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We analyze the hyperfine interactions between the trapped hole spin at a V-type center and a nearby nu-
cleus in magnetism oxide and show that the leading correction for the size of the hole wave function in-
volves its dipole moment, and that the hyperfine interaction is relatively insensitive to the size of the quad-

rupole moment of the spin density.

The most successful description of the measured magnetic
hyperfine interaction between the trapped hole at a V-type
center in alkaline-earth oxides! and a nearby nucleus is pro-
vided by the model of Wertz, Auzins, Griffiths, and Orton?
in which the hole is localized on a single oxygen ion neigh-
boring the cation defect. The simplest version of this
model, in which the spatial distribution of the trapped hole
spin density is neglected, was sufficient to describe the early
experiments in which the nucleus of the substituted cation?
takes part in the hyperfine interaction. Recently, Unruh,
Chen, and Abraham* doped magnesium oxide crystals with
Mg, and measured the hyperfine interactions between
trapped hole V-type centers and Mg nuclei in a variety of
nearby positions. We are proposing a simple refinement of
the model of Wertz et al. to take account of the spatial dis-
tribution of the trapped hole in a manner consistent with
the experimental results of Unruh et al* ‘

Our model is constructed using the following assump-
tions: (1) that the hole is localized in an s-p hybridized or-
bital on a single oxygen ion neighboring the magnesium va-
cancy; (2) that the axis of rotational symmetry of the orbital
is directed towards the magnesium vacancy;’ (3) that the
contact interaction is isotropic; and (4) that the traceless
part of the magnetic hyperfine interaction arises from the
classical dipole-dipole interaction.

For this model, the magnetic dipole-dipole interaction
between the trapped hole spin, in a state with orbital wave
function ¢ (T) and a nuclear spin I at an arbitrary point R
in the x-z plane, is
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where u. and w, are the magnetic moments of the hole and

nucleus, respectively. This expression is most readily

evaluated using the angular momentum representation of

dipole-dipole coupling,® which gives A,z in terms of
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Using the two-center expansion,” and assuming that r < R,
we find that
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is a Gaunt coefficient. Substituting this expressnon into Eq.
(2) gives
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As the hole state is an hybridized s-p, orbital, the only

nonzero values of g, are go=1/v4w, q1o=p~/3/4m, and
g20= Q+/5/16m, where p and Q are the dipole and quadru-
pole moments of the hole spin distribution. We note that as

¢ (T) is an hybridized s-p, orbital, which may be written as
d/( T)=/f.(r)+ f,(r) Y1o(T), then the quadrupole moment
is Q= J dr r*f,(r)¥5, and must be positive.

When R lies in the x-z plane, there are only three in-
dependent nonzero components of A4 4g:

2oy | Pa(cosd) P3(cos) Py(cosd)
Ap= 57 g +3p I +3Q 8 s
(5a)
Moty | P3(coso) P} (cos8) 5 Pi(cosd)
A= — g]" R3 +2p R +50 R
(5b)
5334 ©1984 The American Physical Society



30 ‘ BRIEF REPORTS

P (cosh)
R4

P?(cosh)
R3
P} (cos9)

MHeln
SI

Ay — Ay = p

50 , (5¢0)

where 6 is the polar angle of R and Pm(x) an associated
Legendre function.®! For equatorially placed Mg nuclei,
those for which OE9O°, Unruh et al* found that Ax,,
— A, =—0.7298 MHz, 4,,=0.0248 MHz, and (24, —

—A )/3=0.2517 MHz. The value of ,u.eu,,/hSI is* —4. 843
MH2 &°.

In Egs. (5a)-(5¢) there are four unknown quantities: R,
0, p, and Q. One of them must be specified in order that
the other three might be determined from the experimental
data. If, following Schirmer,’ we assume that p =0, we find
that Q= —0.2944 A2 However, as noted earlier, Q must
be positive so that neglecting the dipole moment of the hole
spin distribution is clearly unphysical.

If, on the other hand, we assign Q =0, the solution to
Egs. (5a)—(5c), consistent with the data of Unruh et al, is
R=271 .zs, 0=94.9°, and p= —0.0726 A. The sign of the
hole spin-density dipole moment may appear surprising, im-
plying as it does that an extra electron added to the ion
would have an electric dipole moment pointing away from
the effectively negative vacancy. However, this result is
consistent with the spin-density calculated using the wave
functions of Wilson and Wood!? for an O~ ion neighboring
a cation vacancy in MgO. The magnitude of the spin-
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density dipole moment does not agree as well with the result
calculated using the wave functions of Wilson and Wood, as
they find p= —0.0366 A. The value of Q calculated using
the wave function of Wilson and Wood is 0.136 AZ; when
we use this value to solve Egs. (5a)-(5c) the solution is
R=270A,6=95.9° and p=—0.0874 A

It is clear that the equatorial nearest-neighbor distance de-
duced from the experiments* of Unruh et al is not very
sensitive to the assumed size of the hole spin-density quad-
rupole moment, remaining at about 2.7 A 29% longer than
the nearest-neighbor distance in a perfect crystal, which is to
be compared to an increase of 10% found in HADES calcula-
tions.!! In addition, the nearest-neighbor polar angle and
the hole spin-density dipole moment are only weakly depen-
dent on the assumed value of Q. .

Our calculations indicate that an accurate theoretical
description of the magnetic hyperfine interaction between
the trapped hole at a V-type center in an alkaline-earth ox-
ide and a nearby nucleus must include the dipole moment
of the hole spin density, and that it will often suffice to
neglect entirely the quadrupole moment of the hole spin
density.

I wish to thank W. P. Unruh, A. M. Stoneham, and T. M.
Wilson for useful conversations. I also thank T. M. Wilson
for giving to me the unpublished wave functions of Wilson
and Wood. This research was supported in part by the
University of Kansas General Research Allocation under
Grant No. 3247-x0-0038 and by the National Science Foun-
dation under Grant No. DMR-78111399.

1A review of these defects has been given by B. Henderson and
J. E. Wertz, Adv. Phys. 17, 786 (1969).

2J. E. Wertz, P. Auzins, J. H. E. Griffiths, and J. W. Orton, Discuss.
Faraday Soc. 28, 136 (1959).

3See, for example, M. M. Abraham, W. P. Unruh, and Y. Chen,
Phys. Rev. B 10, 3540 (1974).

4W. P. Unruh, Y. Chen, and M. M. Abraham, Phys. Rev. B 15,
4149 (1977).

SL. E. Halliburton, D. L. Cowan, W. B. J. Blake, and J. E. Wertz,
Phys. Rev. B 8, 1610 (1973).

6J. D. Jackson, Classical Electrodynamics, 2nd ed. (Wiley, New

York, 1975).

7B. C. Carlson and G. S. Rushbrooke, Proc. Cambridge Philos. Soc.
46, 626 (1950). ‘ )

8 Handbook of Mathematical Functions, edited by M. Abramowitz and
I. A. Stegun (National Bureau of Standards, Washington DC,
1964), Chap. 8.

90. F. Schirmer, J. Phys. Chem. Solids 32, 499 (1971).

10T. M. Wilson and R. H. Woods, Oak Ridge National Laboratory
Report No. ORNL-5328, 1977 (unpublished).

11A. M. Stoneham (private communication).



