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Negative Conduction-Electron Contribution to the Field Gradient in Beryllium*
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A first-principles calculation of the field gradient due to conduction electrons in Be
leads to a contribution opposite in sign to that from ionic charges, in agreement with ex-
pectations from experiment. This result is of particular interest for the theory of nucle-
ar quadrupole coupling constants in metals in view of recent experimental determinations
of the sign of the latter.

Recently, there has been an upsurge of interest
in the origin of nuclear quadrupole interaction in
metals, as a consequence of a number of publica-
tions' ' of results of experiments where the
sign"' ' of the field gradient, and, in some in-
stances, the variation of the fieM gradient with
temperature' and pressure' have been measured.
The net field gradient q at the nucleus is com-
posed of a contribution q;, „ from the positive
ions in the lattice and a contribution q, &

from the
conduction electrons. Since q;, „can be obtained
fairly accurately by various summation proce-
dures, ' one can extract the value of q, &

from the
experimental q. In those cases mhere the sign of

q is determined, one can therefore get an un-
equivocal experimental prediction of the sign of

q, &. Of five instances"' ' where the sign of q
is experimentally available, the sign of q has
been predicted in this may to be the same as for
q;, „ in two cases" and opposite in three. "'
The theory should thus be able to explain both the

sign and the magnitude of q, ~.

There have been two mechanisms proposed""
for q,&. One of these' involves the calculation of
the field gradient from all the band electrons be-
low the Fermi surface, and for antimony it gave
the same sign as q;,„. The second mechanism, "
important for transition metals and transition-
metal compounds, involves the distortion of the
Fermi surface by the l =2 component of the lat-
tice potential and the resulting contribution from
these Fermi surface electrons to q, l. This ef-
fect is always expected to be opposite in sign to

q;, „, indicating a shielding effect due to the con-
duction electrons.

Qn the basis of these tmo results, an attempt
has been made in a recent paper to decide on the
relative importance of the two mechanisms" us-

ing the experimental sign of q, l. In addition, a
recent theoretical calculation" of q, l in Mg gives
the same sign as q;, „and close to the right mag-
nitude, more than twice that of q;, „, leading to
agreement of the total field gradient with the ex-
perimental q. In this metal, the Fermi-volume
effect was found to give almost the entire q, &,

the Fermi-surface effect being very small (about
2%%uo of the Fermi-volume contribution) because of
the relatively small density of states at the Fer-
mi surface as compared to those for the transi-
tion metals. This result, taken together with
that for Sb, may appear to reinforce the possibil-
ity of experimentally distinguishing between the
tmo mechanisms. The purpose of the present
work is to shorn that, in fact, q, &

due to the vol-
ume mechanism can have either sign and we find
it to be opposite in sign and about 21'%%uo of q;, „ in
Be, leading to essential agreement between the
theoretical and experimental q's. Further, q, &

is
shomn to be composed of mutually cancelling con-
tributions from various bands, indicating that in
any general metal q, &

can have either sign.
The calculation mill nom be described briefly.

%hat is needed for the electronic contribution to
field gradient q, l is the evaluation of the expecta-
tion value integral

q, &
= fp, (r)r '(3 cos'8 —1)d'r.

In Eq. (1), p, (r) is the total conduction-electron
charge density at the point r, given by

p.(r) = 2ZI+„p(r) I'
rlk

with the sum on nk being taken over the occupied
states only, n being the band index, and the fac-
tor 2 coming from the summation over the spin
states. The origin of r is taken at the nucleus
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whose quadrupole interaction is under study. The
orthogonalized plane-wave (OPW) procedure"
wa.s utilized for obtaining the wave functions
4 „„(r). For this purpose, the conduction-elec-
tron potential and the 1s core states were taken
from the work of I,oucks and Cutler. " In evaluat-
ing q„ through Eqs. (1) and' (2) a summation has
to be carried out over the various occupied states
in the first Brillouin zone. By symmetry, in
carrying out this summation, one can separate
the Brillouin zone into 24 parts which contribute
equally. In our calculation, we chose 189 k
points in;~th of the Brillouin zone in summing
over k, ascribing appropriate fractional volumes
in k space to each of these points. These 189
points consisted of sets of 21 points over nine
planes equally spaced a1ong the c axis. Through
a detailed examination for a few points in 0 space
a linear combination of 23 OPW's was found to be
an optimal choice for expa, nding the conduction-
electron wave function, consi iering both conver-
gence and the computational time involved. To
allow additional flexibility in the variational as-
pect of the OP% calculation, a tight-binding func-
tion built out of a locabzed P-like orbital was
added to the OPW basis set.

In obtaining the electronic contribution, the
fieM gradient was divided into local and distant
components by expressing the charge density in
the following form:

p(r) =p+Ep)(r)+Z Z p)(r —rp).

In Eq. (3), the first term represents a uniform
density which is slightly larger than the value 2/
0 (0 being the volume of the Wigner-Seitz cell)
from free electrons, due to the normalization
factor (1-b„') ' associated with the OPW func-
tions. " This uniform density, of course, does
not contribute to the field gradient. The second
term is a nonuniform density in the Wigner-
Seitz cell centered a,round the nucleus in question
and expanded in terms of l components, l being
as usual the azimuthal quantum number. The lo-
cal contribution a,rises only from the E = 2 compo-
nent of this term. The third term gives rise to
the distant contribution, the summation over N
referring to the various Signer-Seitz cells other
than the central one under consideration. %e
wouM like first to discuss the distant contribu-
tion.

Since the net distant contribution was quite
small and the dominant effect for this contribu-
tion arises from the f =0 term in Eq. (3), only

q;, „=1.918x 10"esu/cm',

qg], dolt =+0I055x10 esu/cm .
(4)

The experimental value of q in the metal, using
the measured value' of the quadrupole coupling
constant e'qQ and the most recent value, 0.054
x10 '4 cm', of Q(Be'), is"

q, „z,=1.576 x10"esu/cm'.

Thus, q, j d;„ is only a small fraction of q;, „and
q, „p, and adds to the difference between the two.
As we shall see now, it is the local contribution
which provides the bulk of the difference between
q, „&, and q;, „. The local contributions from the
various bands were found to be"'"

q, =+13.75 x10" esu/cm',

q„=—21.35x10" esu/cm',

qz =+6.72 x10" esu/cm',

q,v=+0.39 x10" esu/cm',

adding up to a total of

q,»„=—0.49 x10"esu/cm'.

(9)

(10)

The field gradients q&, qz, etc., are composed
of sd- and PP-type contributions as in the case of
magnesium. " However, in contrast to magnesi-
um, the pp contribution arises from only the
plane-wave components of the OP% wave func-
tions, since there are no P cores. The signs of
the first- and second-band contributions are the
same as in magnesium. This is understandable,
because an examination of the symmetry of the
first band indicates that the P character in most
parts of the band is of P, and P „ types, while for
the second band, the dominant effect is due to P,
character, the ~ direction referring to c axis.
The magnitudes for the two bands are sensitively
dependent on the conduction-electron wave func-

the latter term was retained. This term leads to
a contribution to the field-gradient integral in
Eq. (1) expressible as a lattice summation, simi-
lar to the contribution' from the charges on the
ions, since the integrated effects of p, (r —r„) in
each cell end up as effective charges at the lat-
tice points. These cha.rges turned out to be posi-
tive in character as a result of charge-neutrality
considerations and because the uniform density
p in Eq. (3) was larger than the free-electron
value. The distant contribution was evaluated to
be 2.9% of the ionic contribution and of the same
sign, the absolute values of the ionic" and dis-
tant contributions being
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tions, which, in turn, are determined by the con-
duction-electron potential. It is interesting that,
while the magnitudes are in general comparable
to those in magnesium, the second-band result
is larger than the first band in contrast to the
magnesium situation. The third and fourth bands
have very little occupancies and give very smaH
contributions as of the same sign as for the first
band. However, the magnitude of the second-
band contribution is larger than the sum of the
other three, and so one obtains the negative val-
ue for q,»„shown in Eq. (11), which agrees
very well with the expected value of —0.397 x10"
esu/cm' obtained from the difference between

lggxpg 1n Eq (6) and the sum of lgjgp and gp] djsg 1n

Eqs. (4) and (5). Thus, the electronic contribu-
tion, in fact, provides near agreement (within
6%) of the total theoretical field gradient -1.463
X10"esu/cm' obtained from the sum of the num-
bers in Eqs. (4), (5), and (ll) with the experi-
mental value in Eq. (6).

From the present work and earlier calculations
on antimony9 and magnesium "one can conclude
therefore, that the Fermi-volume contribution to
g can in fact, have either sign and ls sufficient
in nontransition metals to provide agreement
with experiment when combined with the ionic
contribution.
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'In Eqs. (7) to {10),q (i =I II III IV) denotes the lo-
cal contribution to the electronic field gradient from
the jth band.

~The numbers quoted for the various bands do not in-
clude any shielding effects due to the ls core elec-
trons of the Be+ ion. This type of shielding effect is
expected to be quite small since the shielding factor
for an external charge, which is expected to be much
more important, is only —0.189 for Be+ ion [R. M.
Sternheimer, Phys. Rev. 115, 1198 (1959)], close to the
earlier value of -0.185 by T. P. Das and 8, Bersohn,
Phys. Rev. 102, 733 (1956). In any case, this type of
shielding effect influences the individual contributions
from various bands by the same factor since the part
of the charge density producing the field gxadient has
predominantly 2P„, 2P„, or 2P~ characters for all the
bands. In fact, recent calculations on the Be atom
(ls.2s2p p) state (Bef. 16) indicate that the shielding
factor for the 2P electrons due to the 18 core elec-
tx'ons is about 5%. Thus shielding effects are not ex-
pected to influence the sign of ggy ]~ and change its
magnitude very little, perhaps less than 5%,


