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A first-principles investigation is carried out for the antishielding effects for the field gradients due to

conduction electrons in zinc and cadmium. It is found that the field gradient due to conduction electrons

external to the core electrons is antishielded in both metals very substantially, by a factor of about 60%

of y in both cases, while the part of the field gradient due to conduction electrons in the region internal

to the core electrons is subject to very little antishielding effect. Our calculated field gradients in the two

metals, when combined with the experimental quadrupole coupling constants, lead to quadrupole moments of
0.46 and 0.67 b for 'Zn(9/2)+ and "'Cd(5/2)+, the latter agreeing well with a value from ionic crystal data.

The understanding of the origin of nuclear quad-

rupole interaction in metallic systems is a subject
of great current interest. . The main reason for
this is the availability of a variety of experimental
techniques which can provide quadrupole coupling
data for both ground' and excited' nuclear states.
While the signs of the nuclear quadrupole coupling
constants were obtainable before for Mossbauer-
active nuclei, the number of nuclei for which the

signs can be observed has recently been extended
significantly through the utlization of perturbed-
angular-correlation techniques. ' Concurrently
with this, the results of theoretical investigations
in a number of metals have provided greater in-
sight into the various sources that can contribute
to the field gradient and in the case of pure cadmi-
um, one of the first metals for which the sign of
the quadrupole coupling constant was experimental-
ly determined, theory' and experiment' are in

agreement.
A crucial factor for the quantative understanding

of the field gradients in metallic systems, which

had not been critically analyzed so far, is the
antishielding effect' associated with the field grad-
ient due to conduction electrons. In earlier the-
oretical investigations, ' it has been a common
practice to incorporate antishielding effects ac-
cording to the relation

q =q.'i(1 —&)+qi.«(1 r), -
where q,', and q'la«are, respectively, the field
gradients at the bare nucleus due to the conduction
electrons and the ions in the lattice, the anti-
shielding effects of the core electrons being in-
corporated through the factors (1 —R) and (1 —y„),
B being the characteristically small factor as-
sociated with valence electrons in atoms, ' and

y„ the relatively large factor appropriate for an
external charge. ' Since q,-, arises from the dis-
tributed charge due to the conduction electrons,

the antishielded electronic term in (1) represents
a rather simplifying approximation and should

properly have the form

qel qel qel r r dr,

q. i =%a„(1-r ), (3)

found to hold for a number of metals and alloy sys-
tems, with X lying between -2 and -3 and y„re-
ferring to the ion containing the nucleus of inter-
est. The relation (3) has also led to a question-
ing" of the choice, assumed in Eq. (1), of the
antishielding factor for the conduction-electron
field gradient, since such a choice would preclude
any relationship between q „and (1 —y „).

The procedure that we have used for the investi-
gation of antishielding effects for conduction elec-
trons is similar to the moment perturbation tech-

0 being the volume of the crystal over which the
integration is carried out; q„(Q, the field grad-
ient due to conduction electrons at position vector
r with respect to the nucleus, and y(r), are both
functions of r.

Two compelling developments in this field re-
sulting from recent experimental measurements
have motivated us to critically examine the ap-
proximation used in Eq. (1) by carrying out a first-
principle investigation of y(r) in metals. The
first of these developments is that the quadrupole
moment of "'Cd in the excited —,

"state has re-
cently been inferred' from perturbed-angular-cor-
relation measurements in ionic crystals and is in
substantial disagreement (by a factor of about 3)
with the value of Q derived by combining experi-
mental data in cadmium metal with ab initio theo-
retical calculations' of q based on Eq. (1). The
second development that has stimulated the pres-
ent investigation is the discovery of a semiempiri-
cal relation' of the form
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nique" employed earlier for the study of exchange
core polarization effects" on Knight shift and
relaxation times in metals. Thus we perturb the
core wave functions by the nuclear-quadrupole
moment and then calculate the sum (5E)o of the
Coulomb and exchange interaction energies be-
tween these perturbed core electrons and the con-
duction electrons, retaining only terms linear in
Q. The coefficient of e'Q in this energy term is

the second term in Eq. (2) representing q, „d, the
induced field gradient arising from antishielding
effects. In evaluating the core-conduction inter-
action energy, one has to include, as in the cal-
culation of the direct field gradient q,', due to con-
duction electrons, the conduction electrons within
the entire occupied Fermi volume instead of only
those at the Fermi surface as in the case of Knight
shifts and relaxation times. Thus

(5E)o ——e'Qq, „z
—— P P g(1)g* (2) "5$,(1)gg,. (2) dr, dr, ,

k, i c k, i y'~z
(4)

where

Ho =e'q(3c os8 —1)(r' (6)

with H„and Ep representing the one-electron
Hamiltonian and energy for the core state c, and
H~ and E, , respectively, the perturbation Hamil-
tonian due to the nuclear-quadrupole moment and
its expectation value for the core state c.

For the conduction-electron wave function
gk,. (r), we have used linear combinations of ortho-
gonalized-plane-wave wave functions obtained by
the pseudopotential technique as described else-
where. ' Since the orthogonalized-plane-wave func-
tions involve both plane-wave (PW) and tight-bind-
ing (TB) core-state wave functions, the product of
the two functions g&,. in Eq. (4) will involve the
sum of PW-PW, PW-core, and core-core compo-
nents. Since these three types of density compo-
nents have different degrees of penetration into
the core; we expect different antishielding effects
for them. We have studied the induced interaction
~ ner|;ies for each of these components separately,
to analyze the individual antishielding effects as-
so(:iated with each of these components.

The combination of the three induced interaction
energies gives the net induced field gradient aris-
ing from the interaction of conduction and core
electrons. This analysis obviates the need for the
choice of an appropriate parameter, ' like R, for
example, "for the antishielding of the conduction-
electron field gradients. However, to obtain added
insight into the role of these effects, one can de-
rive antishielding factors appropriate for the net
field gradient due to the conduction electrons and

P» being the permutation operator, g, and g, + 5g,
the unperturbed and perturbed wave function for the
core states c, and g&, the conduction-electron
wave function for the ith band and wave vector k.
The function 5g, is obtained by solving the pertur-
bation equa. tion:

also individually from the PW-PW, PW-core, and
core-core components, namely, y, yap~ yp~ „„
and y„„„„,respectively, by taking the ratios be-
tween the total and appropriate contributions from
q;„d and q, &

in each case.
The most striking aspect of the results of our

ab initioantishielding calculation is the large en-
hancement obtained for the PW-PW component of
the field gradient. The contributions to the anti-
shielding effect for this component from individual
cores are presented for both zinc and cadmium in
Table I. Also shown for useful reference are the
corresponding contributions to y„ for an external
point charge for both Zn" and Cd" ions. To
simulate the screening effects on the cores by the
conduction electron, the core wave functions em-
ployed in the y„calculation were those for the neu-
tral atoms. The net antishielding factor for the
PW-PW component is seen to be two orders of
magnitude larger than the typical order" of 0.1
for R. Also, understandably, this antishielding
factor is smaller than y„ for both metals. The
reason is that whereas the point charge in y „cal-
culations' is totally external to the cores, i~e
PW-PW component of the conduction-electron den-
sity does have partial penetration into the core re-
gion and cannot the ref ore inte ract effectively with
the entire quadrupole moment induced in the cores
by the nuclear-quadrupole moment. This effect is
also clearly seen from the nature of the individual
core contributions in Table I, where there is in-
creasingly greater difference between the contribu-
tion to y ~p~ and y„as one goes toward the outer
cores. The nonorthogonality terms in Table I arise
in the Hartree-Fock perturbation theory" employed
in our work because the perturbed core states are
not mutually orthogonal.

The results in Table I are composed of the con-
tributions to the antishielding factors from the
Coulomb interaction of core and conduction elec-
trons. We expect a contribution to y».» of the or-
der of 0.1 from the corresponding exchange effects
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TABLE I. Contributions from various cores to the antishielding factor gpss pz for the field

gradients due to the PW-P% components of the conduction-electron densities compared with

the corresponding contributions to y„.

Contribution
to 'Ypw-pw

Zinc
Contribution

toy

Cadmium
Contribution Contribution

to 'Ype-pw to 7~

2P

3P
M
4p
4d
Nonorthogonal ity

contribution a

5.47
-16.95
-2.83

5.75
-19.36
-5.92

5.56

-13.97

-0.15
44.03
3.30

—142.20
10.41
85.40

—20.00

0.15
47.72
3.70

-158.48
-17.50

92.40

See Ref. 13.

from an examination of the magnitudes of the inte-
grals involved. Also, only the effects of the radial
excitations' of the cores have been included in the
antishielding results in Table I, since these are
known" to be the major contributors to y„. The
influence of the angular excitations is not expected
to change the calculated antishielding factors for
the PW-PW components by any more than 10% and

therefore should not affect the conclusions of our
work signif icantly.

The net antishielding factors y»» for zinc and

cadmium for the P%-P% components are seen
from Table I to be -9 and -20, respectively. In-
terestingly the values of the ratios yp~p~/p name-

ly, 0.64 and 0.62, are rather close to each other
in the two ca.ses. We have also carried out calcu-
lations for the antishielding factors for the field
gradients due to the TB-TB and TB-P% compo-
nents in zinc. The values of these factors, 0.02
and 0.06, are very small, closer to the order of
magnitude of the atomic antishielding fa,ctor."
This is expected since both these components in-
volve the TB part of the orthogonalized-plane-wave
function and are therefore quite internal with re-
spect to the core electrons.

The relatively large antishielding effect for the

P%-PW components has profound consequences on

both the conduction-electron contributions to q„as
well as the total field gradients themselves in both

metals as can be seen from Table II. From a com-

parison of the second, third, and fourth columns

for both metals, it is seen that whereas, without

the inclusion of the proper y for the P%-P% com-

ponent, the contribution to the field gradient from

the latter is unimportant compared to the local
contrlbutlon gyB.Tg + Q'Ta p~, when one 1ncludes Q~.p~p

the two contributions become of compa, rable order

of magnitude. The influence of this finding on the

net field gradient q„„, in the eighth column is even

more marked beca, use the net electronic and ionic

field gradients, q, &
and q;,„;„areopposite in sign.

Using the calculated field gradients in Table II,

along with the experimental values of the quadrupole

coupling constants, '" the quadrupole moments of

Zn(, ) and "'Cd(-,' ) come out as 0.46 and 0.6"l b,
respectively. " The latter is now in ood a'ree-
ment with the value derived from ionic quadrupole

coupling data in contrast with the earlier situation

when the influence of y».p~on the P%-P% contribu-

tion had not been included. For "Zn( —., ) we have

quoted only the magnitude of () because the sign

of the coupling constant is not available. There is

TABLE II. Contributions to the field gradient in zinc and cadmium includin r:&ntishieIdin. ' effects.

&per-pe
without with

Yp + Q yp p~ antis hielding antishielding q (distant) @61(total) /jog+ ~p jQt+ ~Q(N H z) Q (ba

Z lIlc

Cadmium

150.20

251.25 7.78

66.90

163.38

-4.98

-13.29

212.12 64.4O 147.72 49.5

401.34 -119.60 281.74 137.5

0.46

Units of 10' esu/cm .
The antishielding factor (1 —p ) has been used here. The significance of q(distant) has been explained earlier in the

literature (Ref. 4).
c For the values of q~&(total) listed we have employed the properly antishielded qp~ p~ in column 4-

"References 3 and 4.
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no other available value for Q("Zn, a2') to compare
with our result. It would be helpful to have per-
turbed-angular-correlation data for this level of
"Zn in ionic compounds to obtain a value of Q as
in the case of '"Cd, to compare with our present
result from the data in the metal.

In summary then, our first-principles investiga-
tions of antishielding effects for conduction elec-
trons in metals have shown that, contrary to earlier
ideas in the literature, the field gradients from
different components of the conduction-electron
distributions are antishielded very differently. In
particular, the PW-PW component is subject to
very sizeable antishielding effects found to be
about 0.6 y in both metals, zinc and cadmium,
indicating that an antishielding effect of this order
probably applies to all metals. To confirm this
point, similar investigations need to be carried
out in other metals. In any case, the very sub-

stantial size of the antishielding effects for the
PW-PW component and the influence it has on the
net field gradient in the metal lead to the conclu-
sion that such effects must be included in not only
the study of metals under ideal conditions, but also
in alloys and for variations of the field gradients
in metalic systems with respect to temperature
and pressure.

Finally, our results provide support for the
empirical relation [Eq. (3)] found recently" be-
tween q„and q„«. Whereas in Eq. (1), there was
no possibility for a dependence of q„on (l -y„), our
result that at least an important part of q„, namely,

q~p~ is related to y„does provide qualitative
support for Eq. (3). Our calculated values of q„
and q„« lead to values of the parameter X in Eq.
(3) of -3.3 and -3.4 for zinc and cadmium close
to the upper limit in the range of -2 to -3 found
empirically. "
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