos-
phorous" have been reported using the Btueck-
ner-Goldstone many-body perturbation theory
(MBPT), "~"as developed for atoms by Kelly. "

MBPT calculations have also been reported by
Das and co-workers on the ground and first ex-
cited states of lithium. " Related spin-density
calculations, using pair correlation approaches,
were performed earlier by Nesbet" and by
Schaefer and Kaldor. " It remains to be ex-
plained why MBPT gives such excellent results
but the related pair correlation methods, ' y "
which involve the summation of contributions
from single and pair excitations, give poor agree-
ment with experiment. In another related work,
Sandars'4 has discussed the use of perturbation
theory in the calculation of hfs.

Many fewer ab initio investigations have been
made of that part of the hfs resulting from the
operators

Ssi. r; - sg

C. (
Z

Z r3
z

Kith these operators can be associated different
effective values of ( r "), namely, ( r& -'),
( rs '), and( r& ') . Papers I and II of this
series, using polarization and first-order wave
functions, reported calculations of effective
values of ( r ') for the ground states of first-
row atoms. Other work includes that of Judd, "
who has qualitatively discussed the effects of
different configurations on the different values
of (r ') In a. very re. cent paper, the first MBPT
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calculation of (rf '), (rs '-), and (r&-') for an atom
with more than three electrons has been per-
formed by Kelly~' on the oxygen atom. In an-
other paper now in press, Goddard" has pre-
sented a complete discussion of the hfs of the
ground states of B, C, N, 0, and F using unre-
stricted2' and spin-extended" Hartree- Fock wave
functions.

To date, very little theoretical work has been
done on the hfs of excited states. Apparently,
the lithium atom is the largest atom for which
excited state hfs calculations have been carried
out. A number of calculations on 'P I i have
been reported, including a 45-term CI calcula-
tion, "spin-extended Hartree-Fock calcula-
tions, "b an MBPT study, "b and the use of
the spin-nptimized SCF function by Kaldor and
Harris. " The fact that all of thes approaches
give good agreement with experiment indicates
the relative simplicity of the electronic struc-
ture of 'P I i. Using spin-extended Hartree-Fock
wave functions, Goddard" has an addition
studied the hfs of the 3 $, 3 P, and 3 D states
of lithium.

This study concerns itself with the lowest-
maltiplet excited states of C, N, and O. In the
RHF approximation, these states arise from the
orbital occupancies 1s22s 2', where n = 2, 3, 4.
These states, 'D C, 'S C, 'D N, 'P N, 'D 0, and
'S 0, are of particular interest. because of their
relationship to the ground states of C, N, and O.
Since 'S states have no hfs, the 'S states of car-
bon and oxygen mill not be discussed hereafter.
The 'D state of nitrogen is of particular interest
because its hfs has been experimentally investi-
gated by Radford and Evenson. ' In this paper,
we use RHF, polarization, and first-order wave
functions to discuss the hfs of thes lowest-lying
excited states of carbon, nitrogen, and oxygen.

WA VE FUNCTIONS

Reference 1a contains a discussion of the
properties of polarization wave functions. First-
order wave functions are discussed in Refs.
1b and 2, and more thoroughly in a recent
paper" concerning the electron affinities of
first-row atoms. Table I lists the types of con-
figurations us d in polarization and first-order
wave functions for first-row atoms whose RHF
function has the orbital occupancy 1s22s 2p"
To be more specific, polarization wave functions
for the states of interest here are composed of
59 ('D C), 105 ('D N), 95 ('P N), and 69 ('D 0)
configurations. The differences in numbers of
configurations do not indicate that calculations
on some states used larger basis sets than
others; all calculations used the same size basis
sets and differences in numbers of configurations
are due to the symmetry properties of the dif-

TABLE I. Orbital occupancies, separated into three
types, for polarization and first-order wave functions.
The polarization wave function includes only configura-
tions of type (1), whereas the first-order wave function
includes configurations of all three types. X is an

orbital in the Hartree-Fock wave function, and Y is an

orbital not occupied in the Hartree-Fock approximation.
In general, there is more than one configuration of the

proper symmetry corresponding to each orbital oc-
cupancy. The number tl of 2p electrons goes from two

for carbon to four for oxygen.

Notation:

S.= fS «S, S,S,S, Si 1' 2' 3' 4' 5' 6

P, ={Pi,P2 Ps P4 P5.Ps)
d. =(d, d, d, d, d, d )i 1' 2' 3' 4' 5' 6

f,=(fq.f2..f3.f4)

(1) X. F
2 n

1s si, 1ssz2S 2P

2 n
1s dz, 1sdz2s 2p

2 n
2S S; 1S 2SS 2p

2 n
2s d. ; 1s 2sd 2P

2 2 n 12P-P; ls 2s 2p p.
2 2 n 1

2p f-; 1s 2s 2P f.
(2) X X. XkXz j k

2 2 2 tl+2
1s 2p; 2s 2p

2 2 2 tl+2
2s —2p; 1s 2p

2 tl+ 2
1s2s 2p ~ 1s2s 2p

(3) X.X.-Xkr.
z ) k

2 2 n+1
1s 2pp. 2s 2p p.

2 2 n+1
1s —2pf. 2s 2p fz

2 2 n+1
2s 2pp. ; 1s 2p pz

2 tl+1
2s —2pf, ; 1s 2P fi

tl+1
1s2s —2ppi~ 1s2s2p Pz

n+1ls2s —2pf 1s2s2P fi

ferent states. The first-order wave functions
for these states consisted of 142 ('D C), 195 ('D
N), 193 ('P N), and 109 ('D 0) configurations.
One of the most complicated of these wave func-
tions, the first-order wave function for 'P N,
was constructed from 3334 Slater determinants,
979 of which were distinct. Owing to the fact'4
that more than one L-S eigenfunction of the pro-
per symmetry can result from most orbital occu-
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pancies, many determinants are included in more
than one configuration. A more complete dis-
cussion of the L-S eigenfunction prob'em ..'.s
given in Ref. 34.

In all calculations, o~r first configuration. was
the accurate RHF function of Clementi, Roothaan,
and Yoshimine~' for the particular state. These
RHF functions" appear to be within 0.0001 har-
tree of the energy of the exact RHF function. In
addition six s, six p, six d, and four f Slater-type
orbitals (STD) were added to the RHF basis to
form an equal number of atomic orbitals for the
CI calculations. The additional STO's were
chosen as described in paper I, and the energies
of the resulting polarization and first-order wave
functions are believed' to be within about 0, 0301
hartree of the exact polarization. a,nd first-order
energies. The actual basis sets used are given
in Ref. 33.

The CI calculations were performed as des-
cribed previously. 3 36 Documentation of the
computer programs, including actual listings of
the programs, is on+ain d in the thesis" of one
of the authors. The first-order wave functions
used here were described previously. " The
polarization functions were computed specifi-
cally for the present research.

The energies of the polarization and first-order
wave functions for 'g) C, 'D N, 'P N, and 'D 0
are given in Table II. For comparison, the RHF
energies of Clementi, Roothaan, and Yoshimine"
and the experimental energies of Veillard and
Clementi" are included in Table II.

REVIE% OF HFS THEORY

The most general original pres ntation of hfs
theory for the many-electron atom .'.s that of
Trees. " However, Trees's work" was pub-
lished in 1953, before the start of efforts to ob-
tain ab initio wave functions beyond the RHF level
of approximation. Therefore, Trees's work was
intended for use either in conjunction with RHF
functions or for the analysis of experimental hfs
data. In paper I [ Ref. 1(a)), we extended
Trees's analysis" in order to evaluated atomic
hfs using expectation values determined from the
more general CI wave functions. Here we sum-

marize the detailed analysis contained in paper I.
The hyperfine energy levels Wy are given by

the formula

WF = 2 AK+BK(K+1),

where K =F(F+1) —I(I+1) —Z(Z +1). (2)

In Eq. (1), A arises from the magnetic-dipole
interaction and B from the electric-quadrupole
interaction between the nucleus and the electrons.

In the L-S coupling scheme, neglecting rela-
tivistic effects

A=(2g p p, /I)(zf af +%~a„+ x a ), (2)S S

B=[2e Q/2I(2I-I)]X a
q

(4)

if p,l is given in nuclear magnetons, and Q is
given in barns. The quantities X~, &d, &q, and
Xq are rather complicated algebraic functions of

S and ~, wh1le +~ o,'d +~ and +q ar
reduced matrix elements4'

3s.' l.
ad=(L+IIZ ~, ~ r. —

~ IILS),

a =(Lsll Q. 2' ~(rf)s. liLs),

where p,B is the Bohr magneton, Pl is the nu-
clear magnetic-dipole moment in nuclear mag-
netons, p~ is the nuclear magneton, e is the
electron charge, and Q is the nuclear electric-
quadrupole moment (usually given in barns).
Since units can be very confusing in hfs calcula-
tions, we note that"

"B"I"X "I
= 95. 4096 MHz;

3e'Q 704. 922 Q
2I(2I- 1) 21(2I- 1)

TABLE II. Energies of different wave functions for pertinent excited states of C, N, and O.

DO

RHF
Polarization, this work
First order
Experiment

—37.63132
—37.67294
-37.69543
-37.809

—54.29615
—54.35012
—54.35547
—54.525

—54.22809
—54.25525
—54.29421
—54.481

—74.72921
—74.77482
—74.77831
—75.038

aReference 35.
bReference 33.

Reference 38.
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C. (2)

=(I,S )[Q. (9)
4. 973, and the true spin density' of oxygen is

+ 0. 1138. Similarly, for 'P F", the pertinent
equations are

In E&I. (9}, Cf&~& is the tensor of rank two intro-
duced by Racah. " Paper I contains explicit
formulas for the X's and relates the reduced
matrix elements n to expectation values calcu-
lated for wave functions with definite values of

TEST OF THE TWO —PARAMETER THEORY

A3 2=334. 404 ( r ') —66. 881 (r s)

+ 1400. 75 ~q(0)
~

= 2009. g9 MHz, (12)

Al 2- 668. 809 (rf-') + 668. 80g ( r -')

—1400. 75
i P (0) i' = 10244. 21 MHz, (13)

Using RHF wave functions for atoms with open
2p shells, the reduced matrix elements ol, ed,
and ~q can all be expressed in terms of the sin-
gle parameters (r ') = ( 2p 1 r '

l 2p). If these re-
lationships were rigorously true, then all of hfs
for atoms could be explained in terms of the two
parameters 1 g(0) I

' and ( r '); and it would be
possible to deduce experimental values of spin
densities using only two independent magnetic
hfs constants plus the magnetic-dipole moment
of the nucleus being considered. In fact, the
"experimental" spin densities of 'P B and 'P C
were deduced'~ ' in this manner by Bessis et al.

However, as shown theoretically by Trees"
and experimentally by Harvey, ' there are three
independent parameters needed to describe the
magnetic-dipole hfs of an atom with an open 2p
shell; and an additional independent parameter
is needed to determine the electric-quadrupole
hfs. The four-parameter theory is necessary be-
cause the operator (r ') appears in three dif-
ferent environments: Iz, (3cos'e-l)sz, and (3
cos ' 9- 1), in the expectation values which de-
termine zl, +d, and ~&. Therefore, in paper I,
we stated that the previously deduced spin den-
sities of B and C were unreliable, and that there
was not sufficient experimental hfs data available
to deduce the true spin densities of B and C.

In order to quantitatively test the validity of
the use the two-parameter theory in deducing
spin densities from experiment, Karplus, "has
suggested that this theory be used to deduce the
(experimentally known) spin densities of 'P 0 and
'P F. %e have carried out this procedure, and
for 'P 0" the pertinent equations are

A, = —36. 1354 ( r ') —7. 2271 ( r ')
l S

—151.364 I g (0)
~

~ = —218. 569 MHz,

A, = —36. 1354 (r ') +36. 1354 ( r ')

—151.364 ig(0) i
= 4. 738 MHz,

where the experimental values on the right-hand
side are those of Harvey. ' If one assumes
(&I ) =(rs '), one obtains ( r ') = 5. 150 and

l g(0) f' = -0.0313. For comparison, (r ')RHF

where the experimental value of A», is that of
Radford, Hughes, and Beltran-Lopez44 and the
experimental value of A,I, is that of Harvey. '
Assuming again that (rf ') = (rs ') = (r -'),
one obtains (r ') = 7. 634 and } $(0) I' = —0. 0231.
For comparison, ( r ') HHF = 7. 545 and the
exact value of [ g(0) I

' is + 0. 0717 a. u. '
It was not to be expected that the two-parameter

theory would give exact agreement with the true
spin densities. However, it was surprising to
find above that for both oxygen and fluorine, the
spin density deduced from experiment using the
two-parameter theory was of the wrong sign.
These results certainly justify our earlier as-
sumption' that spin densities deduced from ex-
periment using the two-parameter theory should
not be considered the experimental values.

RESULTS

Table III contains all the expectation values
and reduced matrix elements required for an
analysis of the hfs of 'D C, 'D N, 'P N, and
'D O. Included in Table III are values computed
from RHF, 35 polarization, and first-order wave
functions.

In order to compute the constants A and B
given in E&I. (1), we must assume values of the
appropriate nuclear moments. Table IV con-
tains the nuclear moments assumed in this work.
Kith a few exceptions, we have adopted the nu-
clear moments tabulated recently by Fuller and
Cohen. " For C", we have used the rnagnetic-
dipole and electric-quadrupole moments deduced
in paper I. O'Konski and Ha4' have recently com-
pleted a study of the determination of the elec-
tric-quadrupole moment of N" using ab initio
molecular wave functions and experimental
molecular quadrupole coupling constants. Their
work is based in part on the calculations of
Mc Lean and Yoshimine4' and seems tq provide
the best value to date, 0. 0156 b, for Q (N'').
Finally, we use the value deduced in paper I for
Q (Ozv)

The calculated hfs constants A and B are listed
in Tables V and VI, respectively. These tables
also include the experimental values of Radford



H. F. SCHAE FER AND R. A. KLEMM 188

00 lQ CO

O R t
CD n
00 00 00
Cb CA C5

O Q O
O 0 O

Q 0 0
Q O O

t A O
CD ~ CD
Cb M 00

t 00
Cb cD CD

00 Cb mt
00

00
CO CO CO
A

O 0
0 0 Q

Q O O
O Q O

00 0
O A lQ

QO H
CO t

00 t t

'a
Q
Q
m
Q

0
Q

0

4Q

m 'Q
Q

CI
t~N

m

Q4

A
Q g

cd

m

~w Q
6 ~
o Q

cd

Q

0
cd
N~ 7

cd
r

P
Q

~ M

S
o

cd

~M

P w

e 4E—
cd

~g, 6
m 4

0

cd g4
p

Q 0
Q

cd

0
M

4
cd

m0

00
O
QO
CD LQ
Cb Cb Cb

00 00 EQ
cD A O
O Q N0 Cb CO

00 00
CO LQ lQ

Cb
cD
Ch

00 0
CD ~ Cb

II

II

II

II

Cb
O Cb
CD cO

CO

CO

0 0 0

00
O 00

O 0 O
Q 0 O

II

II

I

m
CI
Q

II

Qf

II

00 CO

Q
0 0 0

Cb

CO
CV

O
O 0 Q

Q Q O
0 0 0

II

CPj

II

bg

CQ

II

II

00

Cb

O w O
0 0 0

EQ
00
00

LO CO
Cb0 0 0

0 0 0

LQ

O R t

II

II

'M

I

cv
m0
Q

CQ

II

II

CD 00 O
00 O

O CO OO

t t

CO
t
CO lQ

CO
O

CD cO CO
H

QOt t
C9 W 00
CO ~ 00

00
00 00 00

EQ t
00

O
CO

M

CO CgO N
CO
CO

db O O

O O Q
0 O O

~es
4m

t CO
CV

00
O & N000

000
t
Cb ooO Cb

O O 0

0 0 0
Q 0 0

fm

tr
CQ

O
00

O
Q Q O

lQ 0
CO

O0 Q

O 0 0

CO
O
O
t CO

CO
~~

eo



188 HYPE RFINE STRUG TURE. III 15'7

Nucleus

( ii

(,13

N

N
N15

pi5

Qf 7

aReference 1a.
bReference 46.

+ 0.997
+ 0.7024
+ 0.3221
+0.4036
-0.2831
+ 0.7189
—1.8937

0.0322

~ ~ ~

+ 0.0156

-0.0256

TABLE IV. Nuclear moments used in this work. I
is the nuclear spin, p is the nuclear magnetic-dipole
moment in nuclear magnetons, and Q is the nuclear
electric-quadrupole moment in barns. Note that nuclei
with spin-~ have no quadrupole moment. Unless in-
dicated, these nuclear moments are from Fuller and

Cohen, Ref. 45.

and Evenson" for 'D N.
Using Eq. (1) and the calculated hfs constants

A and 8, hyperfine energy-level diagrams can
be predicted. Figure 1 illustrates such a pre-
dicted energy-level diagram for 'D 0", using
the polarization wave function. This 'D state of
oxygen differs from the previously studied
ground-state atoms in that there is no contribu-
tion to the hfs from either the spin-dipolar
(ad) or contact (as) parts of the hfs Hamiltonian.
In addition, there is no experimental hfs infor-
mation available for 'D 0".

COMPARISON WITH EXPERIMENT

From the paramagnetic-resonance spectrum
of 'D N', Radford and Evenson" were able to
measure A„„A,]„B5/„and B,],. Their re-
sults are compared with our calculated values in

TABLE V. Calculated magnetic hyperfine constants A in MHz. The nuclear magnetic-dipole moments used are
those given in Table IV.

A2 C

DC
A 2 A2 0

DO
A 02

Hartree-Fock
Polarization
First-order

Hartree-Fock
Polarization
First-order
Experimenta

Hartree-Fock
Polarization
First-order

1.62666
1 ~ 60449
1.59070

A5/2 N
13

178.1952
179.6744
178.571S

13

97.2927
99.9356
9S.8602

1.14600
1.13038
1.12067

A3/2 N 13

118.7968
104.1234
103.5902

Ai/2 N
13

486.4637
501.7299
499.0279

A5/2 N 14

111.6417
112.56S4
111.8776
114.69 + 0.07

A3/2 N f4

60.9552
62.6110
61.9372

3.54025
3.53891
3.52397

DN
A3/2 N 14

74.4278
65.2347
64.9006
65.3+0.2

PN
Ai/2 N 14

304.7761
314.3406
312.6477

—9.32559
—9.32207
—9.28271

A5/2 N 15

—156.6193
—157.9193
—156 ~ 9502

A3/2 N f5

—85.5125
—87.8354
—86.8901

A3/2 N
15

—104.4128
—91.5161
—91.0474

Ai/2 N
15

-427.5625
—440.9802
-438.6054

aReference 32.

TABLE VI. Calculated electric-quadrupole hyperfine constants B in MHz. For the definition of B, see Eq. (4).
The nuclear electric-quadrupole moments used are those given in Table IV.

iD (11

82 B5/2

2D N14

B3/2

2S N'4

B3/2

1D 017

82

Hartree-Fuck
Polarization
First-order
Experimenta

Reference 32.

0.20574
0.19755
0.18479

0.0
—0.01316
—0.01332
—0.0150 + 0.0075

0.0
—0.03070
—0.03107
—0.0375 + 0.0250

0.0
0.05321
0.02249

0.14811
0.13807
0.13868
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i = 5/2

J=Z

l
D 0 0 0

I

I

I
I

I
I

I I
/

I
I

I /

I /

I I
I I
I

F = l/2 92. 24

I
I

I
I

I
F = 3/2 67. 58

F = 5/2 3Z. 42

F = 7/2 -4. 3V

F = 9/2 -30. 34

FIG. 1. Predicted hyperfine energy-level diagram
for D 0 . Here we use the 0 nuclear moments given
in Table IV and expectation values calculated from po-
larization wave functions. Energies are in MHz.

should provide agreement to within 2%, and in

paper II, it was stated that, in general, polar-
ization functions provide better agreement with
experimental hfs data than do first-order wave
functions.

DISCUSSION

ln order to deduce the values of (rf '),
( &s '), and l $(0)l ', it is necessarys to experi-
mentally determine the values of at least three
independent magnetic hfs constants. Although
Radford and Evenson" were able to measure
three independent magnetic hfs constants, they
considered the third (a»1 2) of these to be sub-
ject to 5. 3/& experimental uncertainty. For this
reason, they" did not attempt to directly deduce
the three parameters (rf '), (rs '), and

l g (0) [2 from experiment. The approach adopted
by Radford and Evenson was to assume that the
spin density of 'D N was identical to the experi-
mentally determined 4 spin density of 4S N. After
postulating the spm density, they used their ac-
curate values of A»2 and A3g 2 to deduce values
of (rf ') and( r ') for 2D N.

We have defined the spin density as'

Tables V and VI. It is seen that, using both
polarization and first-order wave functions, the
three constants A,&„B»„and B„,are predic-
ted within the limits of experimental error esta-
blished by Radford and Evenson. '2 In fact, the
close agreement for B», and B,I, may indicate
that the error limits established there by Radford
and Evenson are unnecessarily large. For the
fourth constant A»» the polarization function
value differs by 1.9f& and the first-order value
by 2. 5% from experiment. On the other hand,
the RHF approximation fails to give agreement
to within experimental error for any of the four
hfs constants.

An interesting feature of the hfs theory of 'D N
is that the RHF approximation predicts an iden-
tically zero electric field gradient at the nitrogen
nucleus. This is also true for 'P N, and thus,
the RHF approximation is inherently incapable
of preducting any electric-quadrupole hfs for
these two states. This property of RHF functions
is analogous to the better-known inability of the
RHF approximation to predict a nonvanishing
spin density for states with closed inner shells
and an open p shell in the RHF approximation.

The comparison with experiment in Table V
bears out previous statements' on the accuracy
and relative accuracy of polarization and first-
order wave functions in describing atomic hfs.
In paper I, it was stated that, if an experimental
hfs constant is not dominated by the contribution
from the spin density, the polarization function

(14)

However, Radford and Evenson" have used
Harvey's definition ' of the spin density. As de-
fined by Harvey, ' the spin density is equal to"
2S ' times our spin density as given by Eq. (14).

Our calculated spin densities, which are given
in Table VII, can be used to discuss the assump-
tion of Radford and Evenson" that the spin den-
sity of 'D N is the same as that of 'S

¹ It is
seen in Table VII that, using our definition of
l t[1(0) 1 ', the calculated values for 2D N and ~S N
are very different. However, following the pro-
cedure of Radford and Evenson and using the de-
finition of Harvey, ' the polarization function spin
density for 'D N is 24% larger than that for S N.
And first-order wave functions yield a spin den-
sity for D N which is 22% larger than that cal-
culated for 4S N. Since papers I and II showed
that spin densities computed with polarization and
first-order wave functions were always between
25 and 45% less than experiment, we can reason-
ably conclude that the true spin density of 'D N
is on the order of 25/() larger than that of 4S N.

Our calculations thus indicate that Radford and
Evenson's assumption concerning the spin den-
sity of 'D N leads to an error on the order of 25/0
in ["([I(0) [2. However, the spin density is a much
smaller contributor to the hfs than are the two
parameters (rf ') and ( r ~) . Therefore,
Radford and Evenson's deduced values of (r ')
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TABLE VII. Spin densities I $(0) I for different states of the nitrogen atom. We define jg(0) (
= 2(J=L+S,MJ

= J )Z 5(r )s ( J=L+S,MJ ——J). Harvey has defined a spin density which differs from ours by a factor of 1/2S. For
S N, the spin densities according to the definition of Harvey are given in parentheses.

RHF
Polarization function
First-order function
Experiment

aReference la.
bReference lb.

SN

o.o (o.o)

0.0730 {0.0243)
o.o714 (o.o238)b
0.0972 (0.0324)

Reference 4.

DN

0.0
0 ~ 0302
0.0291

PN

0.0
0.03 13
0.0274

may be quite close to the exact values.
The calculated values of ( r ') for 'D G, 'D N,

'P N, and 'D 0 are given in Table VIII. Radford
and Evenson's values" were 2. 995 a. u. for
( &f ') and 3. 293 a. u. for (rs '). We exPect
our polarization function values of ( rf ') and
(t's ') to be the most accurate of the calculated
values. From Table VIII, it is seen that our
polarization function values 2. 950 and 3. 206 dif-
fer by l. 5 and 2. 7% from the ( rf ') and (r -')
values of Radford and Evenson. Since compari-
son with experiment in Paper I indicated that
values calculated from polarization functions
were within 2% of experiment, it is probable
that the values given by Radford and Evenson~
are close to the exact values. It is not clear
to the present authors whether the calculated
polarization function values or the values de-
duced by Radford and Evenson" represent the

most reliable predictions of (xf ') and (r ').
Table VIII also shows that it is unwise to at-

tempt to transfer values of ( r -') between dif-
ferent states of the same atom. For example,
for the 'P and 'D states of oxygen, the difference
between calculated values of ( rf-') is about 0.3
a. u. But this difference is comparable to the
variations between ( rf '), ( y '), and (r&
for the 'P state of oxygen. An exception to this
nontransferability of parameters is provided by
the 'D and P states of nitrogen. The calculated
values of I V(0) I', (~&-'), and(ys ) are near-
ly the same for the 'D state as for the 'P state.
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TABLE VIII. Calculated values of (r ) in a. u. For each entry, polarization function values are given above those
obtained from first-order wave functions. The abbreviation NA indicates that an (r ) analysis is not applicable to a
particular entry. For P 0, the experimental values of Harvey (Ref. 5) are given in parentheses. Calculated values
for P C and P 0 are from Ref. l. All other results are from the present research.

( «3)

'DC

DN

1.679
1.663

1.609
1.595

2.950
2.933

1.782
1.769

NA

3 ~ 206
3 ~ 189

1.637
1.537

1.567
1.465

1.692

1.632

3.020

PO

1D 0

2.954
2.939

4.613 (4.58)
4.570

4.923
4.902

3 ~ 233
3.207

5.125 {5.19)
5.100

NA

4.334
4.307

4.591
4.611

2.968

4.973

4.925
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