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The available electric-field-gradient data at transition-metal impurity sites and at host sites in
transition-metal hosts has been inspected for indications of trends in alloying behavior. The raw
data separate the gradients into two groups, depending on whether the host metal has over, or
under, half-filled d bands. The gradients for any given probe atom are largely independent of which
host, in a given group, is involved, running counter to simple chemical intuition. Analysis is compli-
cated by various intra- and inter-atomic contributions to the field gradient and the practice has been

adopted of presuming that one or another contribution prevails and normalizing the experimental
data by an effective field appropriate to the probe atom and to the contribution involved. The nor-
malized results suggest that the observed gradients, by their very magnitude, must be largely intra-
atomic in origin. Granted this, and assuming that it is the d electrons which are primarily respon-
sible, we find that, while there is scatter in the data, the gradients at host and impurity sites, in the
under-half-filled d-shell hosts, show little chemical variation with either differing impurity or differ-
ing host. The normalized results for the over-half-filled d-shell hosts, on the other hand, appear to
show a chemical trend which is also to be seen in the enthalpies of formation of the more concen-
trated alloys. The normalizations, if we assume intra-atomic effects, required estimates of the field
gradient due to a single valence electron. The renormalized-atom scheme was employed to obtain

l,

the contributions from d- and valence p-electron charge. It is not widely appreciated as to how im-

portant p-electron bonding can be to the gradients. Sternheimer antishielding factors, y„, were also
required. Lacking values for some of the elements of concern, a simple scaling with the size of the
atom was introduced. This was inferred from a number of sequences of ions and then applied to
predictions for the 5d elements. The scaling worked well and should do so in other cases as well.

I. INTRODUCTION

Measurements of hyperfine fields provide a valuable
probe of the environments in which atoms find themselves
in solids and in molecules. Knight shifts and Mossbauer
isomer shifts, for example, show whether an atomic
species is in more than one type of site in a sample, and,
from the distribution of the shifts, indicate the distribu-
tion of sites. The isomer shifts are a measure of charge
transfer. Quadrupole effects are a measure of the aspheri-
cal charge density around an atomic site, and, as such, are
indicative of directional chemical bonding. Of concern in
the present paper are the properties of transition-metal
impurities in transition-metal hosts. There is considerable
experimental data concerning impurity isomer shifts, par-
ticularly for the 5d elements, indicating' a systematic
variation in the relative roles of d and non-d-electr-on
bonding effects, as a transition-metal row is traversed, i.e.,
as one transition-metal impurity is replaced by another in
a sequence of transition-metal hosts. Only .recently has
there become experimental data to allow a similar scan
of quadrupole field gradients, eq,„z,. Hagn and co-
workers have, for example, obtained results for a signifi-
cant number of 5d impurities in Lu and Re hosts (Fig. 1)
showing disparate behavior between the two hosts. One
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FIG. 1. Field gradients for various 5d atoms in Lu and Re
hosts as reported (Ref. 2) by Hagn et a/. Parentheses indicate
cases where the sign of a gradient was not determined.
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purpose of that work was to test the proposal' of Ragha-
van et al. that the ratio of inter- to intra-atomic contribu-
tions to the impurity field gradient is a universal constant.
Hagn' et al. concluded that the results represented in Fig.
l are inconsistent with this proposal. Granted the dif-
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ferent trends in eq,„„,for Lu and Re hosts, there naturally
arises the question of what, if any, overall trend occurs in
field-gradient behavior when other hosts are considered as
well. This issue is addressed here.

When discussing the trends in eq,„~„it will be useful to
divide the field gradient into three terms, rather than the
two alluded to above, namely

eq =eqlntra+ eqL&+ eqinter ~

The first term is the intra-atomic contribution arising
from the aspherical character of the valence charge within
the impurity atomic cell. The second i:s the long-range
(LR) inter-atomic contribution involving a lattice sum
over the host crystal. For a hexagonal-close-packed lat-
tice, its leading term has the form"

Vr a —— [0.0065 —'4.3584(c /a —1.633)],
a

where ne is the effective charge at a host site and c and a
are the hcp lattice constants (we presume, as others have,
that the impurity is at a substitutional site). The third
term, which is sometimes neglected and sometimes parti-
tioned between the other two, involves those inter-atomic
contributions associated with the disturbance due to the
impurity in the immediate surrounding host medium.
This may involve charge transfer, changes in directional
bonding, and shifts in near-neighbor nuclear positions.
At first, it would seem that the eq, „z, of large magnitude
in Fig. 1 are associated with alloys where there is strong
chemical bonding between the impurity and the host.
This is the case for Au and Ir alloyed into Lu, but the
bonding is much weaker when Lu is alloyed into Re. In
these three alloys the mismatch in atomic volumes is
known to distort the host lattice in the vicinity of the im-
purity. However, there are substantial volume
rnismatches between Lu and

algal

the other elements
displayed in the figure. It would appear that the trends
seen in Fig. 1 cannot be blamed in a simple way on varia-
tions in bonding and its effects on q;„„,. The individual
terms of Eq. (1), of course, involve the appropriate
Sternheimer antishielding factors, ' ' with the largest
antishielding associated with the long-ranged term.
Despite being multiplied by a large factor, it will be seen
in the next section that eqz z is 1 or 2 orders of magnitude
smaller than the experimentally observed gradients, and it
therefore is the first and third terms of Eq. (1) which are
responsible for the observed gradients.

The use of experimental hyperfine fields as a measure
of transition-metal alloying largely ends up being a study
of 5d impurities because it is these elements which have
suitable nuclear states. This is true for the isomer shifts'
as well as for the quadrupole field gradients of concern
here. Among the 3d and 4d elements, there is significant
data for only Fe and Ru, although, in the case of Ru, the
sign of eq is not known for any of the data. One may, of
course, scan for the effects on 5d impurities in going from
Sd to 4d and, in turn, 3d, noncubic metal hosts. This will
be done.

The plan of the paper is as follows. Several quantities
relevant to the individual terms of Eq. (1) are estimated in
Sec. II. These include the lattice term eqLz and

"renormalized-atom" values of the quadrupole fields, eq~,
associated with single d electrons. The latter serve to set
the scale of the intra-atomic effects to be expected from
the d bands. Valence 6p-electron quadrupole terms will
also be reported for several of the 5d metals, for there is
6p character in their conduction bands, and it is not gen-
erally appreciated as to how large the associated field-
gradient contributions can be. Sternheimer antishielding
factors will be required, and these are, as a rule, not avail-
able for the 5d transition elements. The Appendix ex-
plores the variation in the external antishielding factor,
y, as a function of the size of the atom involved for se-
quences of atoms for which there is data. This suggests a
scaling rule, which is then used in Sec. II to estimate the
variation in y„across the 5d row. No attempt will be
made to perform full metallic calculations, either involv-
ing just Fermi-surface repopulation effects, or the more
detailed model scheme ' of Piecuch and Janot, which has
had mixed success in predicting field gradients in metals.
The problem is that a detailed calculation should account
for the host-lattice distortion around the impurity site and
for any valence p-electron contributions to the field gra-
dient. This is difficult; however, as will be suggested in
'the conclusion, some full-scale energy-band predictions of
eq in the elemental metals would be of considerable use.
Figure 1 is extended to include experimental data for the
5d impurities in other Sd hosts in Sec. III. Also shown
are plots of the impurity field gradient for Fe, Ru, and
those 5d eleinents for which there is 3d and 4d, as well as
5d, host data. As is the case in Fig. 1, it is necessary to
make assumptions concerning the sign of an eq,„z, when
the sign is not known (the data points in such cases are
drawn in parentheses). The plots in Sec. III include all
the transition-metal —transition-metal impurity field gra-
dients that we have found for which the sign is known,
and all but a dozen scattered cases for which the magni-
tude but not the sign is known. These results will be
"normalized" in Sec. IV by dividing by, on one hand, the
intra-atonic d-orbital eqz, and, on the other hand, divid-
ing by the external Sternheimer antishielding factor y„.
The relation of the raw and the normalized gradients to
alloy-bonding trends is discussed in Sec. V.

Granted the scatter and the uncertainty in sign of some
of the experimental gradients, it will be seen that all the
individual eq,„~, fall on one or the other of the two curves
defined by Hagn et al. , Fig. 1, which curve depends on
whether the host metal has under- or over-half-filled d
bands. Inspection of the normalized gradients suggest
that there is surprisingly little variation in chemical
behavior for the various impurities in the various hosts
belonging to one or the other of the two groups.

II. NUMERICAL CONSIDERATIONS

An impurity-site field gradient involves factors which
are properties of the impurity atom and factors which de-
pend on the interaction of the impurity with its surround-
ings. It is useful to differentiate between the two. The
intra-atomic term, for example, depends on the radial
character of the impurity-bonding electrons. A measure
of this is the field gradient due to a single nzI ——0 valence
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orbital. For a d electron, this is

eqe ——9.718(—,)e(r )e, (3a)

where —,
' is the angular integration factor, (r ) is the

r expectation value of the radial d orbital, and the pre-
factor is chosen so that the gradient is in units of 10'
V/cm; (r ) is in units of ao, where ao is the Bohr ra-
dius. The equivalent expression for an rni=0 valence p
electron is

eqz ——9.718( —, )e(r )z . (3b)

qexpt

q;
(4)

after the manner of Knight's treatment of Knight shifts
where he divided the hyperfine field associated with ob-

TABLE I. Field gradients eq~ and eq~ associated with m~ ——0
renormalized valence-electron orbitals [see Eqs. (31] in 10'
V/cm . Also listed are 5d-element y„antishielding factors, ex-
trapolated off the value for Au with Eqs. (6a) and (6b).

La
Lu
Hf
Ta'
W
Re
Os
Ir
Pt
Au
Fe
Ru
ZI

eqg

10.9
14.1
21.8
28.2
34.8
41.9
49.4
57.2
65.4
77.5
24.0
28.2
13.0

eq~

113.0

202.0

245.0

195.0

136.0
92.0
69.0
59.0
54.0
51.0
54.0
61.0
74.2

103.0
81.0
67.0
61.0
58.0
57.0
59.0
64.0
74.2

'Equation (6a).
Equation (6b).

The values of q~ for Fe, Ru, Zr, and the Sd elements in
Table I were obtained with a renormalized-atom scheme
where the orbitals were calculated with free-atom boun-
dary conditions, but then renormalized inside the atomic
Wigner-Seitz sphere, appropriate to the elemental metal,
on each iteration of the self-consistent calculation. This
normalization makes sense inasmuch as valence-charge
counts in metals are normally made in terms of the charge
within the atomic cell. Values of qz are also quoted in the
table for several of the 5d elements where calculations
were done for the 5d "6p' configurations (those for the q~
involved d"s' configurations, which are the closest in-
tegral assignments to the configurations appropriate to
the metals). The calculations were done in the relativistic
Dirac-Fock scheme where j is a good quantum number
and (r )z is a weighted average of the (r i) of
the j=—', and —,

' Sd subshells, while (r )~ was taken to
be that of a j= —, orbital. Based on relativistic calcula-
tions, these assignments are not entirely consistent with
insertion into Eqs. (3), but serve to set the scale of the
intra-atomic field-gradient contributions. It is useful to
divide the experimental gradients by these quantities,

y (A)

y„(&)

1.5

for the ratio for elements A and 8, where the V's are
their volumes. ,(As is discussed in the Appendix, a posi-
tive exponent such as this is expected, but its magnitude is
surprisingly large. ) This fit, involving ions of common

served shift by the hyperfine field appropriate to the atom
in question. The resulting g for a Knight shift is then a
measure of band-structure effects. Here it would be more
appropriate to replace the full gradient q,„p, by the intra-
atomic term alone. Lacking separate values for the terms
in Eq. (1), this cannot be done, and it will prove of interest
to inspect Eq. (4).

Table I indicates that q& is some 8 times larger than q~
for the lighter transition metals, falling off to a factor of
2.5 for Au. It would appear that a small amount of p
character, concentrated along a bond line, can make a
large contribution to the gradient compare the qz of the
table with the magnitudes of the experimentally measured
gradients in Fig. 1. The qz would be substantially smaller
if given in terms of free-atom orbitals whose charges re-
side largely outside the atomic Wigner-Seitz cells, and, in
fact, much of the discussion of p gradient effects in the
literature has employed that normalization. However, ac-
cording to band-theory results, there is one-half to two-
thirds of an occupied p electron's worth of charge, in the
conduction bands and hybridized into the d bands, which
is within the Wigner-Seitz cell of a transition metal. The
qz of Table I are appropriate when estimating the gra-
dient arising from any asphericity in this charge, and, due
to the size of the qz, this asphericity need not be much to
have an observable effect. The importance of this to gra-
dients measured in Au compounds has been discussed else-
where. '4

The Sternheimer antishielding factor is a measure of
the closed-shell distortion of an atom in the presence of a
quadrupole field, and, in turn, the contribution of that
distortion to the gradient sampled by the nucleus. As
such, antishielding, like the intra-atomic q~ and q&, is in-
trinsic to the impurity atom. The antishielding of the
intra-atomic terms is modest because of the overlap be-
tween the valence and the closed shells. Typically, it leads
to a 30% enhancement of these gradients and may be con-
sidered constant across the Sd row for our purposes here.
The situation is quite different for the Sternheimer an-
tishielding y associated with a perturbing potential ori-
ginating outside the atom. There are calculated y
values' for W and Au atoms of —57 and —74.2, respec-
tively (it is 1 —y„ that multiplies the unshielded field gra-
dient). The value for W is expected to be an underesti-
mate since the contribution from the open Sd shell was
not included. The observations in the Appendix suggest a
size-dependent interpolation scheme for obtaining y for
the other 5d elements. There it is observed that sequences
of atoms, from the same column of the Periodic Table
and having the same outer configuration of valence elec-
trons, have y values which vary, on the average, as R
where R is Slater's atomic radius. This would suggest
that
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valence-electron counts, is not directly applicable to the
case at hand involving ions with varying d-electron counts
across a transition-metal row. However, the d contribu-
tion is expected to vary linearly with the d occupation,
and, noting that roughly 25% of the calculated y for Au
comes from the Sd shell, this suggests that

y „(B)=y „(Au)[0.75+0.25(n /10) ][V(B)/V(Au) ]'~,
(6a)

where n is element B's d count (we have used integral
— values). The resulting y are listed in Table I. The inter-

polated result for W is slightly larger than the value, —57,
which was calculated' neglecting the 5d shell, although
this difference is less than might be expected. On the oth-
er hand, the results for Lu and Hf are larger than would
be expected, granted that y values such as —80 are typi-
cal' for trivalent rare earths such as Tm +, and —93 has
been calculated' for divalent Yb +, which is next to Lu
in the Periodic Table. Inspection of the fits in the Appen-
dix suggests that the exponent of Eqs. (5) and (6a) has
been inflated by a core-screening effect, which is not
relevant for scaling for size, and that an exponent closer
to 1, i.e.,

y „(B)=y „(Au)[0.75+0.25(n /10)][ V(B)/V(Au)]',

(6b)

is more appropriate. Extrapolated values of y„with this
exponent are listed in the final column of Table I. These

y are in good accord with expectations for Lu, Hf, and

W, and the changes in value associated with the change in
exponent are only substantial for Lu and Hf. The results
of Eq. (6b) will be used in Sec. IV. Such extrapolations
not only work well in providing values of y, which are
not otherwise available, but they offer insight into the
dependence of y with varying state of ionization and
with differing atomic number.

The y described above is appropriate to the long-
ranged field gradient contribution for which Eq. (2) is the
leading term. This term is near-zero-valued because we
are dealing with monatomic host metals where each atom-
ic Wigner-Seitz cell is neutrally charged, hence n, =O.
However, the Wigner-Seitz cells themselves are not spher-
ical, nor are the charge distributions within them, and this
leads to multipole contributions to the field gradient at
the impurity site. Often these are estimated by approxi-
mating the crystal by an array of spherical "point"
charges in a compensating uniform electron-charge back-
ground. Instead, these may be calculated with Fourier
transforms or with the bipolar expansion. The contribu-
tions from higher multipoles fall off very rapidly with
distance and, crudely speaking, they make a contribution
of the order of 0.1 or less to an effectiue spherical charge
which might be inserted into Eq. (2)., Evaluating Eq. (2)
with this and multiplying the result with an antishielding
factor of 100 (which is a reasonable upper bound), eqLR
ranging from 0.05 to 0.17 (10' V/cm ) for Gd, Lu, Hf,
Re, and Os hosts are obtained. These are 1—2 orders of
magnitude smaller than the experimental field gradients
seen in Fig. 1. In other words, if it were assumed that the

observed gradients were, in fact, primarily due to eq~R,
then effective spherical site charges of 1 to 10 [the n of
Eq. (2)] would be required, and this is out of the question
in the metallic systems of concern here. Experimental
gradients of the scale seen here thus arise from the impur-
ity site and its immediate surroundings ' and not from
long-range terms.

The appropriate Sternheimer antishielding factor for
eq;„„„the inter-atomic terms coming from the immediate
surroundings, is not y . This is because of overlap be-
tween the surrounding charge distribution and the tails of
the impurity-site orbitals. These tails contribute impor-
tantly to the large values of the y„'s and overlap reduces
their contribution. Recent detailed calculations' for Fe
in Fe203 indicate that such antishielding is reduced to
roughly one-third of the y„value. The exact amount of
the reduction will not be important here and the assump-
tion is made that the reduction is roughly constant across
the 5d transition-metal row.

III. TRENDS IN EXPERIMENTAL
FIELD GRADIENTS
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FIG. 2. Field gradients eq,„~, observed for various 5d atoms
in various 5d hosts. Parentheses indicate cases where the sign
of the gradient was not determined. The lines have been drawn
to guide the eye. The vertical line indicates the spread in report-
ed values for Gd in Gd.

The available experimental impurity field-gradient data
for the noncubic 5d hosts Gd, Hf, and Os, in addition to
that for Lu and Re, are shown in Fig. 2. (Also shown is
the observed gradient for La in La, the only data with La
as host. La is the one double hcp metal considered here.
The local atomic environment is such that it is appropri-
ate to compare the La results with the other, hcp, cases. )

Noting their positions in the Periodic Table, one might
have expected the Gd-host data points to lie above those
for Lu, with those for Hf lying between Lu and Re, but
close to Lu, and with the Os data to the far side of Re.
Instead, the data appear clumped in two disparate trends,
with that for the under-half-filled 5d-band host metals
La, Gd, Lu, and Hf in one curve, and the heavier host
metals Re and Os in another, better defined curve. Some
uncertainty must be attached to individual plotted points.
Among other things, values of some of the nuclear quad-
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FIG. 3. Field gradients eq,„p, for Fe in various transition-
metal hosts. The gradients were obtained assuming the '7Fe
quadrupole moment as estimated in Refs. 27 and 28. Pluses in-
dicate 3d; open circles, 4d; and solid circles, Sd hosts. The signs
of the gradients were not determined for those cases in
parentheses. The lines have been drawn to guide the eye.

rupole moments are not well established and not all mea-
surements were done at a common temperature. Gd in
Gd is an extreme example of the problem: There is a
factor-of-6 spread in the various reported experimental eq
values which is indicated by the vertical line in the figure.
This is not simply due to temperature effects since there
are high- and low-temperature data close to both the top
and the bottom of the hne. Not involving the implanting
of an impurity in another host, these results should be rel-
atively insensitive to details of sample preparation. Un-
fortunately, there is no discussion in the literature con-
cerning the disagreement from one experiment to another.
In other cases where there is more than one experimental
evaluation of eq, there is sometimes rough agreement,
and sometimes not.

Lines have been drawn freehand to guide the eye in Fig.
2. Details depend on how smooth a curvature one
demands, but, for the most part, it is easy to draw curves,
summarizing the trends in the eq,„„„through the data.
The exception occurs in the vicinity of Re and Os, as im-
purities in the lighter hosts, where a glitch, as indicated by
the dashed line, summarizes the data equally well.

There are experimental data for Fe and Ru as impuri-
ties and for some of the 5d impurities of Fig. 2 in 3d and
4d transition-metal hosts. In contrast with Fig. 2, it is
convenient to plot eq,„~, for a given impurity as a func-
tion of the column in the Periodic Table in which the host
belongs. This is done for Fe and Ru in Figs. 3 and 4.
Note that the signs of eq,„~, are unknown for all the Ru
data and for most of those associated with the left-hand
hosts of Fe. In such cases, gradient is plotted assuming
that its sign is consistent with the trend indicated in Fig.
2, i.e., positive values for host metals with less-than-half-
filled d bands and negative for those, over-half-filled, to
their right. Note the data point for Fe in Ti which is
small in magnitude but of opposite sign to the general
trend: It is the one case in all of the data to be of
"wrong" sign. The magnitudes of the Fe gradients differ
from those tabulated in the literature. After the last col-
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FIG. 4. Field gradients eq, pt for Ru in various transition-
metal hosts following the conventions of Fig. 3. Note that the
sign of the field gradient is known for none of the Ru data.

lection of data, Duff and co-workers performed detailed
calculations for molecular FeC12 and FeBrz, including
estimates of the gradients at the Fe nuclei. Upon compar-
ison with experiment, a Q value of 0.082b was obtained
for Fe, in contrast with the previously accepted value of
-0.20. Support was given to this assignment by Vajda
and co-workers who took the quadrupole moment for

Fe obtained from a nuclear-shell-model calculation,
which was believed to be reliable, and scaled it by the
known ratio of moments for the two nuclei, obtaining al-
most exactly the same value as Duff et al. The gradients
of Fig. 3 have been scaled to account for the newly as-

, signed value of Q( Fe), and the comparisons of the next
section lend further support to this assignment. It might
be noted that the magnitudes of the Fe- and Ru-sit6 gra-
dients appearing in Figs. 3 and 4 are, on the average,
smaller than those for Os and the adjacent 5d elements in
Fig. 2.

Data for Gd, Hf, Ta, Ir, and Au in 3d and 4d, as well
as 5d, hosts are summarized in Fig. 5. The horizontal
lines are not drawn through the data, but have their posi-
tions equal to the values of the curves in Fig. 2 which are
appropriate to the impurity in question. Thus, the extent
to which all the data, for some impurity, lie on the pair of
lines is a measure of how well the gradients can be charac-
terized as having but one of two values, depending on the
class of host. This works well for Ta and Gd impurities
and reasonably well for Hf, but less well for Ir and Au in
the left-hand hosts where there is substantial scatter in the
data and where there is the distinct suggestion, particular-
ly for Ir in Ti, Zr, and Hf, that these hosts are acting in-
termediate between those to their left and to their right,
rather than acting like those to their left. There are other'
breaks with the pairs of flat lines, e.g. , the eq,„~, with
Re as host tend to be somewhat larger than those associat-
ed with Os and Ru, and, in turn, Co. This variation is
weak on the scale of the disparity in eq,„~, for right- and
for left-hand hosts. Assuming that no mistakes were
made in the assignment in the signs of some gradients, a11
the data fall quite well on the two curves originally de-
fined by Hagn and co-workers for Lu and Re hosts. The
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position with varying impurity. There is significant
scatter of the ge within the band, causing it to have signi-
ficant breadth, as is sketched by the hatched region. The
scatter is likely due, in most part, to errors in the deter-
mination of the eq,„~„including such factors as whether
or not the impurities were in substitutional sites. Detailed
trends in the g~, if any, are masked by this scatter. The
gd for Re and Os hosts are well defined, as are the eq,„~,
on which they are based. They increase in magnitude on
going left from Au to Lu. Note that, except for Lu, Hf,
and Ta impurities, these gd take on a roughly constant
value.

Second, the gd for Fe and Ru impurities, as shown in
the figure, nicely overlie those for Os, the Sd element
from the same column of the Periodic Table. In addition
(not shown), measurements of the quadrupole interaction
have been recently reported ' for Zr, the 4d counterpart of
Hf, in Hf and Re hosts from which gd values of +0.28
and +0.30 may be inferred using the eqd of Table I. As-
suming that these have signs consistent with the other im-
purities in these hosts, these ge nicely overlap the gd for
Hf impurities. In other words, given this normalization
the data for all impurities, 3d, 4d, and Sd, display com-
mon behavior.

extent to which this is so is remarkable granted the varia-
tion in size and in chemical behavior within each group of
hosts. In the next section we will see that the Fe and Re
data fall in well with that for the 5d impurities.

IV. NORMALIZED GRADIENTS

Simple inspection of Figs. l —5 does not allow one to
differentiate between the effects associated with alloying,
which are of interest, and those due to the atomic proper-
ties of the impurity in question. It would be desirable to
be able to divide out any atomic factors so that the
remainder simply reflect alloying effects. This cannot be
done with rigor since there is more than one contribution
to the gradient, i.e., the inter- and intra-atomic terms of
Eq. (I). One approach is to assume that the intra-atomic
contributions dominate and inspect the gd factor as de-
fined in Eq. (4}. This is done for the field gradients asso-
ciated with 5d hosts in Fig. 6. There are several features
of the behavior of the gd which deserve attention.

First, while there is the indication of a systematic varia-
tion in the g'd of La, Gd, Lu, and Hf in their own host lat-
tices, all the impurity data associated with these hosts lie
in a rather well-defined band. This band has a constant

FIG. 5. Field gradients observed for Gd, Hf, Ta, Ir, and Au atoms in various transition-metal hosts. The conventions of Fig. 3 are
followed except that the positions of the horizontal lines are set by the values from the two curves in Fig. 2 for the impurity atom in
question.
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FIG. 6. Normalized field gradients, i.e., the gd of Eq. (4) as-
suming that intra-atomic contributions dominate, for the Sd ele-
ments in various 5d hosts. A point for Lu in Re lies off the fig-
ure at g'd = —0.93. The solid circles indicate data for an element
in its own host lattice, while the open circles denote impurity
data where the left-hand elements, Gd, Lu, and Hf, are hosts;
the pluses denote data where the right-hand Re and Os are
hosts. The hatched region indicates where the data for the left-
hand hosts is centered. Data, similarly normalized, is shown for
Fe and Ru in the same hosts. For clarity, the parentheses of
Figs. 2—4, indicating data for which the signs are unknown, are
not shown here.

The third feature of Fig. 6 to be noted is that the g are
quite substantial. A g~ of, say, + 0.2, corresponds to
having an aspherical d density corresponding to an excess
of 0.2 of an electron's worth of mi ——0 d-orbital charge
along the c axis, or, equivalently, a deficit of the same
magnitude in the mi =2 character in the vicin&ty of the
hcp lattice's basal plane. Owing to the electron-electron
Coulomb interaction, it is energetically favorable to have
the valence charge spherically arranged within an atomic
site. Bonding (and the associated band filling) introduces
deviations from sphericity, but the nonzero gd of concern
here are a measure of the difference in bonding between
the nearest neighbors in the basal plane and those above
and below the plane. Granted that the neighbors are al-
most equidistant, gd values greater than -0.2 in magni-
tude are "large. " The g~ for Lu in Re is so large as to
suggest that valence p-electron effects are significant.
The intra-atomic Sternheimer antishielding factor R~ was
not accounted for in the construction of Fig. 6. Its in-
clusion in the denominator of Eq. (4) would reduce the gd
by 30% at most, i.e., calculations of Rd for Sd ele-
ments ' give Rd ——0.3, so that 1 —Rd —1.3. Because12, 16

! Rd! is small, any variation in Rd, across the row, would
have a modest effect on the normalization.

An alternate atomic scaling may be tried on the experi-
mental gradients. Namely, assuming that they are pri-
marily associated with q;„„„they may be divided by
a(1—y ). Here, a is a fraction somewhere between one-
third and two-thirds, ' thus accounting for the reduction
in the antishielding due to having the source of the gra-
dient coming from the atoms which are immediate neigh-
bors of the impurities (see Sec. II). The gradients are so

/cm ) (7)
[a(A)]

where a is the hcp in-plane lattice constant. The X may
be defined by assuming the experimental gradients are en-
tirely due to this inter-atomic term, i.e.,
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FIG. 7. Scaled field gradients where the external Sternheimer
antishielding factor has been divided into the observed gradient
for the 5d elements and Fe, Ru, and Zr in various Sd hosts.
Points have been drawn with the same symbols as in Fig. 6 and
the lines have been drawn to guide the eye.

scaled in Fig. 7, assuming a constant value of cz (=—,
'

) for
all the data and using the y„obtained with Eq. (6b).
Both branches of the data display upward slopes with the
leftmost impurities, Lu and Hf having the most negative
scaled gradients when in the right-hand hosts, and right-
hand impurities (such as Ir and Au) having the largest
positive gradients when in the left-hand hosts. Details of
the plotted trends, of course, depend on the assumption
that a is a constant. Since u is expected to vary some-
what across the row, these plotted slopes will change a lit-
tle. Scaled gradients are also shown for the Fe, Zr, and
Ru impurity data. These use Sternheimer antishielding
factors of —9.1 for Fe (Ref. 15) and interpolated values of
—33 and —24 based on calculations (Ref. 19) for Zr and
Ru, respectively. The Zr and Ru points overlap those for
their Sd counterparts, Hf and Os, reasonably well, while
those for Fe do not. It is possible, although improbable,
that the Fe discrepancies are due either to the need of em-
ploying a different scale factor, a, for Fe, or to incon-
sistencies in the calculated y „values.

The ratios plotted in Fig. 7 are not normalized in the
sense of the gd of Fig. 6. To define the analog of a g fac-
tor requires an estimate of some sort of "standard" qua-
drupolar field due to the external source which would
then be divided into the ratios plotted in Fig. 7. Assume,
for example, that eq;„„, arises primarily from charge
transfer between the impurity and its nearest neighbors.
Qf course, the gradient arises primarily from the differ-
ence in such transfer to neighbors in the basal plane versus
those out of the plane. The gradient, for an undistorted
host lattice, associated with total excess charge Ne cen-
tered on the six coplanar neighbor sites, is
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3—e9'Inter&

1.44
elexpt

u(1 —y ) 1.44

Then the N maybe directly compared with the gd of Fig.
6. Values of eq;„„,/N range from 0.03(10' V/cm ) to
0.07(10' V/cm ) for Gd to Os, respectively. Dividing
these quantities into the plotted ratios of Fig. 7 yields
values of¹,in the manner of Eq. (8), ranging from 1.5e
to 20e in magnitude. These are huge. The smallest values
are associated with Au and Ir in Re and Os hosts, and the
largest with the same impurities in the left-hand hosts (N
values approaching 30 are associated with Fe in these
hosts). This estimate assumes a transfer of charge from
the impurity to the six basal neighbors (i.e., a charge
Ne/6 on each). Charge transfer of this sort is incon-
sistent with the fact that the quadrupole fields for atoms
in their own lattices generally fall on the same curves as
the impurity data. An alternative model is to presume
that charge is concentrated angularly along bond lines
rather than involving site charge transfer. Granted that
the inter-atomic term involves charge outside the impurity
site, it must be centered, radially, at something like three-
fourths of the near-neighbor distance. Again, assuming
that we are dealing with an imbalance of bonding charge
along lines with neighbors in the basal plane, Eqs. (7) and
(8) may be employed, providing that the a is replaced by
3a/4. Estimates of ¹ become ( —,), or -0.4 times the
values obtained above, and are, roughly speaking, an order
of magnitude larger than their gd counterparts. This sug-
gests a variant of the Raghavan-Kaufmann conjecture. '

From simple arguments associated with the continuity of
electron density, one expects that if charge is concentrated
along some bond line within the impurity cell, it is con-
centrated along the same line outside as well. If one fur-
ther assumes that there are roughly equal amounts of this
charge on one end of the bond as on the other (i.e., inside
and outside the impurity cell), one can compare Eqs. (3a)
and (7), or the values deduced for gd and N, to conclude

eqlntra

7 ae ) qinier

where IC is roughly constant and —+ 10 for the alloys of
concern here. The reversal in sign upon going from left to
right-hand hosts is then associated with the reversal in
sign of both terms.

The discussion above has neglected the host-lattice dis-
tortions and valence p-electron contributions. While sig-
nificant host-lattice distortions are associated with a num-
ber of the alloy systems, such as Lu embedded in Os and
vice versa, lattice distortions are not responsible for cer-
tain main features of Figs. 1—6. For example, some of
the data contributing to the trends, such as those for ele-
ments in their own lattices, are for undistorted lattices.
More important is the issue of valence p-electron contri-
butions to the gradients, as was discussed in Sec. II.
Evaluation of Eq. (4) for the 6p electrons of the Sd ele-
ments yields g~ values which are -0.1 in magnitude for
Lu in right-hand hosts and for Au in left-hand ones, and
which, otherwise, are typically 0.01 to 0.05 in magnitude.
Tiny amounts of aspherical p charge are of experimental
significance, and the possibility of this, particularly of

varying p contributions, is the major impediment to infer-
ring trends in alloy bonding from the observed gradients.
The discussion in the next section assumes that there are
not marked variations in the amount of aspherical p char-
acter from one alloy to another.

V. BONDING TRENDS

Experimentally observed field gradients provide a mea-
sure of aspherical bonding effects, be they associated with
charge transfer or with valence charge concentrated along
directional lines. The fact that the eqe„z, tend to fit in the
same trends, for both iinpurities and host atoms, would
indicate that it is directional bonding effects which
predominate. Furthermore, this fact suggests that, while
host-lattice distortions do occur in the immediate vicinity
of an impurity, these distortions are not responsible for
the gross trends in the observed eq„p, .

The raw data of Figs. 2—5 indicates that, to a remark-
able extent, the gradients follow one of two trends depend-
ing on whether the host metal has under- or over-half-
filled d bands. Wortmann and co-workers have shown
the similarity in Re- and Os host data and this has been
shown to be applicable to yet other hosts. The positive
field gradients of the left-hand (i.e., under-half-filled d-
shell) hosts is indicative of excess valence-electron charge
normal to the hcp basal plane (or, if you will, a deficit in
the plane), while the reverse holds for the right-hand
hosts. There are few exceptions, e.g. , Ir and Au in Ti,
which do not follow the main trend and of which more
will be said shortly. The extent to which the trend is
obeyed is surprising. For example, the bonding of the rare
earths and Sc, Y, and Lu with the right-hand metals is
different than the bonding of Ti, Zr, and Hf with the
same metals, yet the effects measured by eq,„~, are much
the same for the two groups of hosts. Furthermore, the
right-hand hosts come from three columns of the Periodic
Table, yet the eqe„~, for a given impurity in them are
essentially the same.

We have, in general, assumed that the normalized gra-
dients vary smoothly with position in the Periodic Table
and that any deviations from smooth trends are due either
to experimental details, such as samples where the impuri-
ties are not substitutional, or to inadequate knowledge of
the factors involved in normalization. It is possible, and
even likely, that there are real deviations from such
smooth trends. Such devations are of interest but have
not as yet been clearly demonstrated.

Inspection of the normalized results considered in the
preceding section would suggest that the observed gra-
dients, by their very magnitude, must be largely intra-
atomic in origin. Granted this, and assuming that the
gradients are primarily associated with d-band electrons,
Fig. 6 may be inspected for chemical trends. There is
considerable scatter in the gd of the left-hand hosts, but,
for example, it seems to make little difference whether it
is Gd to the left or Ir well to the right which is implanted
in Lu: both have essentially identical normalized gra-
dients. Once atomic effects are normalized out, the ob-
served gradients for the left-hand hosts are insensitive to
either which host or what impurity is involved. The
scatter is less for the right-hand hosts and here there is a
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clear suggestion of a. chemical trend. The gradients in-
crease in magnitude, in a way which seems to track the
strength of bonding, as the impurities are traversed from
Au to Lu. However, the enthalpies of formation of the 50
at. %—50 at. % alloys show a reversal upon going from
Hf to Lu; that is, the enthalpies are smaller when Lu, as
opposed to Hf, is alloyed with elements to the right. Ex-
cept for this reversal, the gq associated with the right-
hand hosts appear to mimic the trends in cohesion. Con-
sider Sc and Ti, which are the 3d counterparts of Lu and
Hf. Their 50 at. %—50 at. % alloy enthalpies show
those for Sc to be larger than those for Ti, i.e., they do not
show the reversal seen for Lu and Hf. It would be of in-
terest to compare the trend in the Sc and Ti impurity-site
gradients with that seen for Lu and Hf. This disparity in
bonding behavior may also be reflected in the fact that the
gradients for Ir and Au in Ti hosts (and Ir in Zr also) do
not follow the main trend in gradient behavior. They in-
stead display intermediate" behavior with normalized
gradients which are weaker (and, in some cases, those
with Sc as host are greater) than those associated with the
other left-hand hosts. Some features of the normalized
eq,„z, thus seem to reflect bonding trends.

The main shortcoming of the above discussion is that it
neglects the possibility of valence p-electron contributions
to the gradients. The very large magnitudes of the gra-
dients observed, particularly, for Lu in Re, suggest that
these contributions are not negligible. It is not generally
appreciated how huge these may be, as is illustrated by the
eqz of Table I (note that since these vary by about a factor
of 2, the associated g~ resemble a modestly distorted ver-
sion of Fig. 2). While potentially important to the ob-
served gradients, such aspherical p-electron charge is
much less important to both the energetics of alloy forma-
tion and to the gross shape of the valence charge around
an atomic site.

VI. CONCLUSION

We have considered the systematics of the electric-
field-gradient behavior of transition-metal impurities in
transition-metal hosts utilizing essentially all the available
experimental data. Several schemes were applied to nor-
malize the electric field gradients so as to remove the ef-
fects intrinsic to the atomic hyperfine properties of the
impurity. This involved renormalized-atom estimates of
effective valence-electron field gradients, i.e., the eq~ and
eqz of Eqs. (3). In addition, Sternheimer antishielding
factors, y„, were required for elements for which they are
not available. This led to the observations, in the Appen-
dix, concerning how y scales with the size of the atom
in question. It was shown that the normalized gradients
fall. into a pattern. Fe, Zr, and Ru, the only 3d and 4d
impurity elements for which there are data, display the
same behavior as the 5d impurities. For Fe, this required
adopting the new value of the Fe nuclear quadrupole
moment obtained by Duff and co-workers. The large
magnitudes of the gradients imply that they are primarily
intra-atomic, not inter-atomic, in origin, and that valence
p-electron contributions are very likely important.

Whatever the source —primarily d, substantially p, or
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APPENDIX

A set of y values are required in Sec. IV for the 5d
metal atoms, and, while there are a number of estimates,
many omit the contributions from the 5d shell. This has
led to the use of an interpolation scheme based on the fits
which are described here. The fits are relevant to the way
y„varies in various sequences of ions in general. These
fits assume that the external Sternheimer antishielding
factor depends on the size of the atom as

(A 1)

where R will be taken to be the Pauling-type radius as de-
fined by Slater and V is the atomic volume. The ex-
ponent n will be seen, on the average, to have the value
—+ 4.5 for the cases studied here. There are deviations
which are substantial, and these occur in a systematic
way. In fact, it is concluded that a smaller exponent is
applicable to the sequence of 5d elements. The point is
that y does depend on ion size, and Eq. (Al) is useful
when extrapolating from one ion to another.

Values of y and of the Slater radii are listed for
several sequences of ions in Table II. Omitted from the
list are those first-row elements, such as Li+, which have
no valence p shells because it is the valence p and d shells
which are primarily responsible for the antishielding.
Lacking such shells the antishielding of the first-row ele-
ments is not comparable with that of the others. Consider
the alkali metal ions and, in particular, the largest and
smallest of these. Taking Eq. (Al), we have

ln[y (Cs+)/y (Na+)] =n =4.49.
ln[R(Cs+)/R(Na+)]

(A2)

inter-atomic —there is the one striking feature of the ob-
served gradients. That is that the gradients follow two
trends, differing in sign, depending on whether the host
has over or under-half-filled d bands. It would be nice, if
it were possible, to trace the trends through the metals
(Cr, Mo, W, V, Nb, and Ta) which lie between the two
groups of hosts, but these metals are, of course, cubic.
The difference in sign of the eq,„z, is not due to a differ-
ence in hcp c/a ratios, but is a real measure of the ten-
dency of bonding charge to lie on or away from the basal
plane. This tendency can be investigated by energy-band
calculations for elemental metals from each of the groups
of hosts. There are indications of at least a few deviations
from the main trends and these main trends show but
weak chemical dependence. These issues deserve further
experimental investigation. The nuclear moments are not
all sufficiently well known (Hf comes to mind). It would
be desirable to know more signs of the gradient, at least in
selected cases. In addition, it would be useful to have
more data for 3d and 4d impurities, perhaps Sc, Ti, and
Zr.
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TABLE II. Sternheimer antishielding factor y„and the
Slater radii R for four sequences of ions. The y come from
Refs. 15, 16, 18, and 19, and the radii from Ref. 25.

TABLE III. Coefficients b and exponents n in Eq. (A1) for
—y „(=bR") for the four sequences of ions considered in the
Appendix.

Ion

Na+
K.+
Rb+
Cs+

—4.56
—17.32
—47.2

—102.5

R (A)

0.95
. 1.33
1.48
1.90

Ion sequence

Na+ —Cs+
Mg2+ Ba2+
F —Br
Cu+ —Ag+

5.741
23.94

5.297
5.007

4.49
4.56
4.71
4.13

Mg +
Ca'+
Sr +
Ba'+

—3.350
—13.95
—41.35
—94.23

0.65
0.99
1.13
1.35

F
Cl
Br

—22.53
—56.6

—123.0

1.36
1.81
1.95

Cu+
Ag+
Au+

—17.29
—34.87
—74.2

1.35
1.60
1.35'

'This radius is inconsistent with those for Cu+ and Ag+ and

should not be employed in the present fits.

Equivalent fits across the other sequences of ions yield the
results listed in Table III. All yield values of n which are
close to 4.5.

This would suggest, on the average, a simple scaling
rule for the effect of atomic size on antishielding factors,
namely

(A3)

However, detailed fits of adjacent pairs of ions in the
three main sequences in Table. II yield

n(2p —3p)-3 to 4,
n(3p —4p)-S to 9,
n(4p-5p)-3 to 4,

where n (2p —3p) results from fitting the pair of 2p and

3p ions in the same sequence. While there is a consider-
able spread in n, there is also a well-defined pattern in the
values which depends on the electron shells involved. The
large value of n occurs upon going from the 3p to the 4p
elements, and this is associated with the shielding due to
the introduction of the first closed d shell in the ion core,
the 3d, in the 4p atoms. This large n is thus due to other
than size effects. The introduction, first, of a d core shell

(and later, with the heavy elements, of an f ) has repercus-
sions on potentials and, in turn, on alloying properties
such that they do not vary in a smooth way as one alloy
component is replaced by another coming from the same
column of the Periodic Table. It would appear that an ex-

ponent closer to 3 than to 4.5 is, as a rule, more suitable

for insertion in Eq. (Al).

The estimates in Sec. II for y values for the Sd ele-

ments also involve, following Eqs. (6), an estimate of the
varying contribution from the open 5d shell due to the
varying 5d occupation. Values were obtained by extrapo-
lating off the calculated value for Au using n values of
both 4.5 and 3.0. The extrapolated values differ substan-
tially for only Lu and Hf, which are much larger than the
other 5d elements. Comparison with calculated values for
W and for some of the heavier rare-earth elements sug-

gests that n =3.0 is the better choice.
One expects n to be a positive quantity. Granted that

the source of the lattice potential comes from outside the
ion, that potential perturbs the ion as

V ~ r 2Pz(coso), (A5)

d I (I + 1)+ + Vo —Eo u') (nll )
dI" T

1 1= u0(nl)
p 3

pg
3

(A7)

In addition, we have the orthogonality condition for
u &(nl~l), namely'

f uo(nl)u ) (nl~l)dr =0 . (AS)
0

The orthogonality condition on u& introduces an extra

node into it, . causing it to be more extended radially than

u0, and while this cannot be shown analytically, this ap-

parently leads to n values in excess of 2.

where P2(cos8) is a Legendre function. Hence one might
expect ri =2. Remember that the Sternheimer antishield-

ing factor y„ is determined primarily by the values of
y„(np~p) and y „(n'd~d) for the outermost occupied

np and n'd shells. In fact, y (nl ~l ) is given by'

y„(nl~l) =CI f uo(nl)u &
(nl~l)r dr, (A6)

where C~ is an angular integral which depends on I only,
and uo(nl) is the unperturbed, normalized, radial wave

function of the nl shell (times r).
The perturbation u'&(nl~l) is the solution of the fol-

lowing inhomogeneous radial equation which was intro-
duced by Sternheimer' in 1951:
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that the newly observed eq,„~„ofsmaller magnitude is the
one associated with substitutional sites. Both eq,„~, values are
at variance with the gradients associated with Ru in other
hosts.

3OIt should be noted that large gradients, hence large g, are re-
ported for Hf in various 3d and 4d hosts, as well as in Hf
metal (see Fig. 5}. Note, also, the large negative g for Hf in
Re and Os hosts in Fig. 6. It is difficult to say whether this is
due to alloying effects or to incorrect eq,„~, (due, for example,
to a wrong assignment of nuclear quadrupole moments).
P. Raghavan, R. N. Saxena, C. S. Lee, and R. S. Raghavan,
Abstracts to the 1983 'Groningen Meeting on Hyperfine In-
teractions (unpublished),
It might be noted that the nearest neighbors lying outside the
basal plane of the hcp structure lie closer than those in the
plane for all the undistorted host lattices of concern here;
hence the reversal in sign of eq,„~t for the two groups of hosts
is not due to a difference in bonding strength associated with
the relative proximities of the two sets of sites.
R. E. Watson and L. H. Bennett, CALPHAD 8, 307 (1984), in
particular, Fig. 4.

"See, e.g., L. H. Bennett, R. W. Mebs, and R. E. Watson, Phys.
Rev. 171, 611 (1968); R. E. Watson, L. H. Bennett, and J. W.
Davenport, Phys. Rev. B 27, 6428 (1983).


