PHYSICS LETTERS A 2 March 1987

2'March 19

bles are (0,J; 2, P,
THE SPIN-ROTATION INTERACTION OF ATOMS WITH HALF-FILLED ELECTRON SHELLS

W. HAPPER, K.D. BONIN and T.G. WALKER
Department of Physics, Princeton University, Princeton, NJ 08544, USA

1} transformation: (

ed by Received 8 December 1986; accepted for publication 5 January 1987

An important relaxation mechanism for spin polarized atoms with half-filled shells in noble gases is the spin—rotation interac-
on. A simple formula for the spin-rotation coupling constant is presented.

s ntly Ferrante and Stwalley [1,2] called atten-

the possibility of forming a van der Waals
from spin polarized nitrogen atoms. Recom-
on into N, molecules would be hindered by the
ive nature of the 7T potential curves for pairs
atoms. However the magnetic dipole-dipole
ction between the spins of nitrogen atoms may
such rapid spin relaxation that it would be dif-
to form the crystals [3]. It might still be inter-
to study dense spin polarized N atoms which
olated from each other by a diamagnetic matrix,
ample frozen argon, neon, or hydrogen, where
tion times may be much longer.

ly experimental work by Holloway and Novick
nd by Anderson et al. [5] showed that the spin
ation rates of N atoms in diamagnetic buffer
 were much smaller than gas kinetic collision
,but no quantitative measurements of the rates
made. In the case of alkali atoms colliding with
gas atoms Bernheim [6] pointed out that the
ed spin relaxation was probably due to the
tation interaction
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N the spin S of the alkali metal atom and the
nal angular momentum N of the alkali metal
nd the noble gas atom about each other. The
Pin-rotation interaction (1) will also cause
10 of spin polarized N atoms in diamagnetic
In this paper we point out that the
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by the simple formula first given by Wuetal [7]:
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Here m and M are the electron mass and the reduced
mass of the atomic pair, R is the internuclear sepa-
ration, and P, is the radial wavefunction for a valence
electron of the paramagnetic atom
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Also, Y, is a spherical harmonic of angular momen-
tum A and azimuthal quantum number 4, and the
spherical coordinates of the electron with respect to
the nucleus of the paramagnetic atom are R, 6, and
¢. The quantity G depends only on the nature of the
noble gas atom and it is a measure of the strength of
the spin-orbit interaction of a low energy electron
scattering in the core of the noble gas atom. Walker
et al. [B] have shown that the amplitude for scatter-
ing slow electrons from an initial state with momen-
tum #k; and spin projection 4; to a final state with
momentum 7%k, and spin quantum numbers /s is
simply
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To calculate the magnitude of G, the wavefunction
of slow electrons in the core of the noble gas atom
must be known. Walker et al. [8] show that the
wavefunction can be conveniently estimated in two
ways: by orthogonalizing the free-electron wavefunc-
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tion to the core orbitals of the noble gas atom, as is
done in many pseudopotential calculations, or by
solving the Schrédinger equation for low energy elec-
trons in a conventional partial-wave calculation. Both
methods yield similar estimates for G. We find it
convenient to use the orthogonalization procedure in
this paper.

Physically, (2) implies that the spin-rotation cou-
pling constant y is mainly due to the spin—orbit inter-
action of the valence electrons in the core of the noble
gas and that the contribution to y of the spin—orbit
interactions in the core of the paramagnetic atom,
which were considered by Herman [9], are not very
important. Experiments show that for alkali atoms
(2) works well for the heavier noble gases Ar, Kr,
and Xe. Eq. (2) should also give the contribution to
y of spin-orbit interactions within the cores of Ne
and He, but the experimental facts are less clear for
these light noble gases which do not readily form van
der Waals molecules.

In the remainder of this paper we will show that
eq. (2) is not restricted to alkali-noble-gas pairs, but
it also describes the contribution to y of spin—orbit
interactions in the core of a noble gas atom paired
with any atom with a half-filled shell of valence elec-
trons. For convenience we refer to these as
“paramagnetic” atoms. Examples of paramagnetic
atoms in this restricted sense are alkali metal atoms
with half-filled s shells, N, P, and As atoms with half-
filled p shells, Mn atoms (or Mn?* ions in solution)
with half-filled d shells.

We may describe the ground state of the unper-
turbed paramagnetic atom by the electron
wavefunction

Vism=D (1,1 wl2i41)
Xxsm(G1, 02, s O2i41) 5 (5)

where 4 is the orbital angular momentum of single
electrons in the half-filled shell. The function @,
depends on the spatial coordinates ry, F2, -y ¥2141 Of
the 24+ 1 different single electron orbitals of the form
(3) with p=—4, —A+1, .., 2. The spin function ¥
depends on the 24+ 1 spin variables gy, 02, -, O224 15
and it is the totally symmetric function of total spin
angular momentum S=A+1 and azimuthal quan-
tum number | M| <S.

The valence electrons of the paramagnetic atom
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will scatter in the core of a passing noble gas at,
and this scattering gives rise to the Spin‘TOIati?’
interaction .(1 ). The valence electron orbitals of thr;
paramagnetic atom are strongly distorted in the
neighborhood of the noble gas nucleus, and we will
approximate the orbitals, as was done in ref, [71,b
orthogonalizing them to the moving core orbitaI; oi‘
the noble gas atom, i..
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WhETe W up =W npe £+ Wanp, 1+ W, £ 18 @ cartesian veg.
tor formed from the p-orbitals of the noble gas (cf
eq. (5) of ref. [7]). The overlap coefficients (cf. eq.
(3) of ref. [7]) are '

0
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and the vector coefficients (cf. eq (7) of ref. [7]) are
iMv
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Here v is the velocity of the noble gas atom with
respect to the paramagnetic atom. The wavefunction
of the perturbed paramagnetic atom can therefore be
written as

Yom=P(r,, ra s Ty ) xsm{01, 62, e 0241)

9)
where @ is the Slater determinant formed from the
2741 orthogonalized orbitals (6). Consider the
spin—orbit interaction for the 24+ 1 valence electrons

Us 2
Veq =— vV .5, . 10
so=, C#:Z-A (r) XPu S, (10)

Here V(r,) isthe self-consistent (attractive) electro-
static potential energy of the uth electron, s, is the
spin operator of the electron, p, is the momentum
operator of the electron and ug, €, and c are the Boht
magneton, the electronic charge (>0),and the speed
of light. The matrix elements of Vs between states
of the form (9) are readily shown to be
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ig. 1. The spin-rotation coupling constant y versus internuclear
gparation R for nitrogen-noble-gas atomic pairs.

. The main contributions to (11) come from the

neighbourhood of the noble gas nucleus. Indeed, it is

 ywell known that for a half-closed shell of unper-

turbed electrons the matrix elements of Vso are zero.
bstituting (6) into (11) we find that
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here (cf. eq. (2) of ref. [71)
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From the definition (8) we see that
erl_
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Noting that MR x p=#N and substituting (14) into
(12) we obtain (2)-
Using the convenient analytic approximation to P,

. given by Clementi and Roetti [10] and the tabu-
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Jated values of G from the partial wave calculations
in ref. [8] we obtain the plots of y as a function of
internuclear separation R shown in fig. 1.

As a simple application of the above results, we
estimate the strength of the spin-rotation interaction
for the case of NAr and NXe molecules. The poten-
tial curves have been experimentally determined, and
the equilibrium radii are 3.62 A for NAr [12] and
3.76 A for NXe [13]. From fig. 1, we estimate y/h at
these radii to be 0.013 MHz for NAr and 0.15 MHz
for NXe. For comparison, the experimentally mea-
sured values for the molecules KAr [14] and KXe
[7] are 0.24 MHz and 2.3 MHz. Thus nitrogen would
have considerably longer spin-relaxation times due
to the interaction (1) in the noble gases than
potassium.
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