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The electric field gradient ¢ and asymmetry parameter 7 are calculated for AIMg, AISi,
AICu, AlZn, AlGa, AlGe, AlIAg, and AICd alloys. The Alfred and Van Ostenburg charge
perturbation, which accounts for both the asymptotic and preasymptotic regions, is used to
evaluate the valence-effect contribution. The size-effect contribution is calculated in the
elastic continuum model proposed by Sagalyn and Alexander. It is found that the valence
effect alone cannot explain the observed g and 7. The size-effect contribution is found
larger than the valence-effect contribution for all the alloys except for AIAg for which the
valence-effect contribution is found larger than the size-effect contribution. The calculated
values of ¢ and 7 are found to be in close agreement with the experimental values and ex-
hibit an improvement over other available theoretical results.

I. INTRODUCTION

In metallic alloys with cubic symmetry, as dilute
alloys of Cu and Al, the substitutional impurity
produces a charge perturbation with lower symme-
try that gives rise to an electric field gradient (EFG)
q at nearest-neighbor nuclei. The contribution due
to valence and the size differences between the im-
purity and the host atoms are called the valence and
size effects, respectively. These effects are correlat-
ed and contribute towards the EFG.!~> We discuss
here the ¢ and 7 in the dilute alloys of Al for
nontransition-metal impurities. Al behaves as a
free-electron metal in many respects® and therefore
one expects that the Kohn and Vosko' and Blandin
and Friedel? theory for EFG should be fairly appli-
cable.

Very few attempts’ —° have been made to explain
the observed values of EFG and asyimmetry param-
eter 1 in dilute alloys of Al. Nevald et al.® calcu-
lated the EFG in the free-electron model obtaining
the phase shifts from the scattering potential adopt-
ing the Alfred and Van Ostenburg!® scheme. Fukai
and Watanabe’ used pseudopotential theory to cal-
culate the EFG and wipe-out numbers. Jena et al.!!
incorporated the effect of nonlinear screening in the
evaluation of EFG for dilute alloys of Al. Howev-
er, all these authors considered only the valence-
effect contribution which exhibits perfect cylindri-
cal symmetry thereby reducing 7 to zero contrary

27

to experimental observations.'>!3  Furthermore,

their calculated values of EFG are uneven with the
experimental results. With the use of the Sagalyn
and Alexander’ approach for calculating the
valence- and size-effect contributions, Prasad Rao
and Mohapatra’® calculated the EFG and % for
AlMg alloy and further extended their calculations
for the Al-vacancy system. Recently, Ponnam-
balam and Jena'* developed a formalism for the
EFG due to a point defect in a cubic metal where
the charge perturbation 1is calculated self-
consistently in the density-functional approach and
the size effect is calculated using an oscillatory
atomic displacement field. These authors explained
the EFG and 7 for a monovacancy in Al up to the
fourth-nearest neighbors. To the best of our
knowledge, the EFG and 7 are not yet studied for
most of the Al-based alloys and therefore needs a
systematic investigation.

In our earlier paper'” (hereafter referred to as pa-
per I) the valence-effect contribution is evaluated
using the preasymptotic charge perturbation due to
Alfred and Van Ostenburg!® in the Kohn and
Vosko! approach. The size effect as suggested by
Sagalyn and Alexander’ is added to calculate the
EFG and 7 for Cu-based alloys and reasonably
good agreement with experimental results is ob-
tained. Therefore, it is interesting to extend the cal-
culations for Al-based alloys also. However, we re-
strict our calculations to nontransitional impurities,
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as these do not form bound and virtual-bound
states.'®

This paper is organized as follows: Section II
contains the necessary theory in brief. The results
are presented and discussed in Sec. III. Conclusions
are drawn in Sec. IV.

II. THEORY

The general expression for the valence-effect con-
tribution to EFG along the line joining the impurity
and the host atom (assumed as Z axis) is given as"?

q}|(Tr)=q22(T,)
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Here y(r) is the Sternheimer antishielding factor,
T, is the position of the nth-nearest neighbor from
the impurity, and An(T) is the charge perturbation
produced by the impurity. Kohn and Vosko' and
Blandin and Friedel’ derived an analytical expres-
sion for the EFG tensor using an asymptotic ex-
pression of the free-electron charge perturbation.
Alfred and Van Ostenburg!'® improved the expres-
sion by including one more term, known as the
preasymptotic contribution. With the use of the
Alfred and Van Ostenburg!® free-electron charge
perturbation in Eq. (1) we get the analytical expres-
sion for the valence-effect contribution'® as
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where a is the core-enhancement factor. The con-
stants 4, B, ¢, and § are related to the phase shifts
7:(K) and their derivatives [37,(k)/0k] at k=kp,
the Fermi momentum by the relations
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The valence-effect contribution exhibits cylindri-
cal symmetry about the Z axis, therefore the com-
ponents of the EFG perpendicular to T, (g)}) and
along the x direction (g.;) are given as

4

9] =gz = 2qH 4)

Here x is the crystal coordinate system.

There are three effects that result from the differ-
ence in the size of the host and impurity atoms.
First is the indirect size effect which has been taken
care of by evaluating the EFG at the displaced
atomic positions appropriate to an alloy assuming
the displacement to be spherically symmetric as

=2 (5)
rtr
where
3 3|p-142
167yE dc

vy is a function of Poisson ratio and a ~!(da /dc) is
the fractional change in lattice parameter per atom-
ic percent concentration.

Second is also an indirect size effect that is in-
cluded by using the modified Friedel sum rule, de-
fined as

=23 0i+1)g7, (6)

in evaluating the phase shifts. Z; and Z, are the
valencies of the impurity and the host atoms,
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respectively.

Third is the direct size effect and is formulated
by Sagalyn and Alexander’ assuming a spherically
symmetric displacement* of the form given in Eq.
(5). We use the same expressions as given by
Sagalyn and Alexander. The components of the
EFG at first-nearest neighbors (INN) are

ug]x
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(7)
and at second-nearest neighbors (2NN) they are
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Here A is the size-effect parameter that relates the
experimental EFG to the EFG that would be ob-
served if the distorted lattice is made up of
unshielded point charges.

We assume the EFG coordinate system as
(X,Y,Z). Here the valence-effect contribution is
evaluated in EFG coordinates (X,Y,Z) and size-
effect contributions are evaluated in the crystal
coordinate system (x,y,z). These two contributions
are combined in the same manner as in paper I to
obtain the components of total EFG, gyxy, qyy, and
qzz. The asymmetry parameter 7 is defined as

_ 9xx —Qdyy

s 9)
q9zz

where it is assumed that |gyy | < |gyy < |gzz |-

ITII. RESULTS AND DISCUSSIONS

We are investigating the EFG for simple metal
impurities in Al. Therefore, it is assumed that only
s and p phase shifts, i.e., 7o and 7 will be signifi-
cant and higher-order phase shifts will be negligi-
ble.!%!7 5, and 7, are determined by satisfying the
Friedel sum rule, given by Eq. (6), and the experi-
mental residual resistivity given as

S+ Dsin¥y—mppy) . (10)

Ap=
P thFI

We find different sets of 79 and 7 that satisfy Eqgs.
(6) and (10) simultaneously. . Out of these sets we
choose a set in which phase shifts decrease rapidly.

(@7;/8k)y, are calculated in the Alfred and Van

Ostenburg’s approximation,” i.e.,

(k) ~a;k?+!, (11

where q; is a constant.

Equation (5) is used to evaluate the displaced po-
sition of the nth-nearest neighbor 7, of the impurity
given as

" 3 Q
T 4rye (Vind,y)?
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where dj is the distance of INN and Q, is the
atomic volume of the host lattice. The phase shifts,
their derivatives calculated with the help of Eq.
(11), the distances of INN and 2NN given by Eq.
(12), Z given by Eq. (6), and other physical
parameters for Al alloys are given in Table I. The
calculated values of 4, B, ¢, and £ are also tabulated
there.

The core-enhancement a has been the most un-
certain parameter in evaluating the valence-effect
contribution. Blandin and Friedel’> calculated
a=10 for Al using a single-orthogonalized plane-
wave theory. Fukai and Watanabe estimated a to
be 22.8 and 22.6 with and without exchange correla-
tion corrections in the local pseudopotential theory
retaining only first-order terms. Later these authors
estimated =16 by including higher-order terms in
the pseudowave function in order to incorporate the
Bloch character more accurately. Holtham and
Jena'® performed many orthogonalized plane-wave
calculations and found anisotropy of about
10—20 % in the values of a along different princi-
pal symmetry directions. An average value of
a=7.37 is suggested for the Al matrix. Nevald
et al.® used a =27 for the Al-based alloys. From
the above results it appears that the calculated
values of a give only an order of magnitude. In
view of these uncertainties in @ we assume in our
calculations @ as a parameter varying within the
limits suggested by the above authors.

Equations (2), (4), (7), and (8) along with the tab-
ulated values of various parameters in Table I are
used to estimate g and 7). We keep a between 7 and
20 which is the range as discussed above and make
an attempt to obtain a suitable value of A, such that
the calculated values of ¢ and 7 are in reasonably
good agreement with the experimental values for
the impurities of a particular row. The parameters
(a,A) are found to be (20,76), (7.37,—80), and
(12,30) for the third-, fourth-, and fifth-row impuri-
ties, respectively, at the 1NN shell. The results for
g and 7 at the 1NN shell along with experimental
and other theoretical results are presented in Table
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TABLE 1. Physical parameters for dilute alloys of aluminum. Z; is the chemical valency of the impurity, a ~'da /dc is

the fractional change in lattice parameter per unit concentration of the impurity, Ap is the residual resistivity (in
uQcm/at. %), Z g is the effective valence of the impurity, r; and 7, (in a.u.) are the displaced positions of 1NN and
2NN, respectively, 7o and 7, are the phase shifts, (37,/0k )"F and (37,/9k )k |- are the rate of change of phase shifts at the

Fermi momentum kg, and 4, B, ®, and £ are the parameters that are determined from the phase shifts and their deriva-

tives as described in the text.

Impurities
Physical
parameters Mg Si Cu Zn Ga Ge Ag Cd
zZ; 2 4 1 2 3 4 1 2
a~! (da/dc)? 0.099 —0.042 —0.092 —0.013 0.045 0.045 0.023 —0.090
Ap? 0.34 0.60 0.89 0.24 0.22 0.79 1.08 0.51
Z g —1.602 1.255 —1.441 —0.921 0.274 0.726 —2.140 —0.453
r 5.449 5.362 5.332 5.380 5.416 5.416 5.402 5.333
r 7.650 7.607 7.592 7.616 7.634 7.634 7.627 7.592
Mo —2.513 1.020 —1.994 —0.581 —0.477 1.122 —2.302 —0.781
m —0.001 0.317 —0.090 —0.289 0.016 0.006 —0.353 0.023
(370/3k )i, —2.702 1.097 —2.144 —0.625 —0.513 1.206 —2.476 —0.840
@n1/3k )i, —0.004 1.023 —0.289 —0.931 0.051 0.021 —1.139 0.076
A 0.030 0.031 0.052 0.019 0.025 0.045 0.075 0.038
B 0.068 0.180 0.099 0.151 0.020 0.033 0.238 0.025
P 3.767 —0.776 4.040 3.300 —0.432 4.282 3.274 —0.715
I3 2.837 1.870 4214 4.370 1.012 0.759 3.990 0.574

2Y. Fukai, Phys. Rev. 186, 697 (1969) and references therein.

II. For the third-row impurities the calculated and
experimental values of ¢ and 7 are in good agree-
ment for AlSi. However, the magnitude of the cal-
culated g for AIMg is larger than the experimental
value. For the fourth-row impurities Cu, Zn, Ga,
and Ge in Al, the calculated ¢ and 7 also show
overall good agreement with the experimental
values. The maximum deviation in ¢ and 7 is for
AlZn. For the fifth-row impurities Ag and Cd the
agreement between the experimental and theoretical
values of ¢ and 7 is reasonably good except for 5
for AICd. It is evident from Table II that the
present results are better than the previous calcula-
tions.”?

A considerable amount of work has been done for
AIMg and AlZn alloys.>’~*!%1% Therefore, we
found it important to make further calculations for
these alloys. We found that (a,A)=(7.37,23) and
(7.37,—203) for AIMg and AlZn alloys, respectively,
give close agreement with the experimental values
for g and 7 (see Refs. ¢ and d in Table II). Certain-
ly these values of g and 7 are close to the respective
experimental values for 4/Mg than those obtained
by Prasad Rao and Mohapatra.” Interestingly, the
value of a is the same as given by Holtham and
Jena.!® Assuming o evaluated by Holtham and
Jena to be most reliable, we fixed a=7.37 and
varied A to get an agreement between the calculated

and the experimental values of g and 7 for other al-
loys. g could be matched but observed values of 7
for all the alloys could not be explained.

Now we intercompare the results for the third-,
fourth-, and fifth-row impurities in Al It is evi-
dent from Table II that the Z-axis in Al alloys is in
the perpendicular direction

lgzz | > |qvy| > |qxx |

except for AIAg in which it is in the parallel direc-
tion. This is because of the fact that the valence-
and the size-effect contributions have the same sign
and therefore get added up in the parallel and per-
pendicular directions, while in the x direction these
cancel each other. It is not possible to distinguish
between the perpendicular and parallel directions in
the NMR experiments.””?>2! However, neither the
experiments nor our calculations predict the EFG
axis along x direction.

The size effect dominates over the valence effect,
except in an AJ/Ag alloy where the valence-effect
contribution dominates. In AISi, AIGa, AlGe, and
AICd the asymmetry parameter 7 is small, therefore
exhibiting nearly cylindrical symmetry in g. But in
these alloys the size-effect contribution, which alone
gives 7=0.33, is large. On the other hand, 4/Ag
has the highest value of 7 (equal to 0.31) among all
the Al-based alloys and the valence-effect contribu-
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TABLE II. ¢ (in units of 10** cm~3) and 7 at 1NN shell for dilute alloys of aluminum with third-, fourth-, and fifth-
row impurities. Parameters (a,A) for the third-row impurities Mg and Si are (20,76), for the fourth-row impurities Cu,
Zn, Ga, and Ge are (7.37,—80) and for the fifth-row impurities Ag and Cd are (12,30). Significance of g, ¢., and q) is
given in the text. Underlined values are the largest components of EFG’s which define ¢z given in Eq. (9).

Other theoretical Experimental
EFG results (q) values
Impurities contributions Gxx q: q q n Ref. 7 Ref. 8° q M
Mg Total 0.288 —0.518 0.230 -—-0.518 0.11 —0.050 0.026 0.195 0.07
Size 0322 —0.484 0.161 (—0.159° (0.079
Valence —0.034 —0.034 0.069
Si Total —0.116 0243  —0.127 0.243 0.05 0.119 0.058 0.282 0.03
Size —0.144 0.215 —0.072
Valence 0.028 0.028 —0.056
Cu Total 0.345 —0497 0.152 —0497 0.39 0.019 2.896 0.298 0.23
Size 0.337 —0.505 0.168
Valence 0.008 —0.008 —0.017
Zn Total 0.042 —0.074 0.032 —-0.074 0.14 —0.023 0.162 0.180 0.27
Size 0.046 —0.069 0.023 (—0.181%) (0.259
Valence —0.004 —0.004 0.009
Ga Total —0.127 0.266  —0.139 0.266 0.04 0.096 0.215 0.228 0.03
Size —0.157 0.236 —0.079
Valence 0.030 0.030 —0.060
Ge Total —0.126 0.267 —0.141 0.267 0.06 0.148 0.324 0.328 0.03
Size —0.157 0.236 —0.079
Valence 0.031 0.031 —0.063
Ag Total 0.064 —0.140 0.204 0.204 0.37 0.042 —-0.805 0.218 0.31
Size 0.030 —0.046 0.015
Valence —0.094 —0.094 0.188
Cd Total 0.029 0.279 —0.250 0.279 0.79 0.367 0.182 0.03
Size —0.123 0.185 —0.062
Valence 0.094 0.094 —0.187

2Values of g including exchange correction.
®Values of ¢ with Blatt correction.

“Calculated values of ¢ and 7 with (a,A) having values (7.37, 23).
dCalculated values of g and % with (a,A) having values (7.37, —203).

tion (which exhibits cylindrical symmetry) dom-
inates the size-effect contribution. Therefore, the
nearly cylindrically symmetric behavior of the EFG
tensor in some of the Al alloys is not necessarily be-
cause of the large valence effect as expected at the
first instance and vice versa. The overall behavior
of the Al matrix is such that the strain produced by
the impurity, i.e, a ~2, @ ~!(da /dc), is small. There-
fore, higher values of A, at the 1NN, are needed for
the proper size effect. This is because of larger
screening of impurities in the high-electronic densi-
ty matrix Al. At the 2NN shells the values of (a,A)
for the third-, fourth-, and fifth-row impurities are
(7.37,11), (7.37,—5), and (7.37,5), respectively. The
calculated and experimental values of g are given in
Table III. Because of cylindrical symmetry at
2NN, 7 =0 for all the alloys. Other theoretical re-
sults are also given there for comparison. In A/Mg,
AlSi, AICu, AlZn, and AlAg, the size- and valence-

effect contributions are of opposite sign, therefore
they cancel each other, while in AI/Ga, 4l/Ge, and
AICd these are added up. The definite experimental
value of EFG exists only for AIGe and 4/Ag alloys
and our calculated results are in good agreement
with them. For other alloys only an upper limit of
- the experimental EFG is known and therefore a
quantitative comparison is not possible. However,
the calculated values of g are of the correct order of
magnitude and show the same trend as found in the
experimental values. Comparing with the results of
Fukai and Watanabe’ and Nevald et al.,® our re-
sults are in closer agreement with the experimental
values. This indicates that the size-effect contribu-
tion is important in quantitative explanation of ex-
perimental EFG.
By definition the EFG’s are the second deriva-
tives of the potential at nth NN and this potential
arises due to change in electronic charge distribu-
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TABLE IIL. ¢ (in 10**cm—3) at 2NN in dilute alloys of aluminum. The parameters (a,A)
for third-, fourth-, and fifth-row impurities are (7.37,11), (7.37,—5), and (7.37,5), respective-
ly. qﬁ and qﬁ' have the same meanings as in text.

Other theoretical results Experimental
for g
Impurity ai af q Ref. 7* Ref. 8° q

Mg —0.034 0.021 0.013 0.029 —0.060 <0.020
Si 0.015 —0.005 0.010 —0.021 0.131 <0.020
Cu —0.015 0.056  0.041 0.063 —0.160 <0.020
Zn —0.002 0.025  0.023 0.023 —0.050 <0.020
Ga 0.007 0.002  0.009 —0.002 —0.018 <0.020
Ge 0.007 0.040  0.047 —0.021 0.055 0.031
Ag —0.004 0.050 0.046 0.071 0.115 0.033
Cd 0.014 0.017  0.031 —0.028

#Values of ¢ including exchange corrections.
YValues of ¢ with Blatt correction.

tion and elastic interactions in the matrix because of
the inserted impurity. In general, we calculate g,
the component of the EFG tensor along the line
joining the host and impurity and estimate ¢,, and
g, assuming the rotational symmetry along the Z
axis of EFG coordinates. In the AIMg alloy the
Z . is negative and dilation is positive. The com-
ponents of the EFG tensor g;; arising due to both
the electrostatic and elastic interactions are positive
and therefore g|| is also positive. This includes that
at INN both the electrostatic and elastic interac-
tions are repulsive along Z direction. According to
symmetry considerations these interactions are at-
tractive in the perpendicular direction and are of
the opposite sign in the x direction. Therefore, the
electrostatic and elastic fields around the impurity
are anisotropic. At 2NN the nature of electrostatic
interaction is repulsive while the elastic interaction
is attractive and the resultant interaction remains
repulsive. This concludes that the nature of elastic
and electrostatic interactions is also at variance as
one moves away from the impurity. Also the signs
of g% and ¢° are not the same as that of Z.g4 and
a~'da /dc.

In AICu and AlZn, a ~'da /dc and Z g are nega-
tive while in A/Ag these are of opposite signs. For
all these alloys except AICu the nature of valence-
and size-effect contributions components at 1NN is
the same as found in AIMg in the parallel and per-
pendicular directions. At the 2NN, the valence-
EFG tensors are positive while the size-EFG ten-
sors are negative for all these alloys. This systemat-
ic is not consistent with that found at INN.

In an AISi alloy the impurity has the positive
charge while dilation is negative. The components
of an EFG tensor along the parallel direction are

negative for both electrostatic and elastic interac-
tions. These interactions are repulsive along the
perpendicular direction while these are of opposite
nature along the x direction. It denotes that the an-
isotropy of elastic and electrostatic fields for A/Si is
of an opposite nature as that found for 4IMg alloy.
The lattice dilation and impurity-effective charges
are positive in AIGa and AIGe alloys while these are
negative in an AICd alloy. However, the nature of
components of EFG tensors is the same as found in
an AISi alloy. This again shows that the nature of
components of EFG does not depend on the sign of
dilation and residue valence. At 2NN, qﬁ and qﬁ
are of the same sign as in A/Ga, AIGe, and AICd al-
loys, while these are of an opposite sign in an A4ISi
alloy. Conclusively, it is noted that Z. and
a~'da /dc are not the sole parameters to decide the
sign of components of g, although a correlation is
found between |q | and | Z | if one also accounts
for the bound state. The other parameters relating
to phase shifts which account for scattering are
quite significant in the calculations of g and its
components.

In paper I we correlated |q | and 7 at the INN
and |g| at the 2NN with the impurity-effective
charge |AZ | in the Prakash and Lucasson®? (PL)
model. A systematic trend was observed. Sagalyn
and Alexander have correlated |g | and % with the
nominal-valence difference. We made such an at-
tempt to correlate |g| and % with the effective
charges on impurities calculated in the nominal-
valence difference model and Z. tabulated in
Table I and in the PL model. No correlation was
found with nominal-valence difference and Z ..
However, a correlation similar to that in paper I is
found with | AZ | in the PL model.
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In our calculations we evaluated the phase shifts
satisfying the equations for residual resistivity and
the Friedel sum rule. The expression for Ap is
based on a spherically symmetric scattering poten-
tial where the scattering is calculated at the spheri-
cal Fermi surface. However, the Fermi surface of
an Al matrix is extended up to the third Brillouin
zone and all the holes and pockets of the Fermi sur-
face that may be important for Ap are not account-
ed for. Holtham and Jena'® have pointed out the
anisotropy of the Bloch charge in the vicinity of an
impurity; such anisotropy is also not accounted for
in the present calculations. Again the preasymptot-
ic part in the expression for An(T) is an approxi-
mate one.

IV. CONCLUSIONS

In this paper we have adopted the Alfred and
Van Ostenburg expression for the impurity-induced
charge perturbation (which includes the preasymp-
totic contribution, although in an approximate
manner) to evaluate the valence-effect contribution.
The size-effect contribution is evaluated in the elas-
tic continuum model. These two contributions are
added up according to the required lattice geometry.

The core-enhancement factor a and the size-
strength parameter A are treated as fitting parame-
ters for impurities of different rows in the Periodic
Table. Systematically, the EFG and the asymmetry
parameter 7) are explained. For multivalent matrix
Al, it is expected at the first instance that the
valence-effect contribution should dominate over
the size-effect contribution. However, the calcula-
tions reveal that the size-effect contribution is
larger than the valence-effect contribution for most
of the alloys with non-transition-metal impurities.
This conclusion is similar to that obtained in paper
I for dilute alloys of Cu. The calculations of Pon-
nambalam and Jena'* and Prasad Rao and Mohapa-
tra’ for Al vacancy and 4IMg systems also found
the dominating contribution to be due to size effect.
However, a self-consistent calculation for both the
valence- and size-effect contributions, especially
within the preasymptotic region, is still required.
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