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Magnetic Moments of Five Levels in the Ground-State Configuration of N» and O»r

V. Beltran-Lopez and Teodoro Gonzalez E.
Reactor, Comision Nacional de Energia Nuclear, Mexico, D. F. , Mexico

and

Facultad de Ciencias, Universidad Nacional Autonoma de Mexico, Mexico, D. F. Mexico
(Received 18 November 1969)

The atomic g, factor for the D5/2 &/2 P&/2 f/2 and S&/2 levels of p configurations of Nx

and Ozx have been calculated with precise Hartree-Fock wave functions. These values are
compared with available experimental results. The observed discrepancies are seen to be
too large to be attributable to the use of Hartree-Fock wave functions.

I. CALCULATIONS

Five levels arise from the three Russell-Saunders
terms of a p' configuration. These are S3/2,

D5/2 3/Q and P, /, », . The Lande gJ factors for
these levels are affected by various corrections
which have been discussed in several papers. ' '
Of these, the so-called relativistic and diamagnetic
corrections are calculated by taking the expec-
tation value of the Hamiltonian ''

5Z =
CZAR+ 5Z~+ 5Z3+4Z4+ 6Z5,

where

6Z»= —PH 2 (1»+o») T, /mc,

DZ2= —(Pe Z/2mc )Q [~»(1/r») &&A»] o, ,

5ZB = (pe~/2mc2) Q [V» (1/r»», ) && A, ] o»,

5Z»= (pe'/2mc')Z [V»(1/r„\&&A»] 2c„,

gZ, = —(e3/2m2c3) Z r»», (A» p„) + r»»', ( r;», ~ A»)

(r»„p, ) ]
In the case of single-determinant wave functions of
atomic states, this expectation value has been re-
duced to radial integrals by Kambe and Van Vleck.
The corresponding value for other states can often
be obtained by using a diagonal-rule procedure. In
the case of the p configuration however, this pro-
cedure is possible for evaluating the corrections of
only the 'D, /, and 'S,/, levels. For the 'D3/~ and
P, /2 levels one must calculate the expectation value

directly with the LS-coupled wave functions. If
we designate with the letters A, B, C, D, and F. the

Slater determinants (1', 1, 0'), (1', 0', 0 ),
(1', 1, —1'), (1', 1, 0 ), and (1', 0', —1'), respec-
tively, the LS-coupled functions of interest are

D =A D ~ =(1/~10) (28 —2C —v 2 D)

Dg)2 = (1/4 10 ) (8 —C+ V 3 D),

P~/z=(1/v 2) (8+C), S,'»(~', =8 .

( S I &Z» IS') = —(—1) (pH/mc ) 5(l, l') 6(m„m,')

&'(nlITIn'l') (m,'+2m,'), (3)

(S15Z IS') = —(-1) (Pe Z/2mc ) 5(m, +m„m,'+m,'~

x [m,'/(2l+1) (2l+3)]

x {(1+ m, + 1) (l + m,
' + 1) [(l + 1) —(m', ) ]j'

+ [m, /(2l —1) (2l + 1)]

& {(l+m', )(l+m, )[l —(m', ) ]y . (4)

1n E»ts. (3) and (4) the double signs before m and
m' refer to m, and ~,'; i.e. , the upper sign inm
~s chosen if m, =+2 and the lower if m, = —2.

It is clear, then, that except for the 'D, /2 and 'S3/p
levels, it is necessary to calculate the matrix ele-
ments of 5Z between determinants differing in the
quantum numbers of one or two electrons. We have
obtained formulas for the matrix elements of 5Z, and
and 5Z2 between determinants S and S' differing
in the m„m, values of one electron. These for-
mulas are
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The matrix elements of 5Z3 4 between determi-
nants differing by the quantum numbers of one or
two electrons can be obtained from the usual for-
mulas for two-particle operators if one knows the
matrix elements between pairs of electrons with

different quantum numbers. We have obtained these
Qlatrix eleIDents for electrons with quantum numbers
characterized by the letters a, 0, c, d, with the re-
striction that I, = l~ = l, = l„. These elements a,re
given by the expression

c"(lm, , lm, ) + c'(lm, , lm, ))
k(k —1}+m

c 2k+1

x ~&(dc, ba)+ — —c (lm, , lm, )
(l + 1) (k + 2) + mo

(af IaZ }cd&= t. (m, ,, m, ) ~(m, , m, )&(m, m, m—,)&(m, m„—m)Zc(lm, , lm, )
Pe'H

[(e- m) (a+ m) {u - m+1) (u+m —1)]'~'
X 2k —1

[(u —m+1) (l&-m+2) (k+ m+1) (k+ m+2)]'I' omo,
+

2k+ 3 C C

Z, n(m, , m, +1) n(m, m —m ) C(m, m, —m, +1)

[(k —m+1) (k —m+2) (k —m+3) (0+m+1)]'~o
(» o 2k+3

x c ' (lm, , lm, ) Zo(af, cd)+[(l —m+1) (u+m)]~~oco(lm, , lm, )

»»m»»» &» —m)»+m+2)»»m —l)(»»m)]'»»
2k —1

where

8& (ab, cd) = J dr, $ ' (ro/r, ') P, (n,l, ) P, (n,l,) Pa(n„lo) Pz(ncl~) dr& .

The matrix elements for 5Z4 can be obtained if we multiply by 2 and make the interchanges m, —m, and
S@

m, —m„in E(1. (4).
The matrix elements of 6Z, off-diagonal in the determinants 8, C, D of Eqs. (2) can be seen to vanish due

to the spin independence and invariance of 5Z, under rotations over the z axis. Using then our results and

those contained in Ref. 5, we can obtain expressions for the relativistic and diamagnetic corrections g„ to
the g& factors of the levels. The resulting expressions are

f(g,o ('L),I,) = n'{ —f( T& @+ I—',Z( 1/r) so+ 2„[-—,
'

F& (ns, 2p) —
~2o F&{2p, ns) —I F&{2p, ns) + —,', G '(2p, ns)

+IG'(2p, ns) + ~To G'(2p, ns) —f R(2p, ns)] ——,
'

Fo(2p, 2p) —~ao F,(2p, 2p)]. ,

~g"('D )= 'I--'(»„+, «1/ &,+&„[-„F',(,2P)- —,', F', (2P, )-„F',(2P, )+-,' G-'(2P, )

+» G'(2p, ns) + oo G'(2p, ns) —,B(2p» ns)] —io Fo(2p» 2p) —
125 FR(2p» 2p)]»

&g„('P,g,) = n'f- —', ( T&,c+ ~o Z( 1/r) n +2[—f F&(ns, 2p) ——,', F&(2p, ns) —IF&(2p, ns) + o G '(2p, ns)

+ ~~G'(2p, ns) + fo G (2p, ns) ——,
' B(2p, ns)] —

o Fo(2p, 2p) —
oo Fo(2p, 2p)];

&geo('P)g, ) = n'$--', ( T&o~ - oZ(1/r)oo+Z„[-+F&{ns, 2p)+-,' Fo&(2p, ns) +~g G '(2p, ns)+ —,
' G'(2p, ns)

+~4o Go(2P, ns) —'R(2P, ns)] —~~o F()(2P—, 2P) —
o Fo(2P, 2P)),

|g"('S'„,) = a'(- 2(»„+-'.Z(1/r&„+Q„[-~ F',(ns, 2p) --', F',(2p, ~) +-', G'(2p, ns)] -F,(2p, 2p)+-', F,(2p, 2p)] .



MAGNETIC MOMENTS OF FIVE LEVELS ~ ~ ~

&g(..('Ds(2) =
5 ~gz, ~gi-('Dsia) = &s&~

&gi..('Ps~2) = 2«i-('P~i~) = '«~
6g„,('Sai2) = 0

where

(6)

«~ = —(m/I) [1 ', Z„—( J—P„j'»«&)' (E» —E.s)]

and EB» E„,are the total energies of the ns and 2P
electron states.

The corrections arising from the departures of
the wave functions from JS coupling are due to the
admixing of states of different symmetry with the
state under consideration. If all the states belong
to the same configuration the adn1lxture results
mainly from spin-orbit interaction. In the case
of a P3 configuration these corrections are

6g.,('D„.) = 0, «.,('D„.) = .' (t;»/PD)', -

«zs('»is) =,o

«„('P, )=-'[(f /PS)' (f /PD-)'],

5g„('Sgg g) = 3(N» /P—S)',

where PS = E(~P~&z) —('S3&2) = 26660 cm-',
= E(P,~3) —E(D,&~)

= 9653 cm ', and f» is the
spin-orbit parameter of a 2p electron in the p'
configuration.

The numerical evaluation of the radial integrals
in 5g,d and 5g„, has been made with the wave func-
tions of Clementi, Roothaan, and Yoshimine. Their
values expressed in atomic units are shown in Ta-
ble I. With these and Eqs. (6)-(8) we can obtain
the numerical values of the corrections togz{~D, &~)

In these equations ( 7)» and( I/x)» are the average
values of the kinetic energy and the inverse radius
of a 2P electron, I' and G are the usual Slater inte-
grals, and E& and 8 are those defined by Kambe and
Van Vleck.

Besides the corrections arising from the relativ-
istic and diamagnetic effects, others arise from the
effect of the motion of the nucleus (isotopi. c effect),
the spin-factor anomaly, and the departures from
LS coupling. These have been extensively dis-
cussed in previous calculations, "'5 and the first
two are easily taken into account. Their contribu-
tions to the gq factors are

1«...( D, &.) = «..—.( D,&,) = .6g. -,

&g, g ( Pgl a) = —&g,g ( Pg g 2) = 3 &g, ,

6gaa( Ss&2) = ~g8

where '

gg, = 2319.24&&10"

andgz( P, &z). For the other levels we need also
the corrections given by Eqs. (9), the spin-orbit
parameter g~& xs not mell known. The reason
being that it cannot be obtained from first-order
splittings in spectroscopic data, as the diagonal
elements of the spin-orbit interaction vanish in
a p' configuration. Its value has been estimated
by extrapolation from neighboring configurations'
to be 69 cm ' and accurately calculated at
72.4 cm '. Taking the mean (0» = 70.4 cm ')
as the true value, we ean obtain all the correc-
tions to the g& factors of the five levels in the
p' configuration of atomic nitrogen with a, Hartxee-
Fock approximation. These corrections are
shown in Table II together with the experimen-
tal' ~

' data and the corresponding differences.

II. DISCUSSION

The calculated values of Table II are seen to
differ considerably |rom the experimental ones.
This is somewhat disturbing in view of the excellent
agreement obtained in the cases of O ( P, 3) and

7F (2PS&2). One would first be inclined to attribute
the discrepancies to the use of Hartree-Fock (HF)
wave functions, particularly in an atom where such
wave functions are known to fail in predicting the
value of certain parameters such as the hyperfine-
structure constant. ' ' However, a wave function
which correctly predicts the hfs constant necessari-
ly has the symmetry of the corresponding HF wave
function and cannot directly alter the gz values sig-
nificantly. ~ This can only occur if wave functions
of a different symmetry are allowed to admix. In
a configuration-interaction (CI) picture, a possible
mechanism for this admixture would be as follows:
The wave function 4'0(S, L, 8) of the ground-state
configuration is admixed by electrostatic repulsion
with the wave function 4', (S, L, J) of a state of the
same symmetry in an excited configuration. This
wave function in turn may have an admixture, via
spin-orbit interaction of a state 4', (S', L', 8) of a
different symmetry which ean contribute to the g~
factor of the true ground state. The amount of this
contribution has been calculated' by a perturbation
theory which is valid when the electrostatic repul-
sion between configurations is small compared to
their unperturbed electrostatic energy separation.
There is no excited configuration in this ease, for
nitrogen, which could contribute a correction of
the size that is needed, on account of the large en-
ergy separations. If the electrostatic repulsion be-
tween configurations is large compared to their
unperturbed energy difference, the contribution to
g~ is calculated by degenerate perturbation theory,
and it turns out to be fairly independent of the per-
turbed energy separations, its size being determined
mostly by the square of the coupling coefficient of
the levels in the excited configuration, i. e. , the
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TABLE I. Integrals involved in the computation of the relativistic and diamagnetic corrections to g&.

(2p J TI 2p)
(2p I 1/r I 2p)
E&'(ls, 2p)
E&0(2s, 2p)
Z&'(2p, ls)
E&'(2p, as)
E&2(2p, ls)
E&2(2p, 2s)
S'&'(2p, 2p)
E&2(2p, 2p)
G-~(ls, 2p)|" '(2s, 2p)
G'(ls, 2p)
G'(2s, 2p)
G'(ls, 2p)
G3(2s, 2p)
A(ls, 2p)
R(2s, 2p)
I(ls, 2p)
I(2s, 2p)
E(ls, 2p)
E(2s, 2p)

l. 8765
0. 9577
0. 0274
0.3398
0. 9203
0. 3289
0. 1036
0. 1530
0. 3284
0. 1479
0.2725
0. 9230
0. 0870
0. 4122
0. 0473
0. 2373

—0. 1621
0. 1489
0. 1208
1.3458

—l. 6885
—0. 5731

NI
2D

1.8230
0. 9421
0. 0266
0. 3305
0. 9056
0. 3318
0. 1009
0. 1526
0.3210
0. 1435
0.2651
0. 9152
0. 0846
0.4065
0. 0460
0.2337

0. 1190
1.3510

—1.6625
—0. 5838

2p

l. 7893
0. 9315
0. 0262
0.3244
0. 8957
0.3336
0. 0991
0. 1521
0.3160
0, 1405
0.2603
0. 9091
0. 0831
0. 4024
0. 0452
0.2310

0. 1178
1.3534

—1.6423
—0. 5904

4s

3.0443
1.2257
0. 0416
0.4503
1.1689
0.3904
0.1468
0. 1873
0. 4269
0. 1958
0.4064
1.0935
0. 1305
0. 5166
0, 0711
0. 3016

0. 1171
1.0697

—2. 1913
—0. 6030

OII
2g

2. 9825
l.2118
0. 0408
0.4420
l. 1558
0.3936
0. 1440
0. 1874
0.4203
0. 1918
0. 3982
l. 0902
0. 1279
0.5128
0. 0697
0.2989

0. 1158
l. 0753

-2. 1592
—0. 6182

2p

2. 9420
1.2025
0. 0403
0.4363
1.1474
0.3956
0. 1421
0. 1873
0.4159
0. 1891
0.3930
1.0872
0. 1262
0. 5099
0. 0687
0.2970

0. 1149
1.0787

-2. 1615
—0.6222

TABLE II. Total correction to the gz factors of the
five levels of the ground-state configurations of NI and
0 II.

NI 0 II
Level &g~(calc. ) 6g&(expt. ) 6gJ (calc. -empt. ) +&(calc. )

(x10 6) (x].0 6) (x10 6) (xl0-6)

4
$3/2

2
D5/2

2
D3/g

2
P3/g

2
+g /2

2142
323

—522
611

—916

2114
360+10

—510~20

27
—36+ 10
—12 ~20

2026
245

—504
394

-1005

square of o. = $/[E, (SI,J) —E,(S'L'J')], where $ is
the spin-orbit matrix element between the levels of
the excited configuration. We have examined the
effect of the 1s22s 2P'8s configuration. This is a
good candidate, as it accounts for 8870 of the hfs
constant' indicating thatits unperturbed energy lies
close to the ground-state configuration and its effect
on the g~ factor is of the second type discussed
above. Further, this configuration gives rise to,
among others, a S3/~ level which can spin-orbit
couple to a P3/2 and P3/2 states. The contribution
of these togJ ( S3&z) in the ground state is propor
tional tog~-gz, where gz is thegz factor of the spin-
orbit coupled state and gz that of a S3/z level. The
contribution is then negative, i. e. , in the right di-
rection to correct gz (~S3&z). It can also be shown

that gJ ( D5/2) would receive positive contributions
from D~/z and P5/~ states, which are again in the
right direction to correct gz(2D5&a). The size of

these corrections is, however, much too small in

view of the following. By utilizing Van Vleck's
theorem' it can be readily seen that the energy
separations between the spin-orbit coupled states
are of the size" of G, (2s, 2P) =0. 4V a. u. = 10' cm ',
while the spin-orbit parameter f2~ in the excited
configuration cannot differ much from f~& in the
ground state. The magnitude of u~ then turns out
to be about 0. 5x10 . This a,rgument is given fur-
ther support by looking at other atoms in the sa,me
isoelectronic sequence. In these, the 1s 2s 2p 3s
configuration is pulled down from the continuum by
the increasing nuclear charge and the term separa-
tions can be seen to be around 10 cm '; for instance
in Nent, S and P in the excited configuration are
separated by 99.800 cm '. These relative positions
are roughly constant along the members of the iso-
electronic sequence, ' thus indicating that our cal-
culated values for the term separations in 1s 2s
2p 3s are reasonable.

A non-HF function can also change the calculated
value ofgJ by changing the values of the radial inte-
grals in Eqs. (8). These changes are, however,
much too small to account for the differences. We

have, for instance, used wave functions resulting
from an unrestricted Hartree-Fock (UHF) treatment
of the nitrogen atom" to calculate g~ ( S,&,) within

an UHF picture; i. e. , Eqs. (8) have to be modified
to account for the fact that in such a picture P„',
4P„,. The resulting value for the relativistic and
diamagnetic corrections 6g, d ('S,&2) = 170. x 10
which makes slightly worse the disagreement with
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the experimental value.
It is then hard to see how the large differences

between experimental and calculated values can be
removed by using a wave function which can be ex-
panded in texms of the solutions to the HF average
field. A further test of this can be afforded by
measurements of they~ factors in other members
of the nitrogen isoelectronic sequence. In these,
the interaction with 1s 2s 2P ns-type configurations

should be different and probably smaller. We would
then expect fairly constant differences between cal-
culated and experimental values if our arguments are
correct. With this possibility in mind w'e have cal-
culated the g~ values in the five levels of Ou, for
which good HF wave functions are available. The
calculated values are given in Table II, and the
necessary integrals computed with good HF wave
functions in Table I.
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Bands of W &~ X ~z, a new system of molecular nitrogen, have been identified in absorp-
tion from their locations as predicted by the spectroscopic constants obtained in infrared
emission. Three bands have been observed and measured, the (5, 0), (6, 0), and (7, 0). A
Deslandres table with Franck-Condon factors is presented, which indicates that the system
will occur most readily below 2500 k The relevant potential energy curves for the system
are given with the observed transitions displayed.

The 8' 4„state of molecular nitrogen was first
identified in the course of a series of experiments
which measured the infxared emission spectrum
from discharges through nitrogen ' and oxygen
1-5 -it wavelength. A group of 15 bands of the
system 8' 4„~B II~ have thus far been identified,
comprising eight of the mode W'- 8 and seven of the
mode O'-8, all in emission. This array of data,
developed from spectra of modexate resolution,

yields a set of spectroscopic constants among which
(d ls good to 1/g.

These constants form the basis for the generation
of potential curves fox' the state in question, the
8"4„, as well as Deslandres tables and- Franck-
Condon factors for band systems involving all other
known electronic states of the molecule. One of
these tables, containing band frequencies and
Franck-Condon factors, has been given previously


