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tion potentials obtained from piezobirefringence
and those calculated with the simple model that
attributes the deformation potentials to the effect
of the Madelung potential in the anisotropic “p”

wave function of the valence band of the stressed
crystal? is not surprising.
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A nonlocal pseudopotential procedure has been utilized to obtain the conduction electron wave
functions in magnesium metal. It is found that the use of these wave functions along with a
finer scanning of the Fermi surface, namely, 110 points in -213 of the Brillouin zone, leads to a
value for the Knight shift K, in much better agreement with experiment than was an earlier
value obtained by the orthogonalized-plane-wave procedure. Possible sources for the differ-
ence in theoretical K, values obtained by using these two different procedures are discussed.
Improved values of the relaxation time 7T, and Korringa constant are also presented.

In a recent paper! we have analyzed the Knight
shift (Ks) and nuclear spin-lattice relaxation time
(7,) in magnesium using wave functions obtained
from orthogonalized-plane-wave (OPW) calcula-
tions. These calculations incorporated the effects
of exchange core polarization2 (ECP) and the ex-
change enhancement of spin susceptibility ()
through currently available procedures. 3 The
theoretical value of the Knight shift was! found to
be 0.056% as compared to the experimental val-
ue®® of 0.112%. In a search for possible sources
for improving the agreement between experiment
and theory, we have reevaluated the conduction
electron spin density (W3, (0)1?),, using wave func-
tions derived from available® nonlocal pseudo-
potential band calculations in this metal. In ad-
dition to the usefulness of such an analysis in ex-

plaining hyperfine properties of magnesium, the
results are also useful in explaining the relation-
ship between wave functions obtained by direct
OPW calculations and through the use of pseudo-
potentials. Such a comparison is important in
view of the increasing use that is being made cur-
rently of pseudopotentials and model potentials,
not only for investigation of properties depending
on the band structure, but also of hyperfine prop-
erties depending on wave functions. No such com-
parison is currently available for the hyperfine
properties in any one metal. Magnesium®7 and
indium®?® are the only two metals where such a
comparison is currently possible due to the avail-
ability of both types of band calculations.

The nonlocal pseudopotential parameters uti-
lized were those recently obtained by Kimball
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et al.® from an analysis of detail Fermi-surface
data of magnesium. The Fermi-surface dimen-
sions derived from this pseudopotential were found
to be in very good agreement with experimental
dimensions. Wave functions were calculated at
110 points on the Fermi surface (FS) in 3 of

the Brillouin zone (BZ) and provided a fairly de-
tailed scanning of the major segments of the FS,
namely, lens, cigar, butterfly, and monster. The
linear combinations of the plane waves derived
from the pseudopotentials were converted into a
linear combination of OPW functions by orthogo-
nalization to atomic 1s, 2s, and 2p core functions.
The average over each segment was carried out by
the usual® weighting process involving the local
density of states, namely,

(| ¥z, (0) [ 2y, =23 |‘I’EF(0) 281 Kp)/ 2 815Gkp), (1)

where j refers to a particular segment of the
Fermi surface and ¢ corresponds to the ith point
in that segment. g;; (f{F) defines the local density
of states of the point denoted by indices ij and is
given by

gij(EF) = VEFEI it (2)

The spin densities, normalized over the Wigner-
Seitz volume, from various segments of the FS
are listed in Table I and compared with earlier
values! obtained through the OPW procedure. For
a detailed description of the variation of the spin
density over two important segments, the lens and
the monster, we have presented the spin densi-
ties'® for points on the lens in the TAHK cross
section in Fig. 1 and those on the monster in KM
cross section in Fig. 2. From Table I and Figs.
1 and 2, major changes in the spin density between
pseudopotential and OPW procedures appear to oc-
cur for the lens, cigar, and monster. For all
these three segments, there is a sharp increase
in the spin density with the most marked change
occurring in the monster. For the butterfly, on
the other hand, there is a slight decrease in the
spin density.

There are two ways in which the spin density
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FIG. 1. Direct spin density contribution from indi-
vidual points on the TAHK cross section of “lens.”

can differ for the two calculations, namely,
through the radial characters of the core wave
functions used in the construction of OPW functions
in the two cases™!! or through a change in the
mixing of % and (E+K) states brought about by the
potential. The effect of the first is less pro-
nounced because the major effect on the spin den-
sity arises through the terms b, (k )b,;s(ﬁ) ¥, (0)
¥, (0), where the overlap integrals (orthogonal-
ization parameters) b,;(k) are defined by

bu(K) =(e ™9, () . (3)

In Eq. (3), ¥,(T) refers to the atomic core func-
tion. While the pseudocores used in the OPW pro-
cedure give smaller ¥,(0) than the real cores
used here, the former provide a compensating in-
crease in the spin density through bns(ﬁ), since
the overlap is larger for the extended pseudocore
functions. It thus appears that the major change
occurs through differences in mixing of k andk+K
states in the two cases. Over most of the FS, N
there appears to be a larger mixing of kKand k+K

TABLE I. Pseudopotential and OPW results of the direct spin density in magnesium from various segments of the
FS. The conduction electron wave function is normalized over the Wigner-Seitz volume Q.

Spin density in units

Average direct spin density

of 1/9, in units of 1/Q,
Segment of Surface area Pseudo- OPW Pseudo- OPW
FS in a.u. potential potential
Lens 0.6366 0.9341 0.6377
Cigars 0.6252 0.4256 0.0813 0.5875 0.2409
Butterflies 1.3452 0.5961 0.7050
Monster 3.9996 0.5547 0.0466
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FIG. 2. Direct spin density contribution from indi-
vidual points on the KM cross section of “monster. ”

states for the OPW calculation and subsequent
increase in the p character.

The exchange core polarization™? (ECP) contri-
bution to the Knight shift was calculated using the
moment perturbation (MP) procedure!? as in Ref.
1 and leads to the results

KEPs(PP)/KCP$(OPW)=2.44 , (4)
and
KS®*(pP)/KEP?(OPW)=0. 64 , (5)

where KEP'¢ and K CP+# are, respectively, the s
and p parts of the ECP contributionsto the Knight

shift,
The notations PP and OPW refer to the values ob-

tained from pseudopotential and OPW calculations,
respectively. The changes in the d part of the
ECP contribution to Knight shift K $¥*¢ are unim-
portant because K¥¢ itself is very small. The
increase in K°F'¢ and decrease in KE¥'? reflect
the increase in the s character and corresponding
decrease in the p character in going from OPW to
pseudopotential calculations. However, since
KZP1s and KEP? are positive, the change in the
total ECP contribution to Knight shift K* is less
marked, namely,

KE®(PP)/KEP(OPW)=1.63, (6)

as compared to the ratio of the direct contributions
to the Knight shift K2,

KY(PP)/KOPW)=2.44 . (7)

Our theoretical value of the total Knight shift de-
rived from the pseudopotential procedure is

K,=0.12% , (8)

L]

where we have used y, obtained in Ref. 1. The
theoretical value of K, in Eq. (8) is in much better
agreement with experimental value (0.112%) than
the earlier OPW results (0.056%).

The good agreement with experiment thus indi-
cates that the importance of the combined effect of
other mechanisms such as orbital and conduction-
conduction polarization mechanisms is much less
important than was anticipated in Ref. 1. How-
ever, it is worthwhile to investigate the individual
importance of these mechanisms separately. As
regards the comparison between the results from
pseudopotential and OPW calculations, it is dis-
appointing that there are sizable differences. One
does not have any clear-cut reasons for preferring
one value over the other as being more accurate
because the OPW calculation has the advantage of
being first principle in character while the pseudo-
potential has the merit of being obtained from the
experimental data. It is, however, not unreason-
able to consider the better fit that the band struc-
ture obtained from the pseudopotential gives with
the de Haas-van Alphen data, and the better agree-
ment with experimental Knight shift data as evi-
dence for the correctness of the pseudopotential
utilized. One is then left with the problem of find-
ing the reasons for possible errors in the OPW re-
sult. In the case of the OPW model, the potential
was of course calculated from first principles,
and therefore the only criticism that can be leveled
against it is the lack of self-consistency. Perhaps
a more important difficulty with the OPW calcula-
tion is the use of the more diffuse pseudo-core-
functions which perhaps lead to appreciable over-
lap between neighboring ion sites. The neglect of
these overlaps could produce possible errors in
the matrix elements of the potential and thereby
influence the linear combinations of the OPW’s
which determine the relative amounts of s and p
character. It thus appears that it would be help-
ful to recalculate the energy bands and hyperfine
properties of magnesium for the OPW formulation
making use of both real core functions and self-
consistent potential in order to improve our under-
standing of the conduction-electron wave functions
obtained by the procedures. Similar comparisons
between these two models in other metals would
also be desirable.

Lastly, we can predict the relaxation rate in
magnesium using the spin density from our pseudo-
potential calculations. The effects of core po-
larization on relaxation time T'; are incorporated
through the expression

(_1__)<L) +;<_1_> +1<J_> ..
TIT TlT d+CP, s 3 TITCP,p 5 TTCP,d

(9)



where the suffixes have the same meaning as in
earlier work.! It should be remarked, however,
that Eq. (9) holds rigorously only for a spherical
FS which is equivalent to using a one-OPW approx-
imation. * One expects departures from it even in
the presence of cubic distortions which can split
the d bands. For noncubic symmetry, the p bands
also split, and appropriate corrections have to be
introduced in the degeneracy factors 21+1=3,5, ...
in Eq. (9). In magnesium, the core-polarization
contributions from non-s components of the wave
function are quite small and therefore the crystal-
field corrections to Eq. (9) do not influence the
results significantly.

An additional consideration in evaluating relax-
ation times is the question of the role of exchange
enhancement. If one uses the band density of
states in the expression for T;, *!* this would cor-
respond to neglecting enhancement effects com-
pletely. Actually one has to incorporate enhance-
ment effects as in the case of K,. In this connec-
tion, the relevant spin susceptibility function for T,
is wave-number dependent because the field of the
nucleus is nonuniform. The theory for this effect
was first worked out by Moriya!® for free elec-
trons. However, an appropriate adaptation to band
electrons can be made as in an earlier work.! The
procedure for this is to adjust Moriya’s free-elec-
tron result'® to make x(J) match the exchange en-
hanced result for the uniform field susceptibility
x(0) in the effective mass approximation. 3

Using our calculated spin densities from direct
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and s, p, and d parts of the ECP contribution, and
the band density of states the unenhanced results
for TyT are given by

(TyT)gscp, s

(T1 ),
and  (T,T)i4
thus,

=10.94%10"3degsec, (10)
= 0.02%x10 3degsec, (11)
=10.94%107%degsec ; (12)
(T, T)ynennanced = g1 74 deg sec. (13)
On introducing exchange-enhancement effects in
the manner indicated, !

(T,T)imhenced = 5891 deg sec. (14)
This leads to a predicted relaxation time T,

T, = 14.03 sec at 4.2°K. (15)

Unfortunately, no experimental value of the re-
laxation time in magnesium is available at present
to compare with the predicted relaxation rate ex-
cept for the observation® of appreciable saturation
at 1.2 °K indicating that T, is reasonably long and

in qualitative agreement with Eq. (15). Finally,
the theoretical Korringa ratio,
R = (K T,1)"/(K5T, T)sgom » (16)
is found to be
Rtheer -1, 23, (17

indicating that a 23% departure is expected from
the value for noninteracting free electrons for
which R is unity.

*The portion of this investigation carried out at the
University of Utah, Salt Lake City, Utah 84112 was
supported by the National Science Foundation.
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