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The explicit incorporation of the Breit interaction in relativistic many-body perturba-
tion theory provides an explanation of the recent experimental value of 1.27+ 0.10 Hz
for the nuclear quadrupole interaction constant in the spherical 4N atom. The theoret-
ical value including the Breit and other mechanisms is 1.7 Hz.

Recently, through the advent of new experi-
mental techniques capable of remarkable preci-
sion, hyperfine interactions have been meas-
ured in systems in which they were believed to
be vanishingly small if not exactly zero. The
most noteworthy of such measurements is the
quadrupole interaction in half-filled S-state
atoms' ' in free state, and similar ions in solids
at sites of cubic symmetry. The origin of these
interactions poses a formidable challenge to
qualitative and quantitative theoretical analysis.
Of the S-state atoms, nitrogen has remained
refra, ctory' for about a, decade. The latest val-
ue of the quadrupole coupling constant of ' N was
measured by Hirsch, Zimmerman, Larson, and
Ramsey, ' in its ground state, to be 1.27+0.10 Hz
with an ingenious technique involving spin ex-
change between hydrogen and nitrogen atoms.

Sandars and Beck' have proposed two mecha-
nisms referred to in the literature as Casimir
and breakdown of I.S coupling (BDLSC) in order
to explain the origin of quadrupole interaction in
relatively heavy S-state atoms and ions such as
manganese and europium, and an approximate
treatment' of these mechanisms provided a rea-
sonable explanation of the experimental data. A
detailed treatment of these mechanisms includ-
ing many-body effects has been carried out re-
cently' for Gd". In contrast to this encouraging
situation in transition-metal and rare-earth sys-
tems the net contribution from Casimir and
BDLSC mechanisms for nitrogen7 is in sharp dis-
agreement with experiment yielding a contribu-

tion of -19.1 Hz, compared with the very small
positive experimental value.

In the present work, v&e demonstrate that the
influence of the Breit interaction' betv. een the
electrons is critical for the problem at hand and
that its incorporation v ithin the framework of
relativistic many-body perturbation theory
(RMBPT) is necessary to provide the balance
to reach satisfactory agreement with the exper-
imental "N quadrupole coupling constant. ' %'hile
the influence of the Breit interaction on two-elec-
tron systems has been considered before, ' to our
knowledge this is the first treatment of its influ-
ence on the ground state of a multi-electron sys-
tem in many-body tPeory.

Before discussing the procedure and results
for the Breit-interaction contribution to the quad-
rupole coupling, we shall briefly discuss the con-
tribution from the Casimir and BDLSC mecha-
nisms as well as from the small pseudo quadru-
pole interaction. These mechanisms can also be
handled in the framework of RMBPT, as has been
done in earlier work in Gd" ion. Thus, the rel-
ativistic ls coupling' used for the one-electron
rls states occurring in the zeroth-order (unper-
turbed) many-electron v ave function 4~ of RMBPT
preserves the nonrelativistic I.S composition of
the configuration, 4$ in the present problem of
the nitrogen atom. The expectation value of the
quadrupole Hamiltonian with respect to 4„re-
ferred to later as the (0, 0) term in RMBPT,
gives a zero result. The finite contributions from
the Casimir and BDLSC mechanisms depend on
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the admixture of other multiplets D and I of the
2p' configuration of the nitrogen atom to C,.
These admixtures can be incorporated conven-
iently with the spin-orbit interaction as a per-
turbation. This procedure leads to the same ex-
pression for the Casimir contribution Bc„de-
rived earlier by the effective operator technique, '
namely,

Q2
AB „=

15K

With values" of the spin-orbit constant f =74.2
cm ', the S3/2 I'3/Q multiplet separation E~
= 28 840 cm ', the quadrupole moment" Q = 0.015
b and 4=(r Q++ (r ')-+ = —0.0046 a.u. from our
relativistic radial functions, we have obtained
Bc„=—22.3 Hz. This is about 4 Hz smaller in
magnitude than the earlier value which was based
on a different choice of P and an approximate val-
ue of b, . For the contributions from the BDLSC
effect within the 2p shell and from the pseudo
quadrupole interaction (which, like the quadru-
pole interaction, involves an I,' dependence on
the nuclear spin components and arises' out of
second-order effects of the magnetic dipole hy-
perfine interaction), we have adopted the values
obtained earlier" in the literature, namely,
B,e„do=2.0 Hz and Bool.sc=3.2 Hz, because they
are relatively small. Thus, the net theoretical
value due to the contributions, B „„d„BC„,and

BHD„sc from within the 2p' configuration is seen
to be B(2p') = 2.0+ 3.2 —22.3 = —17.1 Hz, which is
about an order of magnitude larger and of oppo-
site sign relative to the experimental value. '

9'e turn next to the treatment of the influence
of the Breit interaction which will be shown to
bridge the gap with experiment.

The formalism for handling the influence of
electron-electron interaction in RMBPT has been
described extensively in our earlier work on hy-
perfine interactions. ' Although the Breit inter-
action' is somewhat more complicated in form,
in principle the same general techniques" as
were used for handling the 1/r» interaction can
be used here. We sketch here the most essential
aspects of the RMBPT procedure' that are perti-
nent to the influence of the Breit interaction on
electron-nuclear quadrupole coupling. The math-
ematical techniques for handling the matrix ele-
ments associated with the Breit interaction have
been discussed by Grant and Pyper. "

The relativistic Hamiltonian, X, for the many-

electron atom can be written as
N

X=+ h, +P v... (2)

where h,. represents the one-electron term in the
usual notation and

'Ui j ++Hreit ~

V$)

with

Br eit

(4)

@,. +V, )cp, =e,. y, , (6)

form a complete set of one-electron wave func-
tions. The choice of V,. and the construction of
4p with the xls prescription' have been discussed
in the earlier literature. %'e follow the same
prescription and construct the ground-state rela-
tivistic atomic wave function Cp appropriate for
the 48 multiplet state of the half-filled 2p' config-
uration of nitrogen. The contribution from the
combined effect of the Breit and electrostatic
electron-electron interactions to the quadrupole
coupling constant is evaluated with the linked-
cluster perturbation expression:

1
4 ~Bel - el

where

1, 3cos'8, —1
AC@ = — e

4 r,
is the electron-nuclear quadrupole interaction.
The contribution from (I +n)-th order is labeled
by the pair of indices (~,n) so that

~(m, n)Bel - el ~ el- el '
m, n=p

Since the form of the Breit interaction given
above is not admissible' in orders higher than
the first, care must be exercised in evaluating
the many-body diagrams arising from Eq. (7).

represents the two-electron terms in X. %e
write, as is usual in many-body theory,

X =BC p+X',

where the zeroth-order terin $E:,=P;(4;+V, ) and
the perturbation term K' =g;„v;,-g; V, . The
bound- and continuum-state eigenfunctions of the
equation
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%e have to restrict ourselves to those diagrams
which involve KB„;, just once while the electro-
static interaction 1/r» can be considered to any
order.

From the lowest order (0, 0) B(", ,), =0, as re-
marked earlier, since 4, leads to a spherically
symmetric charge distribution. The various
terms that contribute in the next higher order,
B,", ,~„can be represented by the perturbation
diagrams in Figs. 1(a) and 1(b) involving the
Breit component of the electron-electron inter-
action once and no 1/x» Th. e particle states k

in these diagrams are pure (j~) orbitals refer-
ring to excited pg/2 p3/2y f5/» or f», states. Of
these the p„, and p3/, excited states make the
most important contributions and these are listed
in Table I.

In Table I, the xls notation' is used for the
states p and q, for instance, 1' represents the
ls state with~, = 1 and pn, =& expressed as a lin-
ear combination of the relativistic jr' orbitals.
The contributions listed refer to the net Breit
term consisting of the sum of the magnetic and
retardation terms. " The reta, rdation term
gives vanishing contribution in Fig. 1(a). Through
the exchange term [Fig. 1(b)], it gives a contribu-
tion of the order of 0.1 Hz, three orders of mag-
nitude smaller than the net contribution from the
magnetic term. Thus, the Breit contribution in
order (0, 1) arises almost completely from the
magnetic term composed of substantially cancel-
ing contributions of direct and exchange effects
which had to be evaluated accurately. The (0, 1)
contribution from the f excited states was found
to be —1.6 Hz so that we obtain for the net (0, 1)
contribution, B,';',&, a value of 13.4 Hz.

It should be mentioned that Sandars' has stud-
ied in nonrelativistic theory the influence of con-

B@~ = 1.7 Hz, (8)

TABLE I. The contributions (in hertz) to the quadru-
pole coupling constant in the ground state of 4N from
the (0, I) order of perturbation due to the Brett inter-
action.

figuration interaction caused by spin-spin inter-
action, obtaining a substantially smaller contri-
bution to the nuclea. r quadrupole interaction than
our result, possibly because the Breit interac-
tion in relativistic theory contains, besides the
spin-spin interaction, the important spin-other-
orbit interaction.

Of the second-order terms, that is, (1, 1) and

(0, 2), only the effect represented by Fig. 2,
which can be considered as the influence of con-
sistency effect on the Breit interaction, was
found to be significant. From this diagram we
obtained B,", „=3.2 Hz.

In addition to this second-order-consistency
effect involving the Breit and 1/r» interactions,
one can also have another consistency-type ef-
fect from the influence of electron-electron inter-
action on the Casimir mechanism. This influence
is best described as the shielding by the core
electrons of the field gradient induced in the 2p
shell through the Casimir effect. By comparison
with the corresponding shielding effect on the
field gradient due to the anisotropic electron dis-
tribution from the single 2p electron in beryllium"
and boron, ' we have estimated this shielding con-
tribution to be approximately 10%%d of that due to
the Casimir mechanism, so that Bs„,„„„.~„=2.2
Hz. The various contributions we have discussed
are listed together in Table II, leading to a net
result of

Contributing diagram
Fig. 1(a) Fig. 1(b)

pi i, k

Hg H( 1+
1+
Q+

—1+
Q+

j +

Q+
—1+

1+
1+

~ 1+
0+

106.07
-130.42

12 7 +30
—Q.97
87.00

—9.59

—104.7Q

-93.51
202.07

0.90
213.58

—103.97

(a) (b)

FIG. 1. Lowest-order, (0, 1) diagrams representing
the Breit-interaction contribution to the 4N nuclear
quadrupole interaction: (a) The direct contribution and
{b) the exchange contribution.

p+
-1+

Q+

1+

1+
I+

—1+
0+

—83.64
—22.70

61.07
—11.39

-31.28
-15.89
126.46

-46.75

Total -131.87 + 146.91=15.03 Hz
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TABLE II. Summary of contributions (in hertz) to the
quadrupole coupling constant in the ground state of 4N

atom, yielding a net theoretical value of 1.7 Hz.

2s ks

FIG. 2. Typical (0, 2) -order diagram representing
influence of the electrostatic interaction on the Breit
contribution to the N nuclear quadrupole interaction.

Casimir mechanism
BDLSC
Pseudo quadrupole interaction
Breit eiectron-electron interaction (0, 1)
Consistency effect on electron-electron

interaction (0, 2)
Shielding of Casimir mechanism

~ 22,3
3.2
2.0

13.2

3.4
2.2

as compared to the experimental value 1.27+ 0.10
Hz.

Besides these mechanisms summarized in Ta-
ble II we have also examined some higher order
processes as well as the. counterparts of dia-
grams in Figs. 1(a) and l(b) with the unoccupied
rls 2p orbitals for the particle states (which were
not included in obtaining the results listed in Ta-
ble I). We found the contributions from these lat-
ter diagrams and higher-order diagrams asso-
ciated with the Breit as well as Casimir and
BDI SC mechanisms to be all less than 1 Hz in
magnitude and of differing signs, so that we ex-
pect substantial mutual cancellations among them.
From this analysis and a consideration of the ac-
curacy of the computational procedures, + 0.5 Hz

appears to be a reasonable confidence limit for
our theoretical result.

In summary, theory has been able to meet the
challenge of explaining the result of accurate
measurement' of nuclear quadrupole coupling in
the ground state of '4N atom. What we have dem-
onstrated is the occurrence of an unusual in-
stance in atomic hyperfine interaction that re-
quires explicit incorporation of the Breit interac-
tion in the relativistic framework of the many-
body theory. Thus, in nitrogen atom, in contrast
to heavier half-filled shell S-state systems such

as, for example, the rare-earth Gd" ion, the
Breit-interaction contribution has turned out to
be comparable in magnitude and opposite in sign
to the Casimir contribution. In heavier atoms,
due to the preponderance of the spin-orbit inter-
action, the Casimir mechanism was very substan-
tial" relative to the Breit-interaction contribu-
tion. It would be interesting to study how the rel-
ative importance of the various mechanisms con-
tributing to the nuclear quadrupole interaction in
S-state atoms changes as one proceeds succes-

sively along the half-filled p-shell series, arse-
nic, antimony, and bismuth.

The kind support of this work by the National
Science Foundation and Technische Hogeschool
Fonds, Delft, is gratefully acknowledged.

"Permanent address: Technische Natuurkunde,
Technische Hogeschool Delft, Netherlands.

(b)Permanent address: Computer Science Corpora-
tion, 8728 Colesville Road, Silverspring, Maryland
20910.

J. M. Hirsch, G. H. Zimmerman, D. J. Larson, and
N. F. Ramsey, Phys. Rev. A 16, 484 (1977); S. B,
Crampton, H. C. Berg, H. C. Robinson, and N. F.
Ramsey, Phys. Rev. Lett. 24, 195 (1970) .

W. W. Holloway, Jr., E. Luscher, and R. Novick,
Phys. Rev. 126, 2109 (1962).

L. Evans, P. G. H. Sandars, and Q. K. Woodgate,
Proc. Roy. Soc., Ser. A 229, 108, 114 (1965).

D. Van Ormondt, J. Phys. C 11, 203 (1978).
,

5P. G. H. Sandars and J. Beck, Proc. Roy. Soc, Ser.
A 229, 97 (1965).

J. Andriessen, D. Van Ormondt, S. N. Ray, and T. P.
Das, J. Phys. B ll, 2601 (1978), and references there-
in.

P. G. H. Sandars, J. Phys. (Paris) Coi1oq. 31, C4-
225 (1970).

H. A. Bethe and E. E. Salpeter, Qggntlm Mechanics
of One and Tteo -ELectron Sys-tems (Springer-Veriag,
Berlin and New York, 1957); T. P. Das, geEatieistic
Qgantum Mechanics of Electrons (Harper and Row,
New York, 1973).

W. R. Johnson and C. Lin, Phys. Hev. A 9, 1486
(1974) .

F. J. Owens, Chem. Phys. 9, 223 (1975).
C. T. O'Konski and T. K. Ha, J. Chem. Phys. 49,

5354 (1968).
I. P. Grant and N. C. Pyper, J. Phys. B 9, 761 (1976).

3J. E. Rodgers and T, P. Das, Phys. Rev. A 12, 353
(1975).

S. N. Ray, T. Lee, and T. P. Das, Phys. Rev. A 8,
1748 (1973).

315


